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Abstract. Using the Very Large Telescope in Multi Object Spectroscayye, we have observed a sample of 113 field spiral
galaxies in the FORS Deep Field (FDF) with redshifts in thrgea01 < z < 1.0. The galaxies were selected based on apparent
brightness R < 23™) and encompass all late spectrophotometric types from Sangim. Spatially resolved rotation curves
have been extracted for 77 galaxies and fitted with syntlveliacity fields taking into account all observationélleets from
inclination and slit misalignment to seeing and slit widille also compared fierent shapes for the intrinsic rotation curve.
To obtain robust values of ., Our analysis is focused on galaxies with rotation curves ¢#xtend well into the region of
constant rotation velocity at large radii. If the slope of fbcal Tully—Fisher relation (TFR) is held fixed, we find exite

for a mass—dependent luminosity evolution which is as lasyap toAMg ~ —2™ for the lowest—mass galaxies, but is small
or even negligible for the highest—-mass systems in our sanpkfect, the TFR slope is shallower at- 0.5 in comparison

to the local sample. We argue for a mass—dependent evolotite mass—to-light ratio. An additional population ofédlu
low-mass spirals does not seem a very appealing explandti@nflatter tilt we find for the distant TFR is in contradictito

the predictions of recent semi—analytic simulations.
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1. Introduction Numerical simulations within hierarchical Cold Dark
Matter (CDM)-dominated cosmologies have been succegsfull
Ever since the relation between the luminositgnd the max- ysed to reproduce the observed slope of the local TFR, wherea
imum rotation velocityVimax of spiral galaxies was first ob- the numerical zero points wer@set due to dark halos with too
served (Tully & Fishef 19147), the physical origin of its Stophigh concentrations (e.g. Navarro & Steinniefz 2000). The TF
and scatter, as well as the possible evolution thereof aer djope is predicted to remain constant with cosmic look—back
ferent cosmic epochs have been subject to debate both in thgfe in such N-body simulations; nevertheless the modgllin
retical and observational studies. Within the last few yetive  of realistic stellar populations at icient resolution remains a
Tully—Fisher relation (TFR) has been put into the framewodha|lenge.
of a Fundamental Plane (FP) for spiral galaxies that intcedu

the disk scale lengthy as a third parameter (e.g. Burstein et Other theoreugal approache; focus more on .the chemo-
al.[1997). Similiar to the FP of dynamically hot galaxies, i. spectrophotometric aspects of disk galaxy evolution. ber e

stellar systems that are stabilized due to random motian (eample, Boissier & PrantzoE{2001) used the *hybrid” approac

Dressler et al. 1987), the spiral FP has smaller scatter—exdget(ﬁ'menez ?t al 1;1t9hg8) that _retla(;esl\;hﬁ O:'Sk sgrfa(igbdetgl?/tt
than its two—dimensional projections. This may be undesto © properties of the associate alo, and cajioraten |

in terms of two dominant parameters for disk galaxies, for e produce the observed colors of local spirals. Compared to

ample the mass and angular momentum (Koda, Sofue & wag§se: the authors_ predict h|gher. Iumlnosmes_for largzkdi
and lower luminosites for small disks at redshifts- 0.4. A

2000). similiar evolution is found by Ferreras & Silk{2001). By mod
elling the mass—dependent chemical enrichment historiséf d
Send offprint requests to: A. Bohm, galaxies with the local TFR as a constraint, the authors find a
e-mail: boehm@uni-sw.gwdg.de TFR slope that increases with look—back time (i.e., for a pa-
* Based on observations with the European Southern Obswvatfhmeterisatiom_ o V2. a increases with redshift).
Very Large Telescope (ESO-VLT), observing run IDs 65.0904
66.A-0547 and 68.A-0013. In the last decade, many observational studies of the lo-

** Our full data table is available in electronic form via anomus cal TFR have produced very large samples whitla; ~ 1000
ftp to cdsarc.u-strasbhg. fr (e.g. Haynes et &l._1909), not only to derive the slope and sca
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ter with high accuracy, but also to map the peculiar velocity The paper is organized as follows. In S&gt. 2, we describe

field out tocz ~ 15000 km s (e.g. Mathewson & Forld 1996). our selection procedure and the observations. Data reghucti

Other groups used spirals, partly with cepheid—calibrdisd will be outlined in Sect[13. The extraction of rotation cusve

tances, to measure the Hubble constant. For example, Sakainel Vs« derivations are described in Segt. 4, followed by the

al. (2000) derived a value ¢y = (71 + 4)kms? with this details of the transformations from apparent to absolutgrmaa

method. tudes in SecEl5 and the presentation of the data table inect
At higher redshifts, robust measurements of rotation Ve will then construct the distant TFR in Segt. 7 and discuss

locities and luminosities become increasinglffidilt. This is the results in Sedil 8. A summary is given in SELt. 9.

partly because of the low apparent magnitudes of the galax- Throughout this article, we will assume the concor-

ies, but also due to the limited intrinsic spatial resolnt{see dance cosmology with, = 0.3, Q, = 0.7 andHy =

Sect[# for a more detailed description of thiteet). A number 70kms*Mpc.

of samples with 10-20 objects in the regim@®< (z) < 0.5

have been observed in recent years to estimate a possible evo

lution in luminosity by comparison to the local TFR. The re2. Sample selection and observations

sults of these studies were quite discrepant: e.g. Vogt.et al ) o )

(T996,[1997) find only a modest increase in luminosity GUr sample consists of galaxies in the FORS Deep Field (FDF),

AMg ~ —0.5™, whereas Simard & Pritchét{1998) and Rix et af SKy region near the south galactic pole with dekggRI JK

(T997) derive a much stronger brightening withlg ~ —2.0™. photometry and visible completeness limits similiar to the

A study of 19 field spirals by Milvang-Jensen et &[_(2003) réiubble Deep Fields. For a description of the field selection ¢
veals a value oAMg ~ —0.5™ and shows evidence for an in-tefia and the totaN ~ 8750 object catalogue of the FDF, we

crease with redshift. Another sample of 19 spirals by Bartenféfer to Heidt et al.[(2003).
al. (Z00B) which covers the high redshift§ & z < 1.5 yields The basis for spectroscopy target pre-selection was the
avalue ofAMg ~ —1.1M. FDF photometric redshifts catalogue (Bender efal. 2004). T

It seems likely that some of these results afected by the Kkeep the selection function as simple as possible, the pelgy-s
selection criteria. For example, Rix et al. selected bluerso trophotometric costraints were that the galaxies shoule laa
with (B=R)obs < 1.2™, Simard & Pritchet strong [@] emission SPectral energy distribution (SED) later that$8 and an appar-
with equivalent widths>20A, while Vogt et al. partly chose ent total brightness dk < 23™. This limit was chosen to gain
|ar‘ge disks W|th'd >3 kpC The two former criteria prefer |ate_S/N ~ 5 in emission lines at intermediate resolution within 2-3
type spirals, whereas the latter criterion leads to therepee- hours integration time with the Very Large Telescope (VLT).
sentation of large, early—type spirals. Additionally, daghe To ensure the visibility of either the [0} 3727 doublet, 18
small samples, all these studies had to assume that the |&dQ 11115007 within the wavelength range of the 600R grism
TFR slope holds valid at intermediate redshift. We will het Of FORS, the upper limit for the photometric redshift was
discuss this issue in Sef. 8. Zphot < 1.2. Since the basic aim was to derive spatially resolved

Based on a larger data set from the DEEP Groth Stritation curves of the galaxies, (most of the) objects wittii
Survey (Koo[2001) withN ~ 100 spirals in the range hationsi < 40> were rejected.

0.2 < z < 1.3, Vogt [2001) finds a constant TFR slope and a In Multiobject Spectroscopy (MOS) mode, FORfSers 19
negligible rest-fram@-band brightening of less than 0.2 magindividually moveable slits. The setups were prepared thiéh

In a more recent publication from this group which investiga FIMS (FORS Instrument Mask Simulator) package. According
the luminosity—metallicity relation, an evolution bothstope to the position angles, we subdivided the target galaxy amp
and zero point is observed (Kobulnicky etal. 2003), in thesse into bins of 30 to minimize geometric distortions in the final
that the luminosity fisets are largest at the low—luminosity engotation curves. Thus, a set of 6 MOS masks was necessary to
of the sample and smallest at the high—luminosity end. The @@ver all orientations. In the case of some objects, either t
thors argue that low—luminosity galaxies could have eitier inclination limit of 4, the limit of 15 deviation between po-
dergone a decrease in luminosity or an increase in the rigetal$ition angle and slit orientation, or the magnitude limitiha

ity in the last~ 8 Gyrs. be exceeded to fill all slitlets.

Preliminary results from our TF project indicating a mass— The first observations were carried out with FORS2
dependent luminosity evolution of distant field spirals dhaumounted on VLT Unit Telescope 2 (UT2) in September and
been presented in a letter (Ziegler efal. 2002). In thispaye October 2000. Each mask was exposed far®00s. The slit
will describe the derivation of the maximum rotation vet@s, widths were set to one arcsecond and grism 600R with order
the galaxies’ structural parameters and the luminositi@sdare separation filter GG435 was used, yielding a spectral resolu
detail and present the data table of the enlarged, full samplon of R » 1200. FORS was operated in its standard reso-
Complementary to our approach in Ziegler et al., the corepldtition configuration of 0.2/pixel. The seeing conditions cov-
analysis will be restricted here to galaxies with rotatiomes ered the range .83 < FWHM < 0.81” according to
that extend well into the region of constant rotation velpcithe Differential Image Motion Monitor (DIMM). In October
at large radii, i.e. spirals that yield robust values\gf.x. In 2001, an additional set of three MOS masks was observed with
addition, diferent shapes for the intrinsic rotation curves wilFORS1 mounted on VLT UT3 with the same instrument con-
be compared. Finally, we will discuss potential environtaén figuration as in 2000 with seeing of 0.74 FWHM < 0.89’.
effects on the sample and present the galaxies’ virial massen total, spectra of 129 spirals out of 156 candidates wéerta
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(the latter number includes targets which slightly excded t
brightness limit).

3. Data reduction

The reduction procedures were implemented in the ESgss '
MIDAS (Munich Image Data Analysis System) environmen
For all three observing runs, the bias sets taken at the hiegin
and end of the night showed a very stable two—dimensioig
structure, so all bias frames from the nights of the 2000 a
2001 observations were used to generate two master biaj
The individual bias frames have been normalized to the sajfii
median count rate and were median—averaged, followed bj | . :
slight Gaussian filter smoothingr{, = 3 pixel). The overscan [ S '§ F i1 | R | | l (1
region of the science frames was used to determine fliseto S ot e 0 i A
constant for final master bias subtraction. Since the darent
was very uniform across the CCDs, an extra dark subtractioi¢- 1. Upper part of a raw FORS1 MOS frame with 3000 sec-
has been neglected. onds exposure time showing the region of slit #2. Wavelength
Spectroscopy flatfield (FF) through—-mask exposures wighincreasing parallel to the X axis from left to right. A rela
FORS were taken by default with two sets of lamps switchdlyely bright (R = 19.94) galaxy spectrum is overlaying the
on alternately. Since either the upper or lower half of thefes night sky emission lines. Note that the magnification scale i
were not usable due to contaminating light from the gaps datger along the Y axis to demonstrate the distortions by the
tween the slits, the appropriate regions from both sets of feal reducer in this direction.
frames were extracted and re—combined after multiplieativ
normalization and median—averaging. The slit regions 6f ca ) ) ) »
ibration and science frames were then individually exadct '€@st half a pixel, corresponding to 0.1A weighted addition
The FF slit exposures were approximated by a polynomial fit S used if the average seeing varied by more 2 percent
sixth degree in dispersion direction (X axis) to accountfer Petween the exposures.
CCD response curve, which was used for normalization prior
to the correction of the pixel-to—pixel variations.
In the next step, the geometric distortions caused by the
cal reducer were corrected. For the slits at the bottom and 19 1. Redshift distribution
of the CCD, where the distortions were maximum, the curva-
ture of spectral features corresponded to a displacemani ofOut of the 129 galaxies of which spectra were taken, red-
to 5-6 pixel both in X and Y direction (see FIg. 1 for anillustr shifts could be determined for 113 spirals, including troages
tion). A polynomial fit of second degree was fitted to the gglayf secondary objects which were covered by a MOS slit by
spectra in each slit to derive the curvature along the d@atis.  chance. The 16 galaxies without spectroscopic redshiftspo
Based on this fit, the science and wavelength calibration-spite the extreme faint end of our apparent brightness biistri
tra were rectified with an accuracy of 0.1 pixel (correspagdi tion with a median ofR) = 22.9™. Since only one of these
to 0.02’). Tests revealed that the flux conservation of this prépirals features colors of a very late-type SED, tf¢ & the
cedure was accurate to within a few percent. The distortiofgmainders may be just too low to yield detectable emission
along the X axis could be corrected during standard wavétengines. According to the photometric redshifts, thel[{3727
calibration. In the calibration exposures, the HgCd lamg waoublet is possibly redshifted out of the wavelength ranige o
switched on additionally to the He, Ar and Ne lamps in ordéhe R600 grism in the case of 8 targets, while for 5 other galax
to gain a sfficient number of emission lines belows800A. ies in the regime @ < zyhot < 0.5, only [Ol11] or H3 emission
For the two—dimensional dispersion relation, polynomtaldf is potentielly covered, which is weaker thamlér [O11] for
third and first degree were used in the direction of the X andtypical spirals.
axes, respectively. The typical r.m.s. of the relation w&80 Fig. @ shows the redshift distribution of our sample, re-
0.04 A at a stepsize of 1.08 A per pixel. stricted to objects with appropriate rotation curves fa T
The night sky emission was fitted column by column witanalysis, see Se¢L._%.4 for the constraints. The mediahifeds
first order fits, unless a galaxy spectrum was located at the &x(2 = 0.45. It is likely that the bimodal shape is a combina-
treme edges of the slit. In those cases, zero order fits yleld®n of the two following éfects.
the best results. Night sky subtraction was performed iddiv  Firstly, as has been outlined in Heidt et al._(2003), the
ually for each mask exposure. Prior to the final addition ef ttsouthwestern corner of the FDF covers the outskirts of axgala
three exposures, the optical center of each galaxy alony theluster atz = 0.33. Allowing a spread in redshift &z = 0.01,
axis has been determined by fitting a Gaussian. If neceglarywe find that a maximum of 8 galaxies in our sample could be
spectra were shifted by integer values (two pixels at marimumembers of this cluster. The small redshift “bump’zat 0.3
in a few cases) to ensure consistent profile centers to wéthincan be attributed to these objects.

#;. Rotation velocity derivation
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30 \ \ \ \ \ We therefore also performed a comparison to the SED tem-

i IF spirals — | plates in the Kennicutt catalogue (1992a) with a focus on the
-------- ! 1501 sample ——- 4 relative line strengths of thegAO Il1] emission. As a third in-

4 dicator, the rest—frame [[0] 3727 equivalent widths were de-

I
I
I
20 i - rived and correlated to type with the values for local spiral
!
I

given by Kennicutt[(1992b) as a reference.

A combination of these three criteria yielded 14 spirals of
type T < 3 in the redshift range.01 < z < 0.89 with
a median of(zy = 0.42, 43 galaxies withT = 5 covering
0.09 < z < 0.97 with(z) = 0.45 and 20 objects withi > 8

in the regime @3 < z < 0.97 with(z) = 0.51.

dN(dz)

10 - oo

"

I

I

I
O‘/E/\’ \/\ “77"/‘/|"
. : 0.8 1 4.3. Rotation curve extraction

é[he measurements of the rotation velocity as a function-of ra
dius were performed in a semi—automatic manner. In the first
step, 100 columns of the spectrum centered on the considered
Sﬁnission line were averaged to get a profile of line plus con-

atz = 0.33. The dashed line represents the lower reso'”“%uum along the spatial axis. This profile was approximated
spectroscopy sample observed with grism 1501 as part of : . ' . L
b s P g P th a Gaussian to derive the optical center to within”0.1

FDF high—z study (Noll et al.”2004). Both data sets feature\":‘/d ¢ biects located | to the slit edae. th
redshift “gap” arouna =~ 0.6, see text for details. of a Tew objects localed very close 1o the siit edge, the cen-

ter had to be redefined manually. Then, the emission lines wer
fitted row by row. To enhance thegl§ three neighbouring rows
) ) _were averaged prior to the emission line fitting; for very wea

Secondly, the sample contains relatively few galaxigies this “boxcar” was enlarged to five rows (correspond-
around redshifz ~ 0.6. For comparison, we also show thgng g one arcsec). In the case of thel[[8727 doublet, two
distribution of 144 galaxies at < 1.1 from the FDF highz = G5yssians with equal FWHM and an observer's frame separa-
campaign (Mehlert et al. 2002, Noll et AL 2004) which are nqh, of 2 75 (1+ 2) [A] were assumed as a line profile approxi-
contained in our sample. The h_lgzhspectra were taken with mation, while a single Gaussian was used forl ({5007, Hg3
the same instrument configuration as the TF data, except §aly, with the latter being visible only in four spectra. The
the low-resolution grism 1501 was used which covers @ Mughyy_ ang blueshifts along the spectral axis due to rotatierew
broader wavelength range 6000 A in observer's frame. The e a5ured relative to the observed wavelength of the lirfesat t
large number of galaxies with< 1 which did not enter our TF ica| center and converted into velocity shifts aftemaoog-
survey can be attributed to the much fainter brightnesssiofi ;5| correction by a factor of (& 2~L. This position—velocity
the high-zstudy ( < 24.5"), the inclusion of elliptical galaxies jtormation defines anbserved rotation curve (RC).
and the lack of constraints to the inclinations. It is cleanf
Fig.[ that both samples feature the same redshift “gap”.

As a test, we verified our selection criteria on the most r
cent version of the FDF photometric redshifts cataloguél-fin
ing that only a handfull of types later than Sa could have be
missed by the original selection. We therefore concludethiea rotation at all within the measurement errors. In tate
volume probed with the FDF probably contains fewer galaxi g £77 spiral ate for Me... deri .t' W,
atz ~ 0.6 than the neighbouring redshift bins and that the dis- S0 spirais were appropriate for g, derivation. We
tribution of the TF spirals is unlikely to reflect a selectioias present a range of examples in . 3.
or an observationalfect.

Fig. 2. Redshift distribution of the 77 FDF spirals with usabl
rotation curves (thick solid line). The shaded region gitres
distribution after exclusion of 8 possible members of atelus

Each curve was visually inspected prior to the RC mod-
S[Iing. Seven objects had too low @\5to derive spatially re-
solved rotation velocities. We also rejected RCs with giron
gﬁymmetries or other signatures of substantial kinemasgic d
turbances, “solid—body” rotators and objects that did hots

4.4. Rotation curve modelling

4.2. Spectrophotometric classification _ i )
For distant, apparently small galaxies, thiéeet of the slit

To gain a classification of our spectra, three criteria weeglu width on the observed rotation velocity as a function of uadi
The SED model parameter from the photometric redshifts c#22%(r), must be considered. At redshift= 0.5, a scale length
alogue, which is related to the star formation e—foldingetiofi  of 3 kpc — typical for anL* spiral — corresponds to approx.
the fitted templates, can be transformed into the de Vauaaile0.5 arcsec only, which is half the slit width used in our MOS
scheme (ranging frof = 1 for Sa toT = 10 for Im). This observations. Any value of%2Yr) is therefore an integration
is useful especially for spectra with very few identifiabilees perpendicular to the spatial axis (slit direction), a phraeoon
andor low SN, but has the disadvantage that dust reddenimgpich is the optical equivalent to “beam smearing” in radie o
might induce a classification of too early a type for highly inservations. If not taken into account, thieet could lead to an
clined spirals. underestimation of the intrinsic rotation velocities.
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Fig.3. Examples of rotation curves from our data. Observed ratatilocity is plotted against the projected distance from
galaxy center. Error bars denote the errors of the Gausssaio ihe emission lines. Object numbers and emission lined are
given for each spiral (either [} 3727, [On] 5007, Hx or HB). The observed rotation curves have been modelled withhsyiat
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side is due to contaminating light from a foreground eltipti

We overcame this problem by generatisgthetic RCs.

ways. E.g., the scale length of the emitting gas is a fixed pa-

Viot [km/s]

Vrot [km/s]

_|||||||||||||||||||_
[ obj #2246, [ON1) ]
EY ¢ ]
Covaa lov v b lar e
-2 -1 0 1 2
radius [arcsec]
_||||||||||||||||||||||||||||||I_
F obj #2533, [o11] ]
:||||||||||||||||||||||||||||||:
-3 -2 -1 0 1 2 3
radius [arcsec]
:|||||||||||||||||:
E- obj #3921 [0N) E
Bl b bt 1
-4 -2 0 2 4
radius [aresec]
[TTTTTT T T[T T T T [TTTT]
[ obj #4922, [0l1] -
ST T FEEEE I
-2 -1 0 1 2
radius [arcsec]
[TTTTTT T T[T T T T [TTTT]
I obj ge253, [om) 1
2 b
E, AT T R
-2 -1 Q 1 2
radius [arcsec]
O T T T[T T[T TTIT 7770
[ obj #7526, HB © ]
2 E
Coonaliv bias by besaslsid
-3 -2 -1 0 2 3

radius [arcsec]

rameter in our algorithm (see below), and the deviationang|
Our approach is similiar to the procedure described by Simdretween apparent disk major axis and slit direction is téken
& Pritchet [1999) but dters from their fitting method in someaccount. Moreover, in our approach we do not fit simulated 2D



6 A. Bohm et al.: The Tully—Fisher relation at intermediegdshift

[T T 1 1 17 [ T 1T 1T T T T T T T T T T T T T

spectra to observed 2D spectra but simulated RCs to obse 5 0 K
~ - m/s  -20 0 +20  +40 +60 +80

RCs.

For the simulation, one has to assumeiatninsic rota- -
tional lawVni(r). As a first of three variants, we used a simp r
shape with a linear rise 8f™ at small radii, turning over into a
region of constant rotation velocity where the Dark Mattafd
dominates the mass distribution. This can be achieved tvith

parameterisation

Vimax!

int _
Vrot(r) - (ra + rg)]_/a

1)

position [arcsec]

(e.g. Courteali’1997) with a factarthat tunes the sharpnes
of the “turnover” at radiug = rg, and a constant rotatior S
v;gg(r) = Vmax fOor r > ro. We used a range of values far 1=
on a set o 20 RCs and found that = 5 best reproduced the
observed shape of the turnover region. To minimize the nurr
of free parameters, we kegffixed to that value for all objects Lo
in the further analysis. However, due to the heavy blurrihg -2+
the curvesais the least critical parameter in Hq. 1.

The turnover radiugy was assumed to be equal to the sc:
length of the emitting gas, which is larger than the scalgtlen
rq derived from continuum emission. This is discussed in Rydeig. 4. Simulated velocity field for galaxy #4922 inclined by
& Dopita (1994) and Dopita & Rydel {1994) using observd—= 64° with an intrinsic rotation curve 0fmax= 156 km's. Thin
tional and theoretical approaches, respectively. Sinestituc- solid and dotted lines indicate iso—velocity zones rangiom
tural parameters like the continuum scale lengths were mea-20 knys to—120 knys rotation in line—of—sight, i.e. compris-
sured in arl-band VLT image (see Se€i’b.1), we derived thigg a factor sin. The thick solid lines denote the slit, thick
corresponding gas scale length via dashed lines sketch the isophotes of the galaxy, with therout
fo = (2—-2/2)ra. @) most corresponding too2sky noise level in the 3000s refer-

encel-band image (see SeEf b.1). The misalignment between
This equation yieldsy ~ 2rq for the least distant FDF spiralsslit and apparent major axisds= 13°.
(for which | corresponds to rest—frant® andrp = 1.5r4 at
z = 1, wherel corresponds to rest—frani In other words,
Eq.[2 is used to gain a correlation between rest—frame scale
length and gas scale length that is in compliance with thdtes to the observed inclination and position angle of the respec
of Ryder & Dopita. We also tested this equation directly ontéve galaxy. The field was then weighted by the normalized sur
few high SN emission line profiles in our spectra. It should b&ce brightness profile, i.e. brighter regions contribtitersyer
noted however, that the,.x derivation is much less sensitiveto the velocity shift at a given radius. Following this, theldi
to the scale length than to the inclination and the misaligmim was convolved. The Point Spread Function was assumed to be
angle. This is mainly due to the smoothing by the instrunlentaaussian with a FWHM determined from the mean DIMM val-
PSF. ues during the spectroscopy. These values had to be slightly

We alternatively used two other templates of intrinsic Rcreased depending on the redshifted wavelength of the-emi
shapes within the Universal Rotation Curve (URC) framewoskon line from which the observed RC was derived. We de-
of Persic & Saluccil(1991, cited as the URC91 hereafter) atefmined the correlations for this increase by measurirg th
Persic et al.[{1996, URC96 hereafter). The authors intredud~WHM on sets of VLT exposures iB, R, I, and comparing
a dependence of the RC morphology on luminosity: AQrly these to the according DIMM values. After the double folding
spirals have a consta¥t, at large radii, whereas the curves oé strip of one arcsecond width was extracted from the velocit
sub-L* galaxies are rising even beyond a characteristic radifig]d at an angle that matched the slit misalignmentin thepbs
and very luminous objects have a negative gradient at langtion (see Figl4). The final computation step was an integra
radii. The characteristic radii which define a charactieristta- tion perpendicular to the simulated slit, i.e. the projgcnf the
tion velocity that can be used for the TF analysi@adislightly velocity field strip onto the spatial axis. In all of the faking,
between the two approaches. In the URC91 form, this radiusns will refer to this resulting position—velocity model dwet
equal to 2.2 scale lengths, whereas it is as large ag 802the synthetic rotation curve, whereas the rotational law (e.g. 8. 1)
URC96. Throughout the following sections, the quantifyax  that is used as input for the modelling procedure will be re-
will refer to the usage of equati@h 1, wherdgs andVy, de- ferred to by the ternintrinsic rotation curve. Theobserved RC
note an input of the URC91 and URC96, respectively. as described in Se€i_ 3.3 would directly reproduce thenisiti

In the next step of the simulation, the two—dimensional v&C only for a disk of 90 inclination (i.e., perfectly edge—on)
locity field was generated on the basis of the respectivaintrthat is observed with an infinitely thin slit at infinitely e
sic rotational law (e.g. Eq] 1 B12), tilted and rotated acéogd spatial and spectral resolution.

position [arcsec]



A. Bohm et al.: The Tully—Fisher relation at intermediageshift 7

In our approach, the intrinsic quanti.x is the only free I I I ™
parameter that tunes the reproduction of an observed RC by " @ FDF high qualy rotaion curves (N=36) ]
a synthetic curve. Only in the case of 3 spirals, the gas scale i o ’ )
length had to be kept as a second free parameter, since the val 400 [~ © FOF lowaualiy otaton curves (N=41) ‘ 7
ues based on EQ} 2 were too large. For the complete data set, we
derivedVpnax by a visual comparison of synthetic and observed
RC and, alternatively, via g°-fitting procedure based on the
errors from the RC extraction. These two methods are co | ©
pared in Fig[lb. The sample of 77 spirals is subdivided aecorcE
ing data quality: Curves which clearly probe the region afco —
stant rotation velocity at large radii are considered higality . 200 ®
(Nobj = 36), whereas RCs with smaller extent or asymmetries L o i
are included in the low quality sub—samphg; = 41). L 3’/ .
The error or'Vinax is assumed to be - }’% ° g

Q

max,y’

100 —
2

05 = 0% + Vg (tani) 2 of + Vi, (tans)? o ) f ig.@- .

Here, the first term on the right hand side is the error from the L
x?-fits of the synthetic to the observed RCs, covering the range L~
3knys< 0,2 < 59knys. The last two terms are the propagated 0 100 <00 300 400

errors of the respective uncertainties of the inclinatiod the Vinaxs L[K/5]

misalignment angle. To derive the contributions of the mrro

oi ando;, we used a simple geometric correlation between thég. 5. Comparison between th¥yax derivation by visual

observed and intrinsic rotation velocity, alignment of observed and synthetic rotation curves (x)axis
nt bS /e nd » and viay?-fits (y axis). Typical error bars are shown for two
Viot = Vrer (Sini)™" (cos6) ™. (4)  objects.

For the high quality sample, the absolute and relative smwar

Vmax fall in the respective ranges ks ov,, <135kms in the two parameterisations of the universal rotation eurv
and 003 < o0v,/Vmax < 061, with a median which correspond to 212 for the URC91 and 2rq for the
(OVige/ Vma = 0.19. URC96, respectively. However, the slightférences between

As can be deduced from Figl 5, the by—eye “fits” and thg .. andV,, do not afect the results from our TF analysis, see
x?-fits are consistent within the errors for the majority of thgect[EB.

objects. Nevertheless, a systematic trend towards lowesalu
of Vimaxy2 With respect to the visually derivednayyis is evi-
dent for slow rotators. An inspection of the observed RCs ra- Photometry
vealed that the discrepancies mainly arise in cases of asym L .
ric shapes. Thg?-fits also are weighted towards the inner partn%'l' Luminosity profiles
of the curves by the highey8 of the emission lines at smallerSince the FDF imaging had been done under varying seeing
radii. This is a disadvantage since the outer parts of arreéde conditions (ranging, e.g., from 0.48o0 0.89" FWHM in the
RC are the most robust source\%f,x in the modelling proce- I-band, see Heidt et &l._2003 for a description of the image
dure. Moreover, we found no correlation between the reducgtdcking), only a limited number of images was used for the
x? values and our definition of RC quality, except for curvesieasurements of the structural parameters. To combine high
of perfect symmetry. For these reasons, we used the visualpatial resolution with sficient SN at the outer isophotes of
derived values for the TF analysis. A further discussiorhif t the TF objects, the 1Dband frames with the best seeing were
topic will follow in Sect.[8.3. co—added. This yielded a reference image with 3000 s total ex
In cases of multiple usable emission features in a spectryposure time, 0.49 FWHM and a 50% completeness limit of
the RCs based onfiierent lines were mostly consistent within~ 25.1™
the errors. For these object4,ax was derived from the curve  The disk light distributions were fitted with exponential
with the largest covered radius and highe®N.S profiles. A bulge component could not be accounted for at
We show a consistency check of the three alternatives foe given resolution. We considered slight variations @& th
the intrinsic RC shape in FigEl 6 ahH 7. The results using tRSF across the reference frame with six stars in the range
simple “rise—turnover—flat” shape via HJ. 1 are in agreemel < | < 20. Our algorithm minimizeg? in the parameter
with the URC91 to within 5% for 79% of the FDF spirals angpace span by inclination, position angle, scale lengticand
to within 10% for 95% of the galaxies, without a detectablal flux. The sample galaxies cover a range of 25 < 80°
dependence on the absolute values. The URC96 yields notatidth a median ofi) = 53° and a median error @trj) = 5°.
velocities atRopt = 3.2r4 which on the mean are larger by 7%  As a test of the accuracy of our ground—based luminosity
thanVmax With slightly increasing dferences towards slow ro-profile analysis, we also performed measurements on a “VLT
tation. This partly is anféect of the dfferent characteristic radii simulation” of the Hubble Deep Field North (HDF-N, Williams
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Fig.6. Comparison between rotation curve fitting with a simFig. 7. Comparison between rotation curve fitting with a sim-
ple “rise—turnover—flat” shape (y axis) and the univers#+o ple “rise—turnover—flat” shape (y axis) and the universéso
tion curve shape as introduced by Persic & Salucci (1991tign curve shape as introduced by Persic et{al. (1996, x.axis)
axis). Solid symbols denote high quality curves which coveétigh quality curves (solid symbols) cover the region of con-
the region of constant rotation velocity at large radii. ifgb stant rotation velocity at large radii. Typical error bare a
error bars are shown for two objects. shown for two objects.

. o ) ) ) wavelength ranges covered by a passband in observed frame
et al[1995). The original drizzled images were re-binneal 10,4 rest—frame introduce a strong dependence of the pessibl

scale of 0.2 per pixel and convolved with a Gaussian PSF qf -orrection accuracy on SED type. At redstit 0.6, e.g., the

0.49" FWHM to match the characteristics of our referem€e igerence betweeli = 4 andT = 6 corresponds to a change
ban(_JIframe. We selected 40 ot_)Jects Wlth a variets of ratl_os of half a magnitude in the transformation froBass t0 Bress
andi > 30° from the electronically available data publlsheQB (e.g. Frei & Gunii1994). Values & differ even more for
by Marleau & Simard[(1998). The authors did apply Woggyjier types, thus even a slight misclassification camihice
component fits to more than 500 galaxies in the HDF-N usingypstantial fiset in the derived luminosity if observations are
the GIM2D package (Galaxy Image Two-Dimensional, Simajithiteq to one or two filters. In contrast to this, our TF praje

et al[200P). We found that fd@/T < 0.4, the mean dierence greatly benefits from the multi-band imaging of the FDF: The
between the inclinations derived from the “VLT S'mmat'on,photometry inB, g, R and| enables us to use the filter that
frame and the original GIM2D values was = 1.8 + 7.7°. best matches the rest—frarBeband to transform an apparent
The median inclinations of our TF sample sub—divided af1agnitudeX into absolute magnitudellg up to the highest
cording to SED type aréi) = 51° for T < 3, (i) = 53 for edshifts in the sample.
T =5and(i) =51° for T = 8, i.e. potentially unresolved bulge  \we computed this-correction for our objects via synthetic
components of early—type spirals in our ground-based inBghhotometry on SEDs in the range<IT < 10. As templates, we
did not introduce a detectable bias. used the spectra published by Méller et &L {2001) whichewer
generated with evolutionary synthesis models. The SEDs wer
redshifted by re—calculating the original fl&g at wavelength
A according to
Total apparent magnitudes were derived with the Source Fol4/(1+2)]
Extractor package (Bertin & Arnou{s_1996). This prograrf(1,2) = ISR S (5)
offers diferent algorithms for the photometry. We used the 1+2
Mag_auto routine with variable elliptical apertures which ige.g. Contardo, Steinmetz & Fritze-v. Alvenslebgn_1998).
based on the “first moment” algorithm by Kron_ (1980) sinc&ransformation from the apparent magnitude of a spectrum of
it best reproduces the total magnitudes of extended saurcestype T at redshiftz observed with a FORS filteX to the un—
We will now briefly discuss the issue of thecorrection. redshifted spectrum in JohnsBryieldskg(X, T, 2). Respective
If available broad band information is limited to a few fiker filters used for the input magnitudes weBgors for z < 0.25,
(in most previous studies two or even only one), th@edént grors for 0.25 < z < 0.55, Rrors for 0.55 < z < 0.85 and

5.2. Rest—frame magnitudes
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lrors for z > 0.85. Thisk-correction is much less sensitiveJ2000 positions or aperture magnitudes)inB, g, R, I, J and

to spectral type than a transformatiBg,s — Bres; €Specially K.

at higher redshifts: e.gkg(R, 1,0.6) — kg(R,5,0.6) = 0.05™ i — Disk inclination derived by minimizing? of a two—

whereaskg(B, 1, 0.6) - ks(B, 5,0.6) = 0.64™. dimensional exponential profile fit to the galaxy image in a
For testing purposes, we additionally derived the colot®added-band frame with 0.49 arcsec FWHM (see SECH. 5.1).

of the templates purely within the Johnson-Cousins Filtéf some cases, our initial constraintiof> 40° had to be re-

system and compared them to the values published |ayed.

Fukugita et al.[(19€5), finding typical absolute deviati@is s — Absolute misalignment angle between the MOS slit

0.03" < JA(X - Y)| < 0.08™ and the apparent major axis. Our initial constrainsof 15°
The second critical correction that has to be applied to teguld not always be met during the construction of the setups

observed magnitudes is the inclination—dependent indrats- rq4 — Apparent disk scale length in arcseconds, derived via

sorptionAg by the dust disks of the objects. Like, e.g., Vogt ghe same fits as ands. While tests confirmed thay is the

al. (1996/.1997) and Milvang-Jensen et al. (2003), we adbpigast critical input parameter in thénay derivation process, it

the approach by Tully & Fouqué (1985). It is based on geg@s probably the one which isffected the strongest by the lim-

metric assumptions and usable for inclinations up £080°, jtations of the ground—based imaging. Hence, we recommend

i.e. for our complete sample. The dust disk scale height-is &%t to use these values for applications like the Fundarhenta
sumed to be half the scale height of the luminous disk, katip|ane of spiral galaxies.

dust content is independent of mass or type, with an optical ;__ gpectroscopic redshift.

depth ofr = 0.55. For the objects in our sampl spansval- 1 _ ggp type in the de Vaucouleurs scheme (see B&gt. 4.2

ues from 0.30 ati = 25" t0 0.96" ati = 80°. We emphasize ¢ 5 jescription of the classification criterid).= 1 accounts
that the absorption for face—on disks is finite in this cotieen ;- 1 bble type Sal = 3to Sh,T = 5to Sc,T = 8 to Sdm and
Ay = 0.27™for i = 0°. Our multi-band photometry ensures tgr _ 10 to 1m. ' ’

compute the absorption for the same rest—frame wavelength i X — Total apparent magnitude derived with tiiag_auto

tervgl atr?" thel coyerebd redghlfts_ h di f th FDzli:Igorithm of the Source Extractor package (Bertin & Arnouts
or the galactic a sorp_tlon att € coor m".’ltes of the 11996) on the coadded FDF frames. Depending on the galaxies
we adopted the values which are given in Heidt etfal. (200

‘F‘)—:’dshift the filterX was chosen to best match the rest—frame
; g _ g _ ,
ranging fromAg = 0.076"to A’ = 0.033". Let Da(z Ho) be B-band. For the least redshifted spirals witk 0.25, this was

the distance modulus (e.g. Peeliles 1993) in the concordan:e B, for 0.25 < z < 0.55 we chos& = g, for 0.55 < z < 0.85

cosmology, then the transformation from total apparentrmagWe setX = R, and for the highest redshifts in our sample with
tudemy to absolute magnitudelg is given by 7> 0.85 we l;sed( By

Mg = mx — Da(z Ho) — ka(X, T, 2) — Al — A (6) ks — K—correction for the transformation from the respec-
tive filter X (see above) to rest—franizas computed via syn-

If one assumes an SED classification erroAdf= 2 (i.e., thetic photometry, see SeELb.2 for details.
an Sc spiral could be misclassified as an Sb and vice versa), co AY — Galactic absorption in the respective filtr(see
responding to an uncertainty of thecorrection ofrx < 0.1™  gpove) as given in Heidt et al_{Z003).
fqr all covered types and redshifts, the errors in absolwag-m AiB — Intrinsic inclination-dependent dust absorption in
nitude become rest—frameB following Tully & Fouqué [1985) with the con-
U%AB —o2 o-ﬁ + O—iiB’ @ \,g\iznil%r_]z% z;t?o:noseghglble extinction for face—on disks, i
wherecy is the random photometric error in the respective fil- Da — Distance modulus in concordance cosmology with
ter ando,; the uncertainty of the intrinsic absorption correcm = 0.3,Qx =0.7 andHo = 70kms™* Mpc™.
tion via error propagation from the inclination error. Tkan Mg — Absolute B-band magnitudes computed Widg =
to the very deep imaging, the random photometric errors afe- ks — A}, — Ay — D4. The errors include the uncertainties in
only 0.01™ on average and.03™ at maximum for the FDF spi- X, ks andA, see SecL 12 for details.
rals. Based on a comparison of our calibrations with arehive Vmax — Intrinsic maximum rotation velocity derived via
FORS zero points, we estimate the systematic photometric gynthetic velocity fields (see Sefl. 4) assuming a linearafs
rors to be< 0.01™, these are neglected. The total errefg, of the rotation velocity at small galactocentric radii and aR&
our complete sample fall into the rang®®" < oy, < 0.21M.  at large radii (“rise—turnover—flat” shape). The errors\Giy
were computed according to Hd. 3.

B-R — Rest—frame color index, corrected for intrinsic ab-
sorption. For galaxies witlh < 0.25, apparenR magnitudes
We present the data of the spirals from our sample in Tablewlere transformed to rest—frani® while apparent magni-
This table is available in electronic form via anonymous ftipudes were transformed to rest—fraiRédor all other objects,
to cdsarc.u-strasbg. fr. The respective columns have theee Sec 81 for details.
following meaning: note — Label indicating the RC quality. High quality

ID — Original entry number from the FORS Deep Fieldurves (“H”) extend well out to the region of constant rota-
photometric catalogue, see Heidt et al. {2003) for, e.g, ttion velocity at large radii. RCs of low quality (‘L") have a

6. The data table
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Table 1. The data of the 77 spirals from the FORS Deep Field Tully-&isample.

ID i 5 rq z X kg A Ay D, Mg Vinax B-R note
[deg] [deg] ["] [mag] [mag] [mag] [mag] [mag] [mag] [kits]  [mag]
400 60 23 0.70 0.4483 10 22.63+0.25 0.06 0.49 41.98 -20.15:0.13 7419 0.21 L
745 42 61 0.49 0.6986 5 21.06-0.49 0.04 0.35 43.14 -21.98:0.08 402167 1.00 L
870 53 8 0.53 0.2775 5 20.77 -0.07 0.06 0.42 40.76 —20.40:0.08 96:6 0.73 H
1082 49 10 0.50 0.4482 8 22.14+0.36 0.06 0.39 41.98 -20.66:0.08 11&16 0.75 H
1224 49 5 0.34 0.3989 10 23.26+0.16 0.06 0.39 41.68 -19.03:0.13 4316 0.26 L
1327 31 1 0.62 0.3141 3 20.50+0.11 0.06 0.31 41.07 -21.05:0.07 20436 0.91 L
1449 36 30 0.66 0.1140 5 20.52+0.40 0.08 0.33 38.62 -18.90:0.08 5k16 0.67 L
1476 77 10 0.80 0.4360 3 22.72+0.47 0.06 0.85 41.91 -20.58:0.09 28326 1.52 L
1569 37 3 0.34 0.4625 8 24.16+0.39 0.06 0.33 42.06 -18.69:0.13 5%50 0.69 L
1625 57 10 0.38 0.2304 5 23.37+0.74 0.08 0.46 40.30 -18.20+0.09 12242 0.84 L
1655 51 0 0.49 0.3377 5 21.88+0.12 0.06 0.41 41.25 -19.96+0.08 1268 0.84 L
1699 48 11 0.21 0.2299 8 22.67+0.68 0.08 0.38 40.30 -18.740.13 55:15 0.11 L
1834 49 7 0.25 0.3475 5 24.06+0.15 0.06 0.39 41.33 -17.88:0.13 6237 1.39 L
1928 60 12 0.29 0.7179 10 22.89-0.46 0.04 0.49 43.22 -20.40:0.13 10529 0.42 L
2007 62 5 0.40 0.7175 10 22.68-0.46 0.04 0.52 43.21 -20.63:0.11 84:20 0.48 L
2067 35 19 0.40 0.7942 5 21.87-0.32 0.04 0.32 43.48 -21.65+0.08 21&58 0.97 H
2174 57 5 0.43 0.6798 3 22.08-0.49 0.04 0.46 43.07 —-21.00:0.09 17524 1.21 H
2246 45 0 0.60 0.6514 5 21.52-058 0.04 0.37 42.96 -21.2°#0.09 18329 1.03 H
2328 68 10 0.50 0.3956 8 22.44+0.26 0.06 0.61 41.66 -20.16:0.11 15@18 0.78 L
2341 32 5 0.35 0.7611 5 22.09-0.38 0.04 0.31 43.37 -21.25:0.09 279107 1.07 H
2353 41 9 0.50 0.7773 3 22.05-0.29 0.04 0.35 43.43 -21.48:0.09 20244 1.21 H
2397 40 25 0.80 0.4519 5 21.98+0.42 0.06 0.34 42.00 -20.84+0.08 9822 0.71 H
2484 52 15 0.52 0.6535 5 21.78-0.58 0.04 0.41 42.97 -21.0A40.09 16936 1.10 H
2533 65 34 0.90 0.3150 5 20.42+0.04 0.06 0.56 41.08 -21.32:0.09 23&16 0.99 H
2572 56 8 0.38 0.4491 5 23.00+0.41 0.06 0.45 41.98 -19.90:0.10 7419 0.86 H
2574 68 14 0.45 0.6802 5 22.98-0.53 0.04 0.61 43.07 -20.22:0.13 16229 0.95 L
2783 42 3 0.52 0.3143 5 21.57+0.04 0.06 0.35 41.07 —-19.95:0.08 8417 0.83 L
2800 47 4 0.61 0.6290 8 22.23-0.64 0.04 0.38 42.87 —-20.42:0.09 14327 0.86 H
2822 52 5 0.35 0.5871 8 21.80-0.71 0.04 0.41 42.68 —-20.62:0.09 10421 0.85 L
2946 56 15 0.28 0.7437 10 22.99-0.42 0.04 0.45 43.31 -20.38:0.13 10&34 0.35 L
2958 55 15 0.82 0.3139 5 21.48+0.04 0.06 0.44 41.07 -20.13:0.08 14113 0.73 H
3071 38 35 0.55 0.0939 5 19.53+0.34 0.08 0.34 38.17 —-19.39:0.08 17620 0.83 H
3108 61 3 0.62 0.4741 5 23.33+0.46 0.06 0.50 42.12 -19.810.11 104-26 1.01 H
3131 54 3 0.37 0.7723 5 22.47-0.36 0.04 0.43 43.41 -21.05:0.12 166-26 0.92 L
3578 61 3 0.56 0.7718 5 22.68-0.36 0.04 050 43.41 -20.910.13 154-37 1.06 H
3704 80 6 0.48 0.4082 3 23.92+0.42 0.06 0.96 41.74 -19.2#0.16 43:20 1.27 L
3730 68 2 0.45 0.9593 5 22.97-0.95 0.04 0.61 43.99 -20.72:t0.15 15641 0.73 H
3921 59 12 1.42 0.2251 3 19.90+0.82 0.08 0.48 40.25 -21.73:0.11 24519 1.01 H
4113 69 2 0.48 0.3951 1 23.04 +0.46 0.06 0.63 41.65 -19.7#0.12 24253 1.12 L
4371 25 39 0.30 0.4605 3 23.13+0.52 0.06 0.30 42.05 -19.80:t0.09 36k330 1.16 L
4376 71 1 0.42 0.3961 8 23.72+0.27 0.06 0.67 41.66 -18.94:0.11 74:18 0.62 L
4402 75 9 1.57 0.1138 3 20.24 +0.47 0.08 0.78 38.62 -19.710.09 95:3 0.75 H
4465 61 9 0.40 0.6117 5 21.56-0.65 0.04 050 42.79 -21.12:0.10 17@26 1.04 L
4498 40 40 0.33 0.7827 8 22.60-0.38 0.04 0.34 43.45 -20.85:0.11 95:58 0.82 L
4657 37 5 0.70 0.2248 5 21.79+0.73 0.08 0.33 40.24 -19.58:0.08 21214 0.91 H
4730 32 3 0.90 0.7820 1 20.94 -0.23 0.04 0.31 43.44 -22.63:0.08 43384 1.41 L
4806 65 4 0.70 0.2214 5 22.07 +0.72 0.08 0.56 40.21 -19.50:0.08 20917 0.72 H
4922 64 13 0.71 0.9731 10 21.77-1.06 0.04 054 44.03 -21.78:0.11 15627 0.22 H
5022 73 10 0.61 0.3385 10 22.94-0.04 0.06 0.72 41.26 -19.06:0.14 756 0.51 L
5140 50 5 0.60 0.2738 5 22.94-0.08 0.06 0.40 40.73 -18.16:0.10 125-39 0.85 L
5286 65 1 0.34 0.3337 8 23.88+0.06 0.06 0.56 41.22 -18.02:0.18 237 0.64 L
5317 53 5 0.59 0.9745 5 21.39-0.92 0.04 0.42 44.03 -22.18:0.09 23636 0.71 L
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Table 1. — continued.

D i 5 g z T X ke AL AL D, Mg Vmx ~ B-R note
[deg] [deg] ["] [mag] [mag] [mag] [mag] [mag] [mag] [kifs]  [mag]

5335 30 10 0.29 0.7726
5361 46 5 0.19 0.3339
5515 49 35 0.39 0.8934
5565 63 8 0.43 0.2285
6125 57 5 0.22 0.4495
6253 76 7 0.61 0.3453
6406 45 0 0.60 0.8451
6452 45 60 0.24 0.3359
6568 53 15 0.46 0.4597
6585 71 8 1.45 0.3357
6657 28 4 0.50 0.3343
6743 39 15 0.33 0.7320
6921 47 13 0.35 0.4538
7298 33 15 0.50 0.3902
7429 55 15 0.40 0.3370
7526 59 5 0.77 0.3589
7597 68 13 0.26  0.4096
7725 62 15 0.49 0.5504
7733 51 10 0.68 0.4471
7856 54 9 0.40 0.5146
7866 53 27 0.30 0.2240
8034 42 0 0.22 0.7317
8190 45 2 0.38 0.3947
8360 63 27 0.52 0.7034
8526 71 12 0.53 0.6095

22.53-0.36 0.04 0.31 43.41 -20.86:0.10 22@:135 0.92
22.45+0.10 0.06 0.37 41.23 -19.32:t0.09 7519 1.05
21.33-1.03 0.04 0.39 43.80 -21.86:0.10 26287 0.81
23.55+0.68 0.08 0.53 40.28 -18.0k0.11 4110 0.25
22.78+0.41 0.06 0.46 41.99 -20.14:0.08 15218 1.52
23.75+0.14 0.06 0.81 41.31 -18.58:0.19 9519 0.69
21.65-0.16 0.04 0.37 43.65 -22.25:0.08 25@36 1.15
23.15+0.11 0.06 0.37 41.24 -18.63:0.11 10252 0.78
22.85+0.43 0.06 0.42 42.04 -20.110.09 14430 1.06
20.26 +0.11 0.06 0.67 41.24 -21.83:0.08 29057 1.46
20.99+0.18 0.06 0.30 41.23 -20.78:0.07 25454 1.26
22.73-0.47 0.04 0.34 43.27 -20.46:0.10 11848 0.77
23.47+0.42 0.06 0.38 42.01 -19.4G:0.12 111%46 0.86
21.48+0.29 0.06 0.32 41.62 -20.81k0.09 11556 0.98
21.68+0.11 0.06 0.44 41.25 -20.19:0.09 9G:17 0.73
20.86+0.19 0.06 0.48 41.41 -21.28:0.07 1837 0.93
24.24+0.34 0.06 0.61 41.75 -18.52:0.21 7234 0.87
22.18-0.77 0.04 052 4251 -20.12:0.12 84:38 0.86
22.79+0.41 0.06 0.41 41.97 -20.06:0.09 8917 0.75
22.63+0.52 0.06 0.43 4232 -20.6%:0.09 27335 1.23
23.11+0.82 0.08 0.42 40.23 -18.44:0.10 5@45 0.97
22.34-0.43 0.04 0.35 43.27 -20.89:0.11 17349 0.90
21.84+0.31 0.06 0.37 41.65 -20.55:0.08 11312 0.76
22.58-0.48 0.04 0.53 43.16 -20.6A40.16 12&62 0.46
21.90-0.66 0.04 0.67 42.78 -20.94:0.14 13510 0.75

<.n'5‘01<.nwmmoommmmmoooommmwmmoowmm
r—rrIrTrrrIrr I I IIIIrrCrIIIrC-IrC I

smaller radial extent and partly feature signatures of matde efits from the inclusion of spirals with Cepheid—calibraties}
kinematic perturbations like waves or asymmetries. tances. As for our sample, the photometry has been corrected
for dust-reddening via the Tully & Fouqué approach. et
] ) ] ence that has to be accounted for is the convention for face—
7. The distant B-band Tully-Fisher relation on extinction (see Sedi_%.2) used by PT92, i.e., fised of

To be able to derive the spectrophotometric/antinematic AMs = 0.27™ has to be applied. This way, the lodaiband

evolution of spirals at intermediate redshifts, it is caido 1FR transformsinto

carefully choose a glata set of spirals .at Ipthat can be u;ed Mg = —7.4810gVimax — 3.52 (8)

as reference. Consistency between distant and local data se

terms of the intrinsic absorption correction is one of thgike With an observed scatter ofs = 0.41™. This is in good agree-

sues. As stated in the introduction, a large number of larals ment with a bisector fit to the Haynes et al. sample restricied

ples have been constructed during the last decade, with kih€97 galaxies with Hiprofiles classified as good quality by the

matic data based on radio observations or optical speatra. Buthors:

our purposes, the term “local” refers to redshifts betow0.05 _

corresponding to systematic velocitigss < 15000knfs. In Mg = ~7.85100Vimax - 2.78. ©)

Ziegler et al. [[(2002), we selected a sample by Haynes et ldere, we transformed appardrband magnitudes int8 via

(1999) as a local reference. Here, we will use the data selors from Frei & Gunn[{1994). The two TFRs are perfectly

of Pierce & Tully [1992, PT92 hereafter) instead. Our initiaconsistent in the low—mass regime and show only a snfiséb

choice was basically motivated by the very good statistfcs of AM ~ 0.18™ at Viax = 300 knys.

the Haynes et al. sample which comprises approx. 1200 spiral In Fig.[d, we show the TF diagram of the complete FDF

mainly of type Sc, which is also the most frequent SED type gpiral sample along with the local relation from PT92. As in

our distant sample. Sect[#, our sample is sub—divided according to the RC qual-
On the other hand, using the PT92 data makes our resitlys For the high quality data, the curves have #isient spa-

directly comparable to the studies of e.g., Vogt (2001) anicl extent to probe the region of constant rotation velpait

Milvang-Jensen et al. {2003). Moreover, the TFR of PT92 belarge radii, thereby yielding robust values\f,x. In the case
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Fig.8. FORS Deep Field sample of spirals in the range Fig.9. Offsets of the FORS Deep Field sample from the local
z < 1.0 in comparison to the local TFR by Pierce & TullyTFR as given by Pierce & Tully{1992) as a function of redshift
(1992, dotted lines give @ limits). The distant sample is sub-Filled symbols denote rotation curves which extend welltout
divided according to rotation curve quality: High qualityrees the region of constant rotation velocity at large radii dkdul
(solid symbols) extend well out to the region of constana+othigh quality data).
tion velocity at large radii.

2 2
of the low quality data, on the other hand, we cannot rule out g T 7'4820-'09V5lx’ (12)
the possibility that at least for a fraction of the obje¢tsy is
underestimated, i.e fizets from the local TFR towards highe
luminosities could be overestimated. For this reason, we

192 sample, respectively.
use only the high quality data for the following analysise$a ' : )
spirals cover the rangesl86™ > Mg > ~22.2" in absolute As can be deduced from EQ.]11, we observe an increas

. - . X ing brightening with rising look—back time. This is expette
magmtude an_d 74k < 10gVimax < 295 knys in maximum asg an gﬁ“ect ofgthe youngger stellar populations, i.e. aphigher
rotation velpcny. . . o fraction of high—luminosity stars than in the local univers

For a givenVimax, the dﬂ“.er-enc.e in luminosity of an FDF Our result is in agreement with those of Barden et[al_ {2003,
object from the local PT92 fit is given by AMg = -1.1+ 0.5 at(z) ~ 0.9) and Milvang-Jenseih (2003),
(10) Wwho findsAMg = —(0.9+ 0.3) - z note that the latter correla-

tion would be slightly steeper in the cosmology adopted .here
These disets are shown as a function of redshift i much smaller brightening of less than 0.2 magat 1 is
Fig. @. Although the scatter of theffeets is reduced from ¢ ng by Vogt (Z001).
oam = 1.32"tosm = 0.97" when restricting the FDF sample  gesjdes the dependency aMg on redshift, the compar-
to high quality RCs, this is still over a factor of two largeah  ison of our sample with PT92 in Fi§l 8 indicates a correla-
for the local data set. We speculate that this partly isf@Ce i, petween the TF fisets and maximum rotation velocity.
of the observational limitations for distant spirals likeg., the gyen restricting to rotation curves which probe the “flat? re
low intrinsic spatial resolution, but also reflects a braadage gion at large radii, a number of distant spirals in the regime
of star formation #iciencies than in the local universe. Thisvmax ~ 100 kny's are overluminous with 3o confidence, given
interpretation is supported by the smaller scatter of #i&et5 e ohserved scatter of 0.41 mag for the local sample. This ca
which originates from the uncertainty Wiax and amounts to pe seen in Fig_10, where thé&sets are plotted against the log-
0.63mag for the HQ data. _ _ arithm of Vimax. A linear y2fit to the high quality subsample

A linear *-fit to the high quality data yields with an error estimation as defined in Eq] 12 yields

AMg = —(1.22+ 0.56)- z— (0.09+ 0.24). (11)

where the second and fourth term are the propagated errors
from the uncertainties in [09max for the FDF spirals and the

AMpg = 7.4810gVmax + 3.52+ Mg.

AMg = (4.40+ 0.69) logVmax — (10.31+ 1.55), (13)
For this fit, the error was computed as ] . ] )
corresponding to a brightening by more than two magnitudes

for the least massive spirals in our sample and negligititets

2 2 2
o =0 + 7480
AMg = T yje0F log VFOE
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Fig.10. Offsets of the FORS Deep Field sample from the loc&ig. 11. Offsets of the FORS Deep Field sample from the lo-
TFR as given by Pierce & Tully_{1992) as a function of maxsal TFR as given by Pierce & Tully {1992), plotted against the
imum rotation velocity. We observe large overluminosifigs relative errors inVa. The weak correlation between these two
objects with slow rotation (i.e. low mass) and negligibfisets parameters can attributed to the lower RC quality and thytar
for fast rotators (i.e. high—mass spirals). Filled symludeote relative errors of the RC extraction for slow rotators, sed t
rotation curves which extend well out to the region of constafor details. Filled symbols denote rotation curves whictear
rotation velocity at large radii (labeled high quality data well out to the region of constant rotation velocity at largeii.

at Vmax  220kms, which on the basis of Efl 8 is the typical

_ _ ne i We will now consider potential biases due to galaxy-galaxy
rotation for local spirals of luminosity 213.

interactions or sample incompleteness, the impact of ti@+n
sic rotation curves shape and the question Gedént conven-

. . tions for the intrinsic absorption correction.
8. Discussion

Before interpreting the possible physical implications % 1. A bias due to environmental effects?
Eq.[T3, we want to comment on a potential correlation between '

the TF dfsets and the errors Mnax In Fig.[11, the @fsets are To some extent, a correlation between rotation velocity Bhad
plotted against the relative errars, . /Vmax. Even if only the offsets is to be expected from previous studies. Kannappan et
galaxies with high quality RCs are considered, the overdunal. (2002) found a color-residuals relation that reflectsrov
nosities seem to be higher for objects with laryggx errors. luminosities of blue spirals and argued that this could be at
We see two basic reasons for this slight dependency. tributed to enhanced star formation. Since galaxies witte bl

Firstly, the RC quality on the mean is lower for low—massolors, i.e. late types, feature on the mean lower valu&é.gf
objects. In particular, the least massive FDF spirals alcias- than red, early—type spirals (see Sécil 8.5), a correldtésn
sified as low quality data. A lower rotation curve qualityimri tween colors and TFfsets should coincide with a relation be-
leads to higher values of,» (Eq.[3) and an increased total errotween the @'sets and/max.
of the maximum rotation velocity. And secondly, the errofs 0 To look into this dfect, we computed th& — R color in-
the Gaussian fits to the emission lines which are performeddex of our FDF galaxies in rest—frame. In contrast to théahit
the process of the RC extraction do not depend on the magierivation of the absolute magnitudes, we did not use t@al a
tude of the velocity shifts. On the other hand, for a giveriuad parent magnitudes but brightnesses that were measureid with
and fit uncertainty, the relative errors Wf2Yr) are smaller for apertures of two arcseconds diameter on coadded framek whic
fast rotators. Since the observed relative errors corigitathe were convolved to the same seeing (see Heidt ¢t al.12003 for
derived value ofr ., this error is on the mean larger for slowdetails). Similarly to the procedure for tigband luminosi-
rotators. ties, we transformed the observBgbrs into RS, . only for

The combination of these twdtfects leads to larger relativelow—redshift galaxiesz < 0.25) and used the transformation
errors for small values d¥yay, i.€., for spirals with large TF Irors — Ra.qinsinstead for all objects at larger distances. The

ousins
offsets. absorption coféicients with respect to rest—frarRewvere com-
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-4 I distributed within the rangel < AMg < +1 around zero,
| Local TFR slope & zero point | similar to the results given by Verheijen, though the scaife
A Free TFR slope & zero point the distant sample is larger and the correlation betweeor col
[ 7 tocel semple from Verheljen (2001) 7 and residuals relatively weak. We conclude that the laffe o
- . . 1 sets we find using EQL0, i.e. under the assumption of thé loca

TFR slope and zero point, can hardly be attributed to thereolo
residual relation of local spirals.

Alternatively to an evolution of the TFR with look—back
time, one possible interpretation could be that a fractiothe
distant spirals are subject to galaxy—galaxy interactionich
could result in TF fsets of up to several magnitudes as stated
by Kannappan et al.{2003). To perform a search for galaxy pai
candidates within our TF sample, we combined our complete
data set (i.e. all galaxies with derived redshifts) with liveer
resolution spectra from the FDF high—z campaign (Noll et al.
2004), yielding a total of 267 galaxiesak 1. As upper limits
0.5 1 5 on the three—dimensional separation of two pair candigates

(B-R),... [mag] adopted the results of Lambas et &._{2003). Based on a data
set of~ 10 objects from the 2dF Galaxy Redshift Survey, the

Fig.12. Offsets of the high quality FORS Deep Field sampl%u'[h.orS fou_nd that a projected distaridg,, 3_100 kpc anql a
from the local TFR by Verheijen (2001, circles), compared { lattive radial veIout;A_VsyS_s 250kms are re"?‘b'e upper lim-
the residuals of a free bisector fit to the high quality FDFRadat™ to select galaxy pairs with enhanced specific star faomat
(triangles), both as a function of rest—frame color. Theadsol
line represents the color—residual relation of the locahegen
sample, the dotted lines denote the Bmits. Typical error bars
are shown for two FDF objects.

AM, [mag]

12 spirals from the TF sample show spectroscopically con-
firmed neighbors within these limits. Of these galaxies, two
are also possible members of the clusterzae 0.33 lo-
cated in the southwestern corner of the FDF. We show the
TF offsets of these pduluster candidates in comparison to
the rest of the sample in Fig113. The two sub—samples seem
4% be similarly distributed. This is also implied by a two—
Yfmensional Kolmogorov-Smirnov test which yields a propa-
bility of 0.31 that both subsamples are drawn from the same
Mg = —8.110gVmax— 2.07 (14) distribution function. We only observe a slight overreg&s-

for our high quality sample in FiC12. Only a weak dependeng n of paiycluster candidates towards low rotation velocities.
i

of the dfsets on rest—frame color is observed. In contrast to thd®S€ aré all spirals W't_h RCs clz_issmed as low qua_l|ty data,
tW|th relatively small radial extention ayat asymmetries. In to-

éal, only 5 out of 18 (corresponding to 28%) of the pelister
candidates have high quality curves, whereas for the rebeof

one magnitude from the local TFR. Note that this is constste"?i"‘mple this fraction accounts to 53%. This is in agreemetht wi

with the dfsets from the PT92 relation which have a median (t)l?e results of Kannappan et 41.{ZD03), who find that a fractio
_0.77™ of galaxies in close pairs show asymmetric or truncated RCs.

The situation is changed if one assumes that the TFR Skﬁ(% therefore reject the idea that a significant fraction ef th

and zero point could vary with cosmic time, i.e. if a free fit ig2/axies with high quality RCs are subject to interactions.

applied to the distant sample. On the basis of the high qualit
data, a bootstrap bisector fit with 100 iterations yields

puted following Cardelli et al/{1989) using again the in&it
absorption convention by Tully & Fouqué (1985).

For the purpose of the color—residual relation, we comp
our data to the local sample from Verheijen (2001). We sh
the dfsets with respect to the Verheijen TFR

results for the local spirals,fisets of the FDF spirals almos
solely populate the regime of overluminosities with a madi
of —0.7™and 12 out of 36 galaxies featuréfgets of more than

The nearest neighbor search cannot yield all pairs<atl
Mg = —(4.66+ 0.67) l0gVmax — (10.43+ 1.50). (15)  within the FDF, since we do not have spectroscopic redshifts

To be consistent with the Verheijen sample, we performed tAB all galaxies in this regime (both the TF and the high-zystud
same fit using the intrinsic absorption convention by Tutly &ave a limit in apparent brightness). However, the aim of thi
al. (EqI¥) which yielded test was to clarify whether the candidates whéich identified

differ from the rest of the sample. Since the five fahister
Mg = —(5.22+ 0.69) 10gVmax — (9.08+ 1.56) (16) candidates included in the analysis show only moderateffFF o
New residuals using this relation for the FDF sample were dgets, we conclude that it is unlikely that our high qualithsu
rived analogous to E@JLO and are compared to the initial vakmple introduces a bias towards overluminosities dueae-gr
ues in Fig[IR. The residuals computed via [EJ. 16 are maintistional interactions.
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-6 I given total line flux, the data set could therefore preferabh-
r HQ prob. isolated 1 tain slow rotators.

HQ 2=0.33 cluster Since late—type spirals on average have stronger emission
lines (and loweNMmax values, see Se€i_8.5) than early—type spi-
rals, this &ect would induce a type—dependency of the TFR
slope. For SED types < 3, T = 5andT > 8, we find slopes
ofa=-374+ 140,a = -5.18+ 0.63 and-4.78 + 0.45 (the
large uncertainty of the first of these fits shows the influesfce
low number statistics). Although the 14 spirals of type Sb or
earlier have a flatter tilt than the two other sub—sets, weado n
find a significant correlation between spectrophotomeype t
and TFR slope within the derived errors of the bootstrap fits.

It is therefore unlikely that the shallower slope of the FDF
sample with respect to the local data is an observatidfedte
We emphasize that, if the observed lack of distant spiralsdn
regime of low luminosities and fast rotation was due to such a
o bias, then the intrinsic scatter of the distant TF relatimuld
| | | have to be increased by a significant factor compared to the

1.5 2 2.5 local universe, which we do not see.
log V,,., [km/s]

- HQ in pairs
—4 X*—fit to HQ data

3

Fig.13. Offsets of the FORS Deep Field spirals from the IoE—;'B' Impact of the intrinsic RC shape

cal TFR as given by Pierce & Tully (1992) as a function ofs stated in Seci_4.4, the rotation velocities derived tia t
maximum rotation velocity. The FDF sample is sub—divideRC modelling are consistent for the “rise—turnover—flatijsé
according to environment: Squares denote potential mesmband the universal rotation curve from Persic & SaluEci(1)991
of acluster az = 0.33, triangles are objects featuring neighbokut slightly diferent if the URC as given in Persic et &I (1996)
ing galaxies withim\Vsys < 250 km's andDpo; < 100kpc and is used. However, if we restrict our sample to the high qual-
circles are probably isolated galaxies. Filled symbolsoden ity data, the dference betweeWVmax and Vopt is negligible
objects with rotation curves that extend well into the reged  for spirals with Vyax > 150knys, and amounts to only 5%
constant rotation velocity at large radii. in the median for the slow rotators. Inffect, the TF &sets
would be altered towards lower luminosities by orly.15"
atVopt = 100 knys if the URC96 was used alternatively. None
of our results would befected significantly by such a small
difference. For this reason, our analysis will be basedfpn
In the following, we will adress the question of whether ththroughout the section.
deficiency of our sample of objects withlg < -19 and Another topic that has been referred to earlier are thetsligh
l0g Vimax > 2.1 (cf. Fig.[8) may be an observational bias. differences betwegyt-fits and “by—eye” fits of the synthetic to
For a magnitude—limited TF sample, not all objects withithe observed rotation curves. Since the former yieldedayst
the field—of—view that are geometrically suitable enterfthe atically lower maximum rotation velocities than the lattie
nal data set. Towards the faint end of the observed lumindd= offsets would bérighter by ~ 0.25™ at Vimax = 100 kny's
ity distribution, the sample therefore is incomplete. Ataél if the analysis was based on tMg.ax values fromy?-fit RC
maximum rotation velocity, this may give rise to a bias againmodelling as introduced in SeEL.}.4. Therefore, if one mesu
low—luminosity spirals and, in turn, lead to an underesteda a “rise—turnover—flat” shape of the intrinsic RC, our appioa
TFR slope as pointed out by Giovanelli et al. (1997). of a by—eye comparsion between synthetic and observed RC
Our apparent brightness limit & < 23™ corresponds to a Yields conservative values of the THsets.
limit in luminosity that is higher for larger redshifts. Ampact
of the incompleteness bias on our results should theretine ¢
cide with a decrease of the TFR slope with increasing retdsh
However, if we split the complete FDF sample into sets for ofrhe convention we use for intrinsic absorption is purely
jects withz < 0.45 (41 galaxies) angl> 0.45 (36 galaxies), the inclination—dependent, as the optical depth and fractidnst
bootstrap fit slopes we find for the two ame= —3.75+ 0.44 disk thickness are held fixed for the entire sample. More re-
anda = —-3.77+ 0.59, respectively. cently, Tully et al. [1998) and Karachentsev et@l. (2002)ha
Potentially, our sample may introduce a bias against fdsund evidence for an internal extinction law which also de-
rotators of low luminosity. This is because the spatially rgpends on rotation velocity. These observations favour herig
solved emission lines of large spirals (which on the averagmount of absorption in fast rotators than for spirals of low
have higheWmax values) cover a larger CCD area and thus ha¥ax. If one assumes the relatiolVaax ~ Wi, between max-
lower signal-to—noise ratios per pixel than small spifats.a imum rotation velocity and H profile linewidth (see Tully &

8.2. Potential incompleteness effects

ﬁi.4. Influence of the intrinsic absorption correction
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Fouqué&1985), then equation 11 given in Tully et al. tramafo —6 I
into [ HQ data, Sa..Sb M |
Vi HQ data, Sc o
AB’I = 2-75(|09Vmax - 1.63) Iog(a/b), (17) F HQ data, Sd.Im A -
4 X?—fit to HQ data — _|

wherea andb are the apparent major and minor axes, respec- L
tively. E.g., for a highly inclined disk with = 80°, this yields .
0.59" at Vmax = 100km's and 1.3% at Vinax = 300knys, L
whereas the initial Tully & Fouqué approach gives a value ofyg —2 -
AL = 0.96™ independent of the maximum rotation velocity. £ |-
In effect, the slope of any TFR would be steeper if the in-", 3
trinsic absorption is accounted for based on[Edj. 17. Butesin = F
this mass—depedency is linear in Mg,/ Mg—space, the slope 0
change would fiect distant and local sample consistently. This
can be quantitatively verified with EJs]14 (the local Vejei i
TFR) andIb (the FDF high quality sample) which are both de-
rived using the Tully et al. convention. Neither the medi&n o

the FDF spiral @sets from the local TFR (0.7 mag in the Tully | o |
et al. convention vs. 0.77 mag in the Tully & Fouqué conven- | | |

tion) nor the evidence for a change in the distant TFR slope 1.5 2 25
(>30 confidence level in both conventions) do significantly dif- log Vo, [km/s]

fer between the two approaches.

Since our results are therefore independent of the intringiig. 14. Offsets of the FORS Deep Field sample from the local
absorption convention, we used the Tully & Fouqué approagiR as given by Pierce & Tully{1992) as a function of maxi-
throughout the paper for the sake of direct comparabilithwimum rotation velocity, sub—divided according to SED typiein
the previous studies. Sb or earlier (squares), Sc (cicrles) and Sd or later (tte)g
respectively. Filled symbols denote rotation curves wiggh
tend well out to the region of constant rotation velocityaagke
radii (labeled high quality data).

It is well known that in the local universe, a dependency of

Vmax ON galaxy type is observed. Blue, late—type spirals are
average slower rotators than red, early—type spirals lRugin
et al.[1985). For our sample, sub—divided according to S
type, we find respective median values(¥fa0 ~ 248 km's
for T < 3,(Vmax ~ 145knys forT = 5 and(Vmax) ~ 89 knys
for T > 8. Since we observe a correlation between the FF OMg = —(3.55+ 0.41) 10gVimax — (12.84+ 0.92), (19)
sets andVmayx, theseVmax distributions imply a dependency of

the mean luminosity fisets on SED type as is illustrated irl-€- the significance for a TFR slope change is even higher tha
Fig.[13. on the basis of a bootstrap bisector fit.

A consequence of this is a potential selectidfee for As an explanation for the shallower slope at redshift
small samples which mainly comprise a certain sub-type.4f 0.5, we will now discuss two alternatives. Firstly, our result
a data set was biased towards late—type spirals due to tes taf?@y point to a luminosity evolution that depends on the max-
selection on blue colors (like, e.g., Simard & Pritchef J)p@g imum rotation velocity. According to simulations by van den
strong emission lines (e.g. Rix et A.1997), a consideraige Bosch [2002), the total mass of a spiral galaxy within theair
lution in luminosity would be derived. On the other hand, if £dius can be estimated via
data set preferably contains early—type spirals, i.e elaiigks r Vimax  \2
(Vogt et al.[1996), only a modest luminosityfget from the Muir = 2.54- 1010M0(k_m)(m) ’ (20)

local TFR will be observed. ) ) o
A straightforward interpretation of the correlation beeme 8- the correlatiomMg o 10gVmax implies AMg o 10g My
or the spirals with high quality RCs, covering the range

the luminosity dfsets and the maximum rotation velocity we 0 ) 1

find could be a change of the TFR slope with look—back timg:2 1012 Mo < Myir < 1.6- 102Mo ((Myir) = 2.3+ 10''Mo), &
As given in SectBl1, a bootstrap bisector fit to the high quafnearxfityields

ity FDF data yields a slope 6f4.66 + 0.67, corresponding to Muir

>99% confidence for a shallower slope at intermediate redsiiMe = (1.14+ 0.27) log —(1346+3.09). (21)

M
with respect to the local PT92 sample. To verify this with a °

different fitting method, we estimate the errors of the absolyténough the ground-based luminosity profile fits may place
magnitudes to be only upper limits on the scale lengths for some of the appar-

ently smallest galaxies, we find evidence for a mass—depende
TFer = Oy + 14800y, - (18) luminosity evolution which accounts t02™ in rest—frameB

8.5. A mass—dependent luminosity evolution?

‘me first term on the right hand side corresponds tdEq. 7 and
Be second term is the error propagation from the errovg,in

ased on the PT92 slope. A linegf -fit to the high quality
FDF then gives
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for the least massive objects and is negligible for high-amaal.[2003). However, due to the limitations of the ground-eolas

spirals. This implies that the redshift dependency we aleseimaging, the significance of this evolution is low.

(Eq.[11) is most probably a lower limit, since low-mass spi- In effect, a decrease of the disk sizes and an increase of the

rals — which show strong evolution in luminosity accordingas mass fraction would tend to shift distant spirals to dle-l

to Eq.[Z1 — at higher redshifts will fall beyond our apparertiminosity side of the local TFR, whereas a lower stellarsras

brightness limit. For the same reason, we cannot specutatet@-light ratio would result in a shift to the high—lumingsside.

a potential evolution (more precisely, a decrease) of thermeA domination of the first two processes for fast rotators doul

galaxy masses with redshift. explain why a fraction of the high—mass FDF spirals are under
If one assumes that low—mass spirals have not undergd#®inous in the TF diagram. . o

a significant increase of their metallicities since~ 05, As already stated, the correlation between luminosity evo-

our result is similar to that of Kobulnicky et all (2(,03),Iut|on and redshift given in E@_11 is probably only a conserv

who used the distant luminosity—-metallicity relation aodrid tive estimate. Because the disk sizes and gas fractionsisay a

AMg ~ —1...-2mag. On the other hand, Vogt(2001) does n&volve, the pure IL_Jminosity evolution possibly is Iargearth

find a TFR slope change with a TF sample from the same s@RProx. one magnitude betweer= 1 and the local universe.

vey (DEEP Groth Strip Survey). E.g., chemically consistent evolutionary synthesis medbst

Besides a mass—dependent luminosity evolution, a secé\{l](alner etal. [2001) yield a luminosity evolution 6f1.5 mag

possible explanation for the flatter tilt of the distant TFRulcl In‘rest—frameB for an SC splr_al over this redshift range. .
) . L Although the mild evolution of the scale lengths that might
be a strongly starforming galaxy population within our séanp L ; :
. o o be deduced from the FDF sample is in compliance with the
that contributes less to the local luminosity density, égher

! . ‘bottom—up” scheme of structure growth within the Cold Dark
these galaxies could be overnumerous or overluminous at jn-

. . o s r hierarchical m [, a luminosity evolution thatasger
termediate redshift. In terms of the luminosity functiohist atter hierarchical model, a luminosity evolution thatasge

S e ” . for low—mass galaxies would be in contradiction to it. If our
topic is well known as the “faint blue galaxy excess” (seésEll - :
- : ; esult is interpreted in terms of younger ages (lower forma-
1997 for an overview). Based on spectroscopic data from the : - :
. . , ion redshifts) for lower masses, the contradiction willdven
Canada-France-Redshift-Survey, Driver etlal. (1996) fithat . L
: ore obvious. This is simply because small Dark Matter Halos
dwarfs may have faded by over one magnitude between the .
. . Should have formed earlier than large ones, and thus the stel
regime 02 < z < 0.5 and the local universe. These observzf\é

. . : .~~~ . Tar populations in galaxies of low mass should be older than
tional findings could be understood in terms of a relommt'(%hose of high-mass svstems. Semi—analvtic simulationshwhi
era between redshifts~ 6 andz ~ 1 which suppresses star 9 Y ' Y

formation in low—mass dark halod(; < 10° M, Babul & gccount for.a masg—dependent evolution of the stellar pepul
Reed T992). tions also yield an increase of TFR slope with look—back time

(e.g. Ferreras & Silk2001).

However, only a small fraction of the high qual- on the other hand, it is well established and also valid for
ity FDF sample could be members of such a blug,sample thatthe colors of spirals tend to become redder wi
dwarf population since the former covers the rang@ass (beginning of this section) which is not reproduced by
74km/s < logVmax < 295knys and the lower virial gimylations within the hierarchical scenario unless thecsp
mass limit of 3- 10'°M, also exceeds the dark halo Masgophotometric properties of local spirals are used asibreal
range of dwarfs. Furthermore, the star formation ratggp (e.g. Bell et al-2Z003).
derived from [QI] equivalent widths fall in the range e therefore conclude that, if the TFR slope of our distant
08Moyr* < SFR < 183Moyr, with a median of sample is related to a mass—dependant luminosity evolution
~4.5Mo yr, typical for massive local spirals (e.g. Kennicutihis would be at variance with the hierarchical merging sce-
1983). nario on small scales.

If our resultis interpreted in terms of a decreasing luminos
ity of low—mass spirals over the pasb Gyrs (which accounts 9. Conclusions
to the look—back time a ~ 0.5), it could be due to a mass—""
dependent evolution of the mass—to—light ratio, or evenssmaUsing imaging data and spectroscopy taken with the ESO Very
age relation. A direct comparison to predictions of stgilap- Large Telescope, we have derived structural parametensand
ulation models is dficult since any evolution of the TFR intro-solved rotation curves of a magnitude—limited sample of 77
duces several competin§ects. On the one hand, younger stekpiral galaxies in the FORS Deep Field. The objects cover the
lar populations coincide with a decrease of the mass—tot-ligedshift range 4 < z < 1.0 and comprise all types from Sa to
ratio. On the other hand, since less gas has been consumedeig late—type. Via a rotation curve modelling that takes in
star formation, the gas mass fraction most probably ineasccount geometricfiects as well as seeing and optical beam
with look—back time, thereby increasing the mass—to—light smearing, the maximum rotation velocities have been derive
tio. Moreover, within the framework of hierarchical mergin and the distanB-band Tully—Fisher relation was constructed.
disk sizes should be smaller for a given maximum rotation ve- We find evidence for a luminosity evolution with look—back
locity and masses on the mean lower towards higher redslhiifte which amounts to a brightening aMg ~ —1™ at redshift
(e.g. Mao et al. 1998). Based on the rotation velocity—sif@-r unity. Moreover, we observe a correlation between the lumi-
tion, i.e. the correlation betweéfyx andry, our sample shows nosity evolution and the total masses. The distant low—mass
some evidence for slightly smaller diskszat 0.5 (see Bohm et spirals are brighter by up to two magnitudes than their local



18 A. Bohm et al.: The Tully—Fisher relation at intermediegdshift

counterparts, whereas the luminosity evolution of highssnaKennicutt, R. C. 1992a, ApJS, 79, 255
systems is negligible. Infiect, the slope of the Tully—FisherKennicutt, R. C. 1992b, ApJ, 388, 310

relation at intermediate redshift is shallower than foralsam-

Kennicutt, R. C. 1983, ApJ, 272, 54

ples. This may partly be caused by a population of small; st#@bulnicky, H. A., Willmer, C. N. A., Phillips, A. C., etal.ad3, ApJ,

forming galaxies that contribute less to the luminosity sign

in the local universe. Nevertheless, the vast majority ofadu

jects have virial masses too large to be dwarf galaxies ama sik

star formation rates typical of normal spirals. The flatilente
find for the distant Tully—Fisher relation is in contradistito
the predictions of recent semi—analytic simulations.
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