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ABSTRACT
We present th&-band Tully-Fisher relation (TFR) of 60 late-type galaxies with redshifts 0.1-1. The galaxies
were selected from the FORS Deep Field with a limiting magnitude ef 23 . Spatially resolved rotation curves

were derived from spectra obtained with FORS2 at the Very Large Telescope. High-mass galaxies, with

150 km s* show little evolution, whereas the least massive systems in our sample are brighté~bymag
compared with their local counterparts. For the entire distant sample, the TFR slope is flatter than for local field
galaxies (5.77 + 0.45vs. — 7.92+ 0.18. Thus, we find evidence for the evolution of the slope of the TFR

with redshift on the 3¢ level. This is still true when we subdivide the sample into three redshift bins. We
speculate that the flatter tilt of our sample is caused by the evolution of luminosities and an additional population
of blue galaxies az = 0.2 . The mass dependence of the TFR evolution also leads to variations for different
galaxy types in magnitude-limited samples, suggesting that selection effects can account for the discrepant results
of previous TFR studies on the luminosity evolution of late-type galaxies.

Subject headings. galaxies: evolution — galaxies: kinematics and dynamics — galaxies: spiral

1. INTRODUCTION dict zero-point offsets in luminosity for distant TFR samples
depending on both observed wavelength and cosmology.

Tully & Fisher (1977) found a remarkable correlation be-
tween the stellar content and the kinematics of disk galaxies, 2. SAMPLE AND OBSERVATIONS

tlght|y Ilnklng the Iuminosity to the maximum rotational ve- Our ga|axy Samp|e is based on the FORS Deep Field, a
locity of late-type galax[es. This “Tully-Fisher relat|on"'(TFR) deep multicolor studyBgRIzIK) of an~6' x 6’ field with
can therefore be exploited to study both the dynamical evo- |imiting blue and visual magnitudes comparable to the Hubble
lution and the star formation history of disk galaxies. Observed peep Fields (Appenzeller et al. 2000; Heidt et al. 2001).
local TFR samples (e.g., Mathewson & Ford 1996) with their photometric redshifts and spectrophotometric galaxy types
very small scatter already served as important constraints forwere determined for ahband—selected catalog #8800 ob-
galaxy evolution models (e.g., Eisenstein & Loeb 1996). But jects (Bender et al. 2001). From this list, late-type galaxies
the redshift evolution of the TFR is an even more powerful were drawn primarily on the basis of their brightness with a
tool to investigate galaxy evolution and cosmological structure |imiting magnitude ofR<23 mag (as determined by the
formation. ) ) ) ) SExtractor package; Bertin & Arnouts 1996). Additional cri-
On the observational side, recent studies of spiral galaxyteria have been that the inclination was- 40°  and that
kinematics at intermediate redshift produced rather discrepantzphm< 1.2, so that any [On] A3727 emission-line doublet
results, mainly because of the different sample selection meth-would fall onto our observed Wave|ength range. The final
ods. While Vogt et al. (1996) find only a modest increase in sample comprised 79 spiral galaxies of all Hubble types
luminosity of AMg ~ 0.5 at(z) ~ 0.5, the results of Rix et al.  (Sa—Irr) with0.1< z< 1.0 peaking az = 0.35 and 0.75 (see
(1997) and Simard & Pritchet (1998) imply a strong brightening Fig. 1). Their absoluteB magnitudes cover the range

of roughly 2 mag in absolutB-band luminosity. —22.4< My < —15.8 the scale lengths range from 0.6 to
With theoretical simulations, one has to consider the tem- 4.8 kpc H, = 75 kms* Mpc* and, = 0 assumed through-
poral growth of galaxies in size and mass as well as the evo-out the Letter).
lution of the star formation rates. Mao, Mo, & White (1998),  Spectroscopy was carried out with the Focal Reducer and
for example, combine the dynamical evolution as traced by Spectrograph 2 (FORS2) mounted onto the Very Large Tele-
cold dark matter (CDM) hierarchical-merging models with a scope (VLT) Unit 2. Using the grism 600R with the order
simple scaling relation between mass and luminosity. Steinmetzseparation filter GG435, the typical wavelength range for
& Navarro (1999), in addition, introduce star formation phe- the case of a chip-centered slit wes = 5250—7450 . \Aith
nomena via semianalytical recipes. These kinds of studies pre-a slit width of 7', the dispersion was 1.08 pixel™*, and the
resolutionR ~ 1230. Observations were done in Multiobject
* Based on observations collected at the European Southern ObservatorySpectroscopy mode, in which FORS2 provides 19 slitlets of
C%rlr:reps?ernatn:gd(r::sif (gigaeihogg:(?oﬁg? Aeglﬁ)}]oosrﬁ?)énd Astrophysics, Aus ~22' length in a vertical array. Targets for the different setups
tralian National Univérsity, Cotter Road, Weston Creeyk, ACT 2612, Xustr’allia. were selected in a way to minimize the misalignment between

s Present address: Royal Observatory Edinburgh, Blackford Hill, Edinburgh the _Slit direct_ior_1 and the position angle of the galaxy. The
EH9 3HJ, UK. maximal deviation was F5 The exposures for each setup
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To derive the rotation velocities of the galaxies as a function
of radius, Gaussian profiles were fitted to the visible emission  Fic. 2.—Examples of observed rotation curves with their one-dimensional
line(s). For the objects with high redshit.d < z=< 1.0 ), the fit. The respective values of redshiti,, magnitude, disk scale length (in
[O 1] A3727 doublet was used, while for objects with arcseconds), and,,, (as derived with the two-dimensional model of the ve-
0l<z=< 05 the [O ] -)\5007 and_/or 18 !ines were mea- It?lzlt?;nfleeygs?izgn%?len. The error bars denote the errors of the Gaussian fits to
sured. To increase the signal-to-noise ratio, a boxcar filter of
076 was applied; i.e., three neighboring rows of the spectra
were averaged before each Gaussian fit.

In contrast to studies of local spiral galaxies, these “straight-
forward” measurements af, r)( cannot be used to directly
derive the maximum rotation velocity,,, (Simard & Pritchet

eter in these simulations, until the best reproduction of the ob-
served RC was achieved. In that way, we were able to quantify
the maximum rotation velocity of 60 spiral galaxies in our sam-
ple, with estimated errors between 10 and 40 kindepending
. - . | - on galaxy size and RC quality. The remaining 19 objects showed
1999). Because the size of the visible disks of spiral galaxies gjiher 4 solid-body rotation, highly disturbed RCs, or no rotation
atz~ 0.5 (with typical apparent scale lengthsipk 015 ) is 54 5y, Examples of RCs are given in Figure 2.
comparable to the slit width of"1the spectroscopy is an “in- The B-band luminosities of the FORS Deep Field (FDF) gal-
tegration” over the galaxies’ intrinsic velocity fields. axies were determined in the following way: we took SEx-
To tackle this problem, a synthetic rotation curve (RC) Was yaciors MAG_ISO values as the total magnitudes inBo&!
generated for each galaxy, assuming a linearly rising rotation poRgsp filters, which were then transformed onto the Johnson-
velocity in the innermost galaxy regions and a constant rotation ¢, sing photometric system. One origin of uncertainty in the
Umay A large radii (e.g., Courteau 1997). The radius at which this gerjyation of the rest-frami-band luminosity is the-correction
intrinsic RC flattens was computed from the scale lemgth Mea-(see e.g., Ziegler et al. 1999). For early-type spiral galaxies at
sured in thel band, taking into account that its value depends , ., 1 g the transformation from a comoving to a rest-frahe
on the rest-frame wavelength, because the scale length of the ;g rﬁagnitude amounts 2 mag. To keep th&-corrections
young star population is larger than that of the older population g "\ve therefore used the filter that best matches the rest-
(Ryder & Dopita 1994). This intrinsic one-dimensional RCwas #amep Depending on the galaxies’ redshift, this was either the
then used to generate the two-dimensional velocity field, taking B, g, R, or | band, leading to a typical correction of 0.5 mag.

into account inclination and position angle. The structural pa- For'the calculation of the respectikeorrections, we used tem-
rameters were derived from two-dimensional luminosity profile yjate spectra created by the chemically consistent evolutionary
fits based on a co-addegband image W'th an FWHM of 8. synthesis models of Mier, Fritze—von Alvensleben, & Calzetti
For these fits, we considered the possible dependence of th?ZOOl). Observed galaxy colors of different Hubble types (e.g.,

point-spread function on the CCD position. If a bulge was de- i ¢ Gunn 1994) are reproduced with these spectra to within
tectable, the fits included two components. To test our procedureg 15 mag over the whole covered redshift range. Corrections for

we performed a “VLT simulation” based on the drizzled Hubble i qjination-dependent intrinsic absorption due to dust were ap-
Deep Field images by rebinning them té2Qpixel™* and con- plied following Tully & Fougue (1985).

volving them to 05 FWHM. The disk inclinations that we mea-
sured in these frames were then compared with the values given
by Marleau & Simard (1998) based on the original images. For
objects withB/T < 0.4, the differences were limited to a few For the comparison with local data, we chose the large sam-
degrees. Estimated errors on the inclinations range frofor7 ple of 1196 field Sbc and Sc galaxies of Haynes et al. (1999).
i = 40 to 3 for i = 8C°; in some cases, they may be as high as In order to better compare our results with previous studies,
up to 12. In the next step, the inclined velocity field was folded we construct thé&-band TFR in this Letter (for theband and
with the luminosity profile and convolved to account for the near-IR TFR; Bbm et al. 2001, in preparation). Therefore, the
seeing during spectroscopy. A simulated RC was extracted fromobserved magnitudes given by Haynes et al. were transformed
the two-dimensional velocity field by integrating over the slit to B using the type-dependerB{I1) colors of Frei & Gunn
aperture. At last, we varied,,, , the only remaining free param- (1994) and were corrected for intrinsic absorption the same

4. THE TULLY-FISHER RELATION AT z=~ 0.5
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TABLE 1
TFR SLoPES WITH 1 o0 ERRORS
Sample N Mg vs. logv
Distant samples:

FDF (not debiased)..................... 60 —4.99 = 0.48
FDF o 60 —5.77 = 0.45
FDFZ<0.3 .o 11 -5.46 = 0.68
= FDF0.3<2<05 .iiiiiiiiiiieeainns 29 —-4.62+ 0.48
o FDFz>05 .. .o 20 -559+ 0.61

= Local samples:
~ Haynes et al. 1999 (not debiased)... 1296 -7.52 + 0.18
m Haynes etal. 1999..................... 1296 —7.92 + 0.18
= B2FN (not debiased).................... 467 —7.40 + 0.21
Sakaietal. 2000..............cccoieennn 21 —-8.07 + 0.72

sponding to Sa/Sh, Sc, and Sd/Irr. This was done on the basis
of spectrophotometric types from our photometric redshift cat-
alog and by comparing our spectra to the catalog of template
spectra of Kennicutt (1992). There are 10 Sa/b, 32 Sc, and 18
Sd/Irr galaxies in our sample.
(km s1) We present the distaB-band TFR in Figure 3 in comparison
with the local TFR. The FDF spiral galaxies follow a flatter
Fic. 3.—B-band TFR of 60 field spiral and irregular galaxies at intermediate relation than their local counterparts. While the most massive
redshifts. The large symbols denote our spectrophotometric classification: galaxies are, on average, indistinguishable from the local sample,
Squares= Sa/Sb, circles= Sc, triangles= Sd/im. The open symbols cor-  {he |ess massive galaxies show large deviations from the local
respond to “observed” data, and the filled symbols to debiased data. The solid,. . +
(dotted) lines represent the best { o) fits of the 100 bootstrap bisector fits 1= FOr the full FDF sample, we find a slope f5.77 + 0.45
to the debiased sample. The dashed lines are the fits to the “observed” databy repeating bisector fits (e.g., Ziegler et al. 2001) to the data
The steeper lines show similar fits to the large sample of 1200 local field spiral centered on the median value of thegu,,,, distribution
galaxies @ots) from Haynes et al. (1999). There is a clear change of slope ((logv > — 2.08) 100 times using a bootstrap method. For the
(on the 3o level) between the local and distant TFR. Two typical error bars local gaa.)anle (ogw,.) = 2.182), the same method yields a
are given. slope of—7.92 + 0.18 The last value is consistent with slopes
. . derived for other local field samples. For example, we derive a
way as our sample. This transformation was tested on our samygqne of—7.40 for the BFN/RC3 sample (not debiased: Burstein
ple (for which we have botl and | magnitudes), showing ot 5 1997) and-7.50 for the Pierce & Tully (1992) sample.
that, on average, the accuracy is within 0.1 mag, independentgyy 5 et a1, (2000) find a slope 6f8.07 + 0.72in the B band
of galaxy type. The resulting absolute magnitudes cover qing Hyphle Space Telescope-based calibrators. Thus, the
—22.5< M, < —15.1 For use in the TFR, we further corrected - qj5ha5 of the local samples and the FDF sample differ on the
the derivedVl, magnitudes for morphological and incomplete- 3 eyl This is confirmed by a two-dimensional Kolmogorov-
ness bias following Giovanelli et al. (1997). These authors gmirqy test, which limits the probability that our sample orig-
pointed out that an incompleteness bias arises from the differ-j, 1e5 from the same distribution as the Haynes et al. sample to
ences between the luminosity function of a magnitude-limited 4 591 \We also performed a simple Monte Carlo simulation
sample and the Schechter luminosity function. At low rotation 5n46miy extracting 60 galaxies from the local sample. None of
velocities (low absolute magnitudes), galaxies falling below 6 500 jterations resulted in a TFR slope as flat as that for the
the detection limit do not contribute to the observed TFR, gpg galaxies. If we subdivide our sample according to galaxy

resulting in an underestimated slope. Simulating this, a syn-y ne (Sa/b, Sc, and Sd/lir) or redshift, the resulting slopes and
thetic, unbiased TFR is transformed into the observed relatlonZero points are compatible with each other within theiretrors

using the measured values @f,, , the observed scatter (as see Table 1).

function of v,,,), and the completengss limit. The effect €an " can the observed change of slope be caused by systematic
then be counterbalanced by decreasing the observed luminos;

. dinal errors? Any overestimate afwould lead to both an under-
lties accordingly. . . . __estimate ob,,, and too large a luminosity after correcting for
The magnitudes of the distant galaxies were debiased with

; A intrinsic absorption. But to introduce a significant effect on the
the same procedure, adopting the parameterization of the scattegbpe the errors onwould have to be large: assuming, e.g.

given by Giovanelli et al. but taking into account that the scatter . "inclination of 60 instead of 40 for an object, the shift in
in the FDF sample is, on average, 1.5 times larger. To accounty,» TER with a slope of-6 would amount to—'0.93 mag.
forbt(;\_e_(;/a(;latlonf IT| the IummoTlty funcr'?on t‘)’y'th rfedsh;:‘_t, r\]/ve Such measurement errors are unlikely since our inclinations do
subdivided our full FDF sample into threebins, for whic not show any dependence on rotation velocity, apparent scale
we constructed the observed luminosity functions separately.|ength or type. For that reason, we are also confident that

At the faint end of our salmple, the cc;]rrectiongolr in_corlnkglete- morphologically irregular objects in our sample are unlikely to
ness amounts to maximal 1.4 mag. The morphological bias, asyye introduced a significant bias in the inclinations.
a similar effect, originates in the different luminosity functions

for different morphological classes and leads to a slightly in-
creased luminosity for early types{0.3, ..., —0.1 mag). If
not accounted for, the combination of these two biases leads Our intermediate TFR indicates a change in the slope with
to an underestimate of both the slope and the scatter of thelook-back time. Most previous studies of the kinematics of
TFR. We subdivided the 60 galaxies into three classes corre-spiral galaxies in this regime were restricted to small data sets

log v

max

5. DISCUSSION
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(N =< 20) and had to assume a constant slope. In the ongoingminosity evolution but also observe a population of blue dwarf
study of Vogt (2000) of~100 distant disk galaxies, it was also galaxies withM; > —20 underrepresented in the local universe.
assumed that the slope of the local TFR of Pierce & Tully This would be consistent with blue number counts that suggest
(1992) holds valid at all redshifts. a higher number density of bursting dwarfszat 0.5 (e.g.,
CDM-based simulations predict a slight brightening of the Ellis 1997). These objects may have too low a rotation for their
B-band TFR up tz = 1 (e.g., Steinmetz & Navarro 1999). luminosity as observed by Rix et al. (1997). On the other hand,
In this model, the decrease in mass is more than balanced byhe star formation rates of all FDF galaxies (0.2-M8 yr™*)
an increase in luminosity due to younger stellar populations. fall well below the local regime of starburst galaxies (Kennicutt
Any mass-dependent evolution of the star formation rate or 1998). If we exclude the low-mass objects witf,, < 80
other TF parameters that would cause an evolving TFR slopekm s* and M; > —18 (N = 16) from the local and distant
are yet not implemented in these models. samples, we derive slopes 6f7.29+ 0.15 and — 5.08=+
A change in the TFR slope as we observed makes it im- 0.50 respectively, confirming the change of tilt with 3@
possible to give a single number for the luminosity evolution confidence.
of distant galaxies since it depends on the galaxy mass. The
FDF galaxies withy,,,, = 150 km s" fall into the same mag- 6. SUMMARY
nitude region as those of the local sample and show no sig- ) )
nificant luminosity evolution, whereas the less massive distant e have presented tH&-band Tully-Fisher relation of 60
galaxies are brighter by1-2 mag. disk gal_aX|es at _mtermedlate r_ed_sh|fts. The galaxies comprise
A mass dependence of the TFR evolution also introduces a@ Magnitude-limited sample within the FORS Deep Field. We
dependence on galaxy type since the various subclasses of disRPserve a significant (8) change of slope in comparison with
galaxies have different distributions in massg@,,, ) for a the local sample. The larger FDF spiral galaxigs, (= 150
magnitude-limited sample. Thus, a natural explanation for the km s ) fall into a region of thelog v,,, —luminosity diagram,
discrepant results in luminosity evolution of previous obser- consistent with modest or no luminosity evolution. On the con-
vational studies is suggested. For example, studies based offary, the smaller distant galaxies are offset from the local TFR
samples with galaxies selected to be blue (like Rix et al. 1997) by an order~1-2 mag. An electronic data file can be requested
or showing strong emission lines (like Simard & Pritchet 1998) from the first author.
are biased toward later types of spiral galaxies (de Vaucouleurs
1961; Kennicutt & Kent 1983), resulting in a large luminosity We acknowledge the continuous support of our project by the
increase. On the other hand, studies using mainly galaxies withP1 of the FDF consortium, Professor |. Appenzeller. We also
large disks (like Vogt et al. 1996) may contain a larger fraction thank the ESO and the Paranal staff for their efficient support
of early and luminous spiral galaxies, leading to a more modestof the observations. Our work was funded by the Volkswagen
luminosity evolution. Foundation (I/76 520), the Deutsche Forschungsgemeinschaft
At last, we speculate on the possible origin of the flatter tilt (SFB375, SFB439), and the German Federal Ministry for Ed-
in all three redshift binsz2< 0.3 0.3<z<0.5 z>0.5 ). A ucation and Science (05 AVOIMGA7, 05 AVOWM1/2, 05
plausible scenario would be that we not only trace a pure lu- AVOVOA).
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