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ABSTRACT

One-third of present-day spirals host optically visible strong bars that drive their dynamical evolution. However,
the fundamental question of how bars evolve over cosmological times has yet to be resolved, and even the frequency
of bars at intermediate redshifts remains controversial. We investigate the frequency of bars eut tirawing
on a sample of 1590 galaxies from the Galaxy Evolution from Morphologies and SEDs survey, which provides
morphologies fronHubble Space Telescope Advanced Camera for Surveys (ACS) two-band images and accurate
redshifts from the COMBO-17 survey. We identify spiral galaxies using three independent techniques based on the
Sersic index, concentration parameter, and rest-frame color. We characterize bar and disk features by fitting ellipses
to F606W and F850LP images, using the two bands to minimize shifts in the rest-frame bandpass. We exclude
highly inclined (> 60°) galaxies to ensure reliable morphological classifications and apply different completeness
cuts ofM, < —19.3 and—20.6. More than 40% of the bars that we detect have semimajorax€s5 and would
be easily missed in earlier surveys without the small point-spread function of ACS. The bars that we can reliably
detect are fairly strong (with ellipticities> 0.4 ) and hagen the range~1.2-13 kpc. We find that the optical
fraction of such strong bars remains <80% + 6% from the present day out to look-back times of 2—6 Gyr
(z~0.2-0.7) and 6-8 GyrA~ 0.7 —1.0); it certainly shows no sign of a drastic decline-&t.7 . Our findings of
a large and similar bar fraction at these three epochs favor scenarios in which cold gravitationally unstable disks
are already in place bg~1 and where on average bars have a long lifetime (well in excess of 2 Gyr). The
distributions of structural bar properties in the two slices are, however, not statistically identical and therefore allow
for the possibility that the bar strengths and sizes may evolve over time.

Subject headings: galaxies: evolution — galaxies: general — galaxies: spiral — galaxies: structure

1. INTRODUCTION bars form? Are bars a recent phenomenon, or were they abundant
at early cosmic epochs? Are bars long-lived, or do they recur-
rently dissolve and reform over a Hubble time? How do stellar
bars fit within the hierarchical clustering framework of galaxy
evolution and relate to the underlying disk evolution?

The evolution of a bar over a Hubble time depends on the

X ; 4 . host galaxy structure, the dark matter (DM) halo, and the en-
In the local universe, one-third of local spiral galaxies host op- vironment. Numerical simulations of this complex process

tically visible strong bars (e.g., Eskridge et al. 2002, hereafter make widely different predictions (e.g., Friedli & Benz 1993;

EO2; see also § 3). Mounting evidence, including observationsShlosmarl & Noguchi 1993; El-Zant & Shlosman 2002; Athan-

g;ggntrallm_czle(f:'ullaclir gas colgcentrati;)nls (18937 Sakgm?tobet "f[‘l'assoula 2002; Bournaud & Combes 2002; Shen & Sellwood
), velocity fields (e.g., Regan et al. ), and starburs S2004), while the handful of observational results on bars at

(€.9., Hunt & Malkan 1999; Jogee et al. 2004a), suggests thatintermediate redshifts are conflicting. On the basis of 46 mod-

]E)arcsj strontglly' mfluenr?e thelrt ?os{)t galaxlles(.j ch\)/\;]vever, (tjhﬁ mo;t rately inclined galaxies imaged with the Wide Field Planetary
undamental ISSues have yet to be resolved. en and how ditcamera 2 (WFPC2) in the Hubble Deep Field (HDF), Abraham
) ] o ) et al. (1999, hereafter A99) claim a dramatic decline in the
* Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD rest-frame optical bar fractiorf () ) from24% atz ~ 0.2—-0.7
21218; jogee@stsci.edu. opt /. ) )
2 Max-Planck Institute for Astronomy, D-69117 Heidelberg, Germany. to below _5% _a‘Z> 0.7 . On the basis of Nea_-r'lnfrared Camera
3 University of Kentucky, Lexington, KY 40506-0055. and Multi-Object Spectrometer (NICMOS) images of 95 gal-
* Astrophysics, University of Oxford, Oxford OX1 3RH, UK. axies in the HDF az~ 0.7 —1.1, Sheth et al. (2003, hereafter

® Johns Hopkins University, Charles and 4th Street, Baltimore, MD 21218. 503) detect four |arge bars with mean semimajor axead
¢ Department of Astronomy, California Institute of Technology, Pasadena,

It is widely recognized that stellar bars, either spontaneously
or tidally induced, redistribute mass and angular momentum and
thereby drive the dynamical and secular evolution of galaxies
(e.g., Kormendy 1982; Shlosman et al. 1989; Pfenniger & Nor-
man 1990; Friedli & Benz 1993; Kormendy & Kennicutt 2004).

CA 91125. 12 kpc (1'4), while smaller bars presumably escaped detection
7 Astrophysikalisches Institut Potsdam, D-14482 Potsdam, Germany. because of the large NICMOS point-spread function (PSF).
® University of Hertfordshire, Hatfield, Herts AL10 9AB, UK. S03 point out that their observed bar fraction~&% for large

9 Spitzer Science Center, California Institute of Technology, Mail Code 220- (12 kpc) bars az>0.7 is at least comparable to the local
6 i%,%%sifségﬁ;ggm;%fgoh”k'g‘ég;?é Pﬁ\s(afggggl CA 91125. fraction of similarly large bars. From a study based-abble
1 University of Massachusetts, Amherst, MA 01003. Space Telescope (HST) Advanced Camera for Surveys (ACS)

12 University of Arizona, Tucson, AZ 85721. F814W images of 186 galaxies over3® x 4.2  area in the
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TABLE 1
OpTICAL FRACTION f, OF STRONG (€2 0.4) BARS AT 0.25<Z<0.70 (Tpae~ 26 Gyr) aND 0.7<z2< 1.0 (T o0~ 6-8 Gyr)

Redshift Range Ny Technique to Identify Disks/Spirals  Ngpqis Filter to Trace Bars Rest-Frame Band Optical Bar Fractiorf,,
1) o) ) 4) (5) (6) 0

Method I: Using the reddest ACS filter (F850LP) to identify bars

0.25-0.70...... 384(146) Sersin 148 (39) F850LP ltoV 36% (33%)
0.70-1.0 ....... 243135) Sersion 110 (49) F850LP VtoB 24% (27%)
0.25-0.70...... 384(146) CASC 170 (51) F850LP I toV 27% (27%)
0.70-1.0 ....... 243135) CASC 147 (73) F850LP VtoB 23% (23%)
0.25-0.70...... 384(146) u-v 175 (51) F850LP I toV 29%(28%)
0.70-1.0 ....... 243135) u-v 139 (69) F850LP VtoB 29% (26%)
Method II: Using F606W and F850LP to identify bars at an approximately fixed rest-fetvhband
0.25-0.70...... 384(146) Sersin 148 (39) F606W VtoB 26% (30%)
0.70-1.0 ....... 243135) Sersion 110 (49) F850LP VtoB 24% (27%)
0.25-0.70...... 384(146) CASC 170 (51) F606W Vto B 24% (28%)
0.70-1.0 ....... 243135) CASC 147 (73) F850LP VtoB 23% (23%)
0.25-0.70...... 384(146) u-v 175 (51) F606W VtoB 29% (23%)
0.70-1.0 ....... 243135) u-v 139 (69) F850LP VtoB 29% (26%)
Notes.—Col. (1): The redshift range. Col. (2): The number of galaxies in this rangeMyits —19.3 —&0d6 (shown in parentheses) to which ellipses
were fitted. Col. (3): The technique used to identify disk/spiral galaxies from the sample in col. (2). We use cuts of Sergie x@ex , CAS concentration

index C < 3.4, and rest-frame) — V< 0.8-1.2 . Col. (4,45 the number of moderately inclined< 60° ) spiral/disk galaxies for the two magnitude cuts
in col. (2). Cols. (5) and (6): The filter and rest-frame band in which bars are traced. Cdl,(7): , the optical fraction of strong bars, is theNfraction ( /
N,ais9 Of moderately inclined spirals hosting bars witkr 0.4 . Values for the two magnitude cutd @8 and—20.6 are shown.

Tadpole field, Elmegreen et al. (2004, hereafter EO4) report arangez~ 0.2-1.0 an®R,,< 24 . In a future paper (S. Jogee et
constant optical bar fraction 6f20%—-40% az ~ 0 —1.1. This  al. 2004, in preparation, hereafter Paper Il), we will use the entire
study is limited by the large (0.1-0.4) errors of the photometric GEMS sample to compare how bar properties evolve over 8 Gyr
redshifts (Beftez et al. 2004), and the small sample size pre- at 1 Gyr intervals.

cludes absolute magnitude completeness cuts. Furthermore,

with only a single ACS filter, the rest-frame bandpass of the 2.2. Characterizing Bars and f,,, Out to z~ 1.0
2. opt .

observations shifts by more than a factor of 2 ower0  -1.1.
In this Letter (Paper |; see also Jogee et al. 2004b), we present Table 1 illustrates the two methods that we use for assessing
the first results of an extensive study of barszat0.2  -1.0, bar properties in two redshift slices 8t25<z<0.70 and

based on two-band ACS images coveridj x 14’ ~2%%) of 0.7<z<1.0. The first method (referred to as Method | in Ta-
the Galaxy Evolution from Morphologies and SEDs (GEMS) ble 1) is to identify bars in the reddest filter (F850LP) atzall
survey. The area and the sample size of 1590 galaxies providén order to minimize extinction and better trace old stars. How-
at least an order of magnitude better number statistics than earlieever, with this method, the rest-frame bandpass shifts signifi-
studies. We quantitatively identify bars using ellipse fits and cantly, froml to B across the redshift range 0.2—1.0. The second
minimize the effects of bandpass shifts by using both F850LP complementary method is to trace bars in both F606W and
and F606W images (8 2.2). Using highly accurate redshifts F850LP images such that the rest-frame band remains relatively
(8 2.1), we compare the bar fractions in two redshift slices after constant, betweeB andV, out toz~ 1.0.

applying completeness criteria. We show that the optical fraction We identify bars and other galactic components in F606W
of strong (ellipticitiese> 0.4) bars is remarkably constant and F850LP images via the widely used (e.g., Wozniak et al.
(~30%) from the present-day out to look-back timé&g,{, ) of 1995; Jogee et al. 1999, 2002; Knapen et al. 2000) procedure

2-6 Gyr £~ 0.2-0.7% and 6-8 Gyr{~ 0.7 —1.0). of fitting ellipses using the standard IRAF “ellipse” routine.
We developed a wrapper that automatically runs “ellipse” for
2. OBSERVATIONS, SAMPLE, AND METHODOLOGY a range of different initial parameters, performing up to 200

. _ fits per galaxy. We successfully fitted ellipses to 90% of the
2.1. Observations and Sample Selection 1590 galaxies, while the 10% failure cases included mostly

GEMS is a two-band (F606W and F850LIP$T ACS imaging very disturbed systems where no centering could be performed
survey (Rix et al. 2004) of an 800 arcri~28 x 28) field and some extended low surface brightness systems. For all
centered on the Chandra Deep Field—South. GEMS consists of 7ditted galaxies, we inspected the image (Fig),lthe fitted
one-orbit-long ACS pointings in each filter and reaches a limiting €llipses overlaid on the images (Fidy)1and the radial profiles
5 o depth for point sources of 28.3 and 27.1 AB mag in F606W (Fig. Ic) of intensity, ellipticity €), and position angle (P.A.)
and F850LP, respectively. GEMS provides high-resolutid@{@5 in order to confirm that the best fit is reliable. This inspection
or360 pcaz ~ 0.7 ) ACS images fe:8300 galaxies in the redshift ~ was aided by a visualization tool that we developed. We identify
rangez~ 0.2—-1.1, where accurate redshifig(lL + z) ~ 0.02 a bar as such if thg f!tted eII_|pses and radial prpflles show the
down to R,.,, = 24] and spectral energy distributions (SEDs) _followmg chara_cterlstlc bar signature (_e_.g, Woznlak_et al. 1995)
based on 17 filters exist from the COMBO-17 project (Wolf et al. illustrated in Figure 1. (1) The ellipticitye] must rise to a
2004). For this Letter, we analyze on5% of the GEMS field, ~ global maximume,,, which we require to be above 0.25, as
as this areal@ x 14’ ) is already 30 times that of the HDF and Well as above that of the outer disk, while the P.A. has a plateau
yields good number statistics and robust results on the bar fractiodlwithin +20°) along the bar. (2) Beyond the bar end, as the
(8 3). It provides a sample that consists of 1590 galaxies in thebar-to-disk transition occurg must drop by>0.1, while the

P.A. usually changes by10°. From the profiles, we identify

13 We assume in this Letter a flat cosmology with = 1— @, = 0.3 and & P.A., and semimajor axes of both the bar and the outer

Ho, = 70 km s* Mpc 2. disk. We quantify the bar strength usiag,, , which correlates
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Fic. 1.—Characterization of bars out fo~ 1.0 : The GEMS image af~a0.5 galaxy with a bar, prominent spiral arms, and a disk isajhathot and
(b) with an overlay of the fitted ellipsesc)(In the resulting radial plots of the surface brightness, elliptieitend P.A., the bar causesto rise smoothly to a
global maximum, while the P.A. has a plateau. Beyond the barard(36 ), the spiral arms lead to a twist in P.A. ande\uzefong the the disk dominates.

locally with other measures of bar strength, such as the grav-galaxies using three independent techniques (Table 1). We first
itational bar torque (Laurikainen et al. 2002). use the criterionn< 2.5 , wherea is the index of single-

The sample of 1430 galaxies with successful ellipse fits includescomponent Sersic models fitted to GEMS galaxies (Budster
galaxies of different morphological types (disks and spheroids), et al. 2004, in preparation) with the GALFIT (Peng et al. 2002)
inclinations, and absolute magnitudes. We apply two cuts atpackage. Our choice of< 2.5 is dictated by the fact that a study
M, < —19.3and —20.6. The first cut gives us a sizeable sample of GEMS galaxies at~ 0.7 (Bell et al. 2004), as well as tests
of galaxies with a range of absolute magnitude$4.3 to—23.8) in which we insert artificial galaxies in the GEMS fields, suggest
similar to that of the Ohio State University (OSU) survey, which that a Sersic cut oh <2.5 picks up disk-dominated systems.
is used to define the local bar fraction (ESO2). Howelfer, The second technique uses a @ 3.4 , wherns the CAS
corrections based on local Scd templates (Coleman et al. 1980)Conselice et al. 2000) concentration index. Third, we use rest-
suggest that we are only complete ouzte 0.8  for the first cut. frameU — V color cuts in the range 0.8-1.2 to broadly separate
The second more stringent cut-aR0.6 ensures completeness out spiral galaxies from red E/SOs, based on local SED templates
to z~ 1.0, but it reduces the sample drastically (see Table 1). In and the observed red sequence at0.7 (Bell et al. 2004).
addition, to ensure reliable bar detection, we use the disk incli-
nationi from ellipse fits (§ 2.2) to exclude highly inclined>
60°) galaxies.

The optical bar fractiof,,, is defined a¥(, NJ, 45 ), Where The bars that we identify primarily have ellipticities> 0.4
Nspraisk IS the number of spiral or disk galaxies aNg,,  is the and semimajor axea in the range 015-22 and 1.2-13 kpc
number of such systems hosting bars. We identify spiral/disk (Fig. 2). Our experiment of artificially redshiftiritband images

3. RESULTS AND DISCUSSION
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Fic. 2.—Comparison of bars out to look-back times of 8 Gyr. The bar elliptieifleft) and semimajor axia in arcsecondsniiddle) and kiloparsecsright)
are shown for brightNl, < —19.3 ), moderately inclined<{60° ) galaxiezat0.2 -0, (~2-6 Gyr) and.7-1.0 T, 6-8 Gyr). The bars identified
are primarily strong, witre> 0.4 . A large fraction hawe< 0’5 , and their detection is aided by the narrow ACS PSF.
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of a subset of OSU galaxies outze- 1  shows that it is difficult that dynamically cold disks that can form large-scale stellar
to unambiguously identify weakee £ 0.3 ) bars, and we limit bars are already in place by~ 1 . They also suggest that highly
the discussion in this Letter to strongX 0.4 ) bars. Table 1 triaxial, centrally concentrated DM halos, which tend to de-
shows the optical bar fractidg,, of such bars in the two redshift stabilize the bar (El-Zant & Shlosman 2002), may not be prev-
slices 0.25<z<0.70 and0.7<z< 1.0 ) derived in the reddest alentin galaxies &~ 0 -1.(2) The remarkably similar fraction
filter and in a relatively fixed rest-frame band (8 2.2). Results of strong bars at look-back times of 6-8 Gyr, 2—-6 Gyr, and in
for M, < —19.3are shown, based on 627 galaxies out of which the present day supports the view that large-scale stellar bars
we identify 258 moderately inclined € 60° ) spirals that host are long-lived (e.g., Athanassoula 2002; Shen & Sellwood
~80 bars. The consistency in the six entries attests to the ro-2004; Martinez-Valpuesta et al. 2004), with a lifetime well
bustness of the results and shows that the fraction of opticallyabove 2 Gyr. The alternative option, statistically allowed by
visible bars remains in the range 23%—-36% or~80% =+ the data, is that the combined destruction and reformation time-
6% in both slices. Incompleteness effects (§ 2.2) do not bias thescale of bars is on average well below 2 Gyr. However, this is
results since the cut at20.6 gives similar bar fractions, shown highly implausible because the destruction of a bar leaves be-
in brackets (Table 1). The bar fraction is slightly higher in the hind a dynamically hot disk that cannot reform a bar unless it
rest-framel band thanB band, possibly indicative of dust and is substantially cooled via processes that take at least several
star formation masking bars at bluer wavelengths. Our findings Gyr, such as the accretion of large amounts of cold gas.
of a fairly constant,,, are consistent with E0O4 and do not show (3) We note that a similafraction of bars at different epochs
the dramatic decline ify,, reported by A99. does not exclude the possibility that the bar strength (ellipticity)
More than 40% of the bars that we detect have semimajorand its size can evolve in time because of intrinsic factors and
axesa< 0’5 (Fig. 2), and many of these smallest bars may concurrent changes in the surrounding disk, bulge, and halo
have been missed in earlier WFPC2 (e.g., A99) and NICMOS potentials (e.g., Athanassoula 2002; Martinez-Valpuesta &
studies that did not benefit from the small@) ACS pixels Shlosman 2004). Kolmogorov-Smirnov tests on the distribu-
and the resulting narrow PSF. In addition to the wider WFPC2 tions of e anda for different magnitude cuts yield primarily
PSF, cosmic variance, low number statistics, and methodologyin the range 0.2—-0.5, whefe s the significance level for the
may have led to the lowdy, reported by A99, but we cannot null hypothesis that the two data sets are drawn from the same
address this issue further here, as the coordinates of galaxieslistribution. Such values d® hint at evolutionary effects, but
in that study have not been published. a larger sample is needed to draw definite conclusions. While
How do our results comparetg, for correspondingly strong this Letter focuses on the optical biaction, in Paper Il we
bars in the local universe? There are as yet no statistics pub-will invoke the full GEMS sample of 8300 galaxies to compare
lished onz~ 0 bars based on a large volume-limited sample bar and host galaxy properties (e.g., disk scale lengths, masses,
such as the Sloan Digital Sky Survey. As the next best alter-andB/D ratios) over the last 8 Gyr at 1 Gyr intervals.
native, we turn to the OSU sample (E02). Fet 60° spirals,
we find f,,, ~ 37% for strong bars classified according to the  S.J., F. D.B., I. S., and D. H. M. acknowledge support from
visual RC3 “SB” bar class arfg,, ~ 33% for strong bars clas- NASA/LTSA/ATP grants NAG5-13063, NAG5-13102, and ATP
sified according te> 0.4 , where is based on ellipse fits to  5-10823, and NSF AST 02-06251. E. F. B. and S. F. S. acknowl-
OSU B-band images. Thus, it appears that the optical fraction edge support from ECHPP under HPRN-CT-2002-00316, SISCO,
of strong €> 0.4) bars remains remarkably similare&0%— and HPRN-CT-2002-00305, Euro3D RTN. C. W. and C. H. ac-
37% from the present day out to look-back times of 2—-6 Gyr knowledge support, respectively, from a PPARC Advanced Fel-
(z~0.2-0.7) and 6-8 GyrA~ 0.7 -1.0). lowship and the German-Israeli-Foundation (GIF). Support for
Our findings have several implications for disk and bar evo- GEMS was provided by NASA through GO-9500 from STScl,
lution. (1) The abundance of strong bars at early times implies which is operated by AURA, Inc., for NASA, under NAS5-26555.
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