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ABSTRA CT

Despite the increasing number of studies of barred galaxiesat intermediate and high
redshifts, double-barred (S2B) systemshave only beenidentied in the nearby (z 6

0:04) universethus far. In this feasibility study we demonstratethat the detection and
analysisof S2Bsis possibleat intermediate redshifts (0:1. z . 0:5) with the exquisite
resolution of the Hubble SpaceTelesco Advanced Camerafor Surveys(HST/A CS).
We identify barred galaxiesin the HST/A CS data of the Great Obsenatories Origins
Deep Survey (GOODS) using a novel method. The radial pro le of the Gini coe cien t

{ a model-independert structure parameter { is able to detect bars in early-type
galaxiesthat are large enoughthat they might host an inner bar of su cien t angular
size.Using this method and subsequeh examination with unsharp masksand ellipse
ts we identied the two most distant S2Bscurrently known (at redshifts z = 0:103
and z = 0:148). We investigatethe underlying stellar populations of thesetwo galaxies
through a detailed colour analysis,in order to demonstrate the analysisthat could be
performed on a future sample of intermediate-redshift S2Bs. We also identify two
S2Bsand v e S2B candidatesin the HST/A CS data of the Cosmic Evolution Survey
(COSMOQS). Our detections of distant S2Bsshaw that deepsurveyslike GOODS and
COSMOS have the potential to push the limit for S2B detection and analysis out by
a factor of ten in redshift and look-badk time (z  0:5, t 5Gyr) comparedto the
previously known S2Bs. This in turn would provide new insight into the formation of
these objects.

Key words: galaxies: ewlution { galaxies: high-redshift { galaxies: photometry {
galaxies:stellar content { galaxies:structure { methods: data analysis

INTR ODUCTION AND MOTIV ATION signi cant size evolution (Glassman et al. 2002), although

Simard et al. (1999) found a population of z  0:5 galaxies

The high redshift universeallows us to probe galaxy evolu-
tion directly, by preserting us with examples of galaxies at
a fraction of the age of the universe. The resolution needed
to study these objects is possible either with ground-based
adaptiv e optics or with the Hubble Space Telesope (HST).
Using such obsenations, disk galaxies have been detected
up to redshift z 1, when the universewas not even half
of its presernt age. How do the properties of these galaxies
compare with those of local disks? Lilly et al. (1998) showed
that the scale-lengths of the z 1 disks were similar to
those of local galaxies. Lik ewise,bulgesat z  0:5 are found
to have had a small amount of luminosity evolution and no
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which have higher bulge surface brightness than the local
galaxies.

Morphologies of high-redshift galaxies also have been
studied and compared with those of local galaxies. The most
prominent morphological feature of a large fraction of local
galaxiesis a bar (Sellwood & Wilkinson 1993; Eskridge et al.
2000; Knapen et al. 2000). Since these can driv e very strong
secular evolution (e.g. Lynden-Bell & Kalnajs 1972; Debat-
tista et al. 2006), knowing how common they are at high z
is important for constraining disk evolution. Using a sample
of 46 galaxies observed in the Hubble Deep Field, Abraham
et al. (1999) concluded that the fraction of barred galaxies
was 24% at z 0:2 0:7 but decreasedsharply from
there to z  1:1. This result subsequerly turned out to be
an artifact of the still limited resolution of the Wide Field
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Planetary Camera 2 (WFPC2), and seweral groups have now
found a nearly constant barred fraction out to z 1 us-
ing the higher resolution made possibleby ACS (Elmegreen
et al. 2004; Jogeeet al. 2004). Other disk structures which
have beenidentied at high redshift include truncations at
0:6 < z < 1.0 (Perez 2004; Trujillo & Pohlen 2005) and
warps (Reshetnikov et al. 2002).

Double-barred (S2B) galaxies, in which a small 'sec-
ondary' bar is nested inside a larger 'primary’ bar, have
instead beenidentied only out to z = 0:04 thus far (Er-
win 2004). Indeed, the S2B catalog of Erwin (2004) con-
tains only two galaxies (out of 50) at a distance of more
than 100Mpc and none further than 150Mpc. S2Bs, which
were rst described by de Vaucouleurs (1975), have been
postulated to be a mechanism for driving gaspast the inner
Lindblad resonanceof primary bars to feed the supermas-
sive black holes (SMBHs) that power active galactic nuclei
(Shlosman et al. 1990). Despite the possibility of their play-
ing such an important role in SMBH nurture, understanding
them has progressedsigni cantly only in recert years. Sec-
ondary bars have beensough in gas-mor early-type barred
galaxies with high resolution HST imaging in order to dis-
tinguish secondary bars from other nuclear structures such
as disks, rings, spirals and dust extinction (Erwin & Sparke
1999, 2002). We now know that secondary bars are unam-
biguously found in about 30% of early-type barred galax-
ies. Moreover, we nally have direct obsenational proof for
a kinematic decoupling betweenthe primary and secondary
barsin one S2B galaxy, NGC 2950(Corsini et al. 2003). Such
decoupling is necessarybut not su cien t, for secondarybars
to funnel gasinwards. On the theoretical side, important
progress has come from the development by Maciejewski &
Sparke (1997, 2000) of the orbit formalism necessaryfor un-
derstanding their dynamics. Finally, simulators have started
to produce gas-freeS2B systemsin their simulations (Rauti-
ainen et al. 2002). The secondary bars in these simulations
rotated faster than the primary bars and survived for seweral
gigayears, properties which favor SMBH fueling.

Observing S2Bsat signi cantly earlier epochs would al-
low us to compare them with local S2Bs and would thus
provide new insight into the formation and ewvolution of
these objects. Because of their small scales, their dynam-
ical timescales may be quite short (10 Myr). However,
this does not necessarily imply a short lifetime : since as
many as  1=3 of early-type barred galaxies harbor sec-
ondary bars (e.g. Erwin & Sparke 2002; Laine et al. 2002),
it appearsvery unlik ely that nuclear bars are destroyed and
regenerated repeatedly in these nearly gas-freesystems. In-
stead, they probably have beenin place a long time. It is
thus worthwhile to investigate whether the relativ e proper-
ties of the secondary and primary bars show any evidence
for evolution. A comparison of the stellar populations of in-
ner and outer bar would be one way to addressthis issue. If
the stellar populations of secondary bars are systematically
younger than those of the corresponding primary bars, this
would support the hypothesisthat nuclear bars form out of
gasdriven in by the primary bar (Shlosman et al. 1989). If
instead the secondarybars consisted of older stellar popula-
tions than the primary bars, this would make this scenario
implausible.

Given that the dierence between the optical proper-
ties of two stellar populations decreasesrapidly with age

(e.g. Bruzual & Charlot 2003), it would be desirable to ob-
sernve S2B galaxies at larger look-back times. Moreover, a
large enough sample of S2Bsat higher redshifts would reveal
a possible evolution of the ratios of secondary-to-primary
sizes.If inner bars lose angular momentum to the outer bar,
they might grow larger in radius, leading to a larger ratio as
time goeson.

While sucdh questions motiv ate the seard for and study
of S2Bs beyond the nearby universe, it is not yet clear
whether such a study would be at all possible with presert-
day instrumentation. Therefore, asa rst step, it is necessary
to perform a feasibility study, i.e. to show that a) S2Bscan
be found at signi cantly larger look-back times than known
to date, and b) the stellar populations of primary and sec-
ondary bars can be analyzed and distinguished. An estimate
of the limiting redshift for detecting inner bars with the HST
Advanced Camera for Surveys (ACS) is provided by Sheth
et al. (2003), who give a lower limit for a bar semi-major axis
of 2:5 times the point-spread function (PSF) full-width at
half-maximum (FWHM). Adopting 1 PSF FWHM = 0®1
and the concordance cosmology (Ho = 70 km s ! Mpc !
and =1 m = 0:7, which we assumethroughout), the
resolution of the HST/A CSwould besu cien t to identify in-
ner barsout to z  0:25 provided that their sizesare similar
to those of local nuclear bars from Erwin (2004). This limit
is illustrated in the bottom panel of Fig. 1 by the dotted
vertical lines, and is signi cantly larger than the redshifts of
known S2B systems,z 6 0:04.

Motiv ated by the foregoing estimate, we presert a feasi-
bilit y study for detecting and analyzing double-barred galax-
ies at intermediate redshifts, including our identi cation of
the two most distant S2Bsknown sofar. In Section 2 we de-
scribe briey the publicly available data usedin this study.
Section 3 explains how the objects were found, including a
novel technique for identifying bars. A structural analysis of
primary and secondary bars is preserted in Section 4, fol-
lowed by a colour and stellar population analysis in Section
5. Sewral (candidate-)S2Bs in the Cosmic Evolution Survey
(COSMOS) are preserted in Section 6, and a nal discussion
is preserted in Section 7.

2 THE DATA

The HST/A CS images of the Great Observatories Origins
Deep Survey (GOODS) releasevl.0 (Giavalisco et al. 2004)
cover an areaof 300arcmin? divided into two elds: the Hub-
ble Deep Field North (HDFN) and the Chandra Deep Field
South (CDFS). They consist of four deep images through
the F435W (B), F606W (V), F775W (i), and F850LP (z)
passbandsof ACS. The CDFS is divided into 18 sectionsand
the HDFN into 17 sectionswith the imagesdrizzled with a
pixel scaleof 30 mas, chosento optimize the sampling of the
PSF. The images are not perfectly background subtracted:
there is a remaining background of the order of one third
of the noise RMS, which can vary by up to a factor of two
acrossthe image. Since this can contaminate measuremens
of colour and morphological parameters, we subtracted an
individual background ux value for each object and band.
Wede ned this background asthe median pixel value within
a box of 21° 21%centered on the galaxy, after masking all
sources.
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3 OBJECT SELECTION: GINI PR OFILES

Despite the common use of ellipse ts for bar identi cation,
their limitations are well known (e.g. Erwin & Sparke 2003)
and mainly originate from the fact that ellipse ts assume
a de nite (namely elliptical) isophotal shape of the object
in question, which might not be the casein reality. Mo-
tivated by the successfulapplication of model-independent
structural parameters such as asymmetry or concertration
to galaxy morphology (e.g. Abraham et al. 2003; Conselice
2003), we sought a bar identi cation method that would
rely solely on such parameters and would therefore provide
a computationally quick and easyway to detect bars.

Given the usual diculties in reliably identifying nu-
clear structures in late-type galaxies becauseof the signif-
icant amount of patchy obscuration that could mimic bar-
like certral shapes, we restricted our study to early-type
galaxies, i.e. E/SO galaxies as well as early-type spirals.
We did this by selecting objects with central concertra-
tion valuesC > 3.5 (cf. Fig. 11 of Lotz et al. 2004), where
C = 5log[r (80%)=r(20%)] and r (x%) is the radius enclosing
x% of the total ux (Bershady et al. 2000). The total ux
was measured in the i-band within a circular aperture of
r = 1.5 the Petrosian radius, Rp (Petrosian 1976), where
Re is given by

Re)  _

Ri(r<Re) 0:2 (@D)]
and s the surface brightness. We set cuto s at apparent
magnitude mi;ag 6 22:0 and half-light radius > 10 pixels
to ensurethat the objects were bright and large enough for
identi cation of an inner bar. These criteria yielded a work-
ing sample of 231 objects in the GOODS dataset.

To detect large bars with major axis exceedingl5 20%
of the size of the galaxy, we computed model-independert
radial proles of structural parametersin circular apertures
ranging from 1=30Rp to 1:5Rp on the i-band images. We
focus on large bars for two reasons: rst, the bar needsto
stand out in the radial structure prole, hencerequiring its
size to be a signicant fraction of the galaxy radius, and
second,small bars are lesspromising candidates for hosting
nuclear bars that are large enough to be detected.

One structure parameter { the Gini coe cien t, G (Gini
1912; Abraham et al. 2003){ provedto be a useful diagnostic
for large bars. We calculate G following the de nition of Lotz
et al. (2004),

P g @i Npx  DjXij
G= i Ppl::- : ].IJ )
(N pix 1) P X

where Npix is the number of pixels in the image and X is
the ux and X1 6 X2 6 X3 6 16 Xn,, . As discussed
by Lotz et al. (2004), the absolute values of X are required
in order to preserve the correct structure at low ux levels,
where noise can result in negative values of X after back-
ground subtraction. G quanti es the distribution of ux val-
uesamong the pixels of an object's image. The two extreme
valuesare G = 0 if all pixels have the same ux, and G= 1
if all the ux is concertrated in a single pixel. G can there-
fore be thought of as measuring the contrast between the
faintest and the brightest regions of a galaxy's image, no
matter where in the galaxy they are located; thus it doesnot
assumeany shape for the object. In our de nition G(r) is
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computed within each aperture as described above. Circular
apertures are preferred over elliptical onesbecausethe shape
of a bar clearly stands out in a circular aperture. An ellip-
tical aperture instead would t the bar's shape to a higher
degree,preverting the bar from standing out quite as much.

What do the Gini pro les of ordinary galaxieslook like?
From the objects in our working sample we assenbled a
subsample of such galaxies, ranging from ellipticals to late-
type spirals and irregulars basedon a visual classi cation.
Since we selected objects with high concertration values,
late-type spirals appear in our working sample generally
when they are seen nearly edge-on. Similarly, the objects
classi ed ‘irregular' still require a large amount of their light
to be centrally concertrated to enter the sample. It is ap-
parent from Fig. 2 that G(r) steadily increaseswith radius
for E/SO galaxies (possibly including edge-onearly-type spi-
rals), while for spirals it reaches a maximum and decreases
thereafter. Late-type spirals can be distinguished because
their maxima in G(r) are lower and are reached earlier than
in early-type spirals

In the Gini prole of sewral galaxies, a plateau is seen
at intermediate radii (top left panel of Fig. 2). We iden-
tify such a feature by its mathematical properties: the sec-
ond derivative changesfrom negative to positive, with the
rst derivativ e positive beforeand after, but becomingsmall,
or possibly negative, in between. We approximate the rst
and second derivative by considering small (Rp=30) inter-
vals, which are then smoothed by averaging over three data
points at ead step. An object was selectedif its pro le shows
a plateau that is at least as strong as the one preserted in
the upper right panel of Fig. 2. This also requires the bar to
be 'strong’, i.e. a signi cant fraction of the total light needs
to make up the bar shape. Bars that are so weak that they
would hardly be seenwithout the help of unsharp masking
or ellipse ts probably would not have enough e ect on the
Gini coe cien t to produce a clear plateau in the prole. A
plateau is evident in 46 objects of our working sample. Vi-
sual inspection shows that 17 of them indeed have a large
bar, 23 galaxies are unbarred, while for 6 galaxies we could
not decide whether a bar was presert based on visual in-
spection.

How can the shape of G(r) for a barred galaxy be un-
derstood? First, the initial increase of G(r) with radius is
causedby the brightest pixels being all located in the certral
region; thus increasing the radius adds only fainter pixels.
This leads to a contin uously increasing spread in the pixel
ux values, and thus eadh Gini prole beginswith increas-
ing G(r), independert of galaxy type. However, a bar is then
able to maintain a relatively high surface brightness out to
a larger radius than an unbarred object, therefore the frac-
tion of faint pixels remains lower, which probably leads to
the plateau in G(r). Thusthe Gini prole provides a simple
way of identifying large, strong bars, and it can be computed
easily and automatically for all sourcesdetected in a deep
survey such as GOODS.

Although we did successfully apply this bar detection
method to the GOODS dataset, we point out that it is not
yet optimized: the fraction of unbarred objects among the
selected galaxies is > 50%, which would seemto not be
a signi cant improvemen over ellipse ts. Moreover, when
visually inspecting all 231 galaxies of our working sample,
11 objects possessa bar but were missed by our method,
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partly becausetheir bar is relativ ely small, but also because
of spirals and lopsidedness. A quick visual study revealed
that the method could be improved further, for example
by including a second parameter to exclude those systems
which are asymmetric. Moreover, our above interpretation of
the causeof the plateau in the pro le might betoo simplistic:

it could well be possible that not (only) the bar itself is
causingthe plateau, but rather the con guration of a barred

galaxy as a whole, i.e. the distribution of pixel ux values
around the bar. A full study of these issuesis beyond the

scope of this paper and will be addressedelsewhere(Pasquali
et al., in prep.). Since completenessis not the goal for our
feasibility study, we are satis ed with the easyderivation of
the Gini pro les and defer further quantitativ e evaluation of
the method's potential.

Can the method be applied recursively to identify nu-
clear bars inside barred galaxies? This did not prove fea-
sible due to the small apparent size of nuclear bars and,
more importantly, the signicant amount of smoothly dis-
tributed underlying galaxy light which decreasesthe con-
trast of nuclear bars (for the same reason, unsharp masks
are such a useful tool for studying nuclear bars). Thus
we had to inspect the selected barred objects visually and
through unsharp masks in order to identify nuclear bars
(Sect. 4). Two objects were clearly identied as double-
barred: GOODS J033230.93-273923.7hereafter S2B1, and
GOODS J033233.46-274312.8 hereafter S2B2; both lie in
the CDFS part of the GOODS survey.

4 STRUCTURAL PROPER TIES

Here we presert a structural analysis of S2B1 and S2B2.
For this purp osewe use unsharp masksand ellipse ts asin
Erwin (2004).

4,1 S2B 1{ a double-barred galaxy at z= 0:148

The left panelsof Fig. 3 show, from top to bottom, ani-band
image of S2B1, an unsharp mask, and the ellipse ts. The
unsharp mask was created by dividing the original image
with one convolved with a Gaussianof = 40 pixels; in the
center we insert another unsharp mask created through a
convolution with a much smaller Gaussian( = 4 pixels) to
highlight the inner structure. Apart from the huge primary
bar, a very prominent secondary bar is presert along with
a nuclear spiral. Its spectroscopic redshift, as measured by
the VIMOS VLT Deep Survey (Le Fevre et al. 2004), is
z = 0:148. S2B1 is therefore the most distant S2B galaxy
known, at a luminosity distance of 703Mpc'. The black scale
bar in the image corresponds to a physical length of 5kpc;
the image scaleis 2:585 kpc/ % We visually classify S2B1 as
SBO/a.

In order to quantify the structure of S2B1, we per-
formed an ellipse t using the IRAF task ELLIPSE . The
result is shown in Fig. 3; both the primary and secondary
bar can be clearly identied assignicant local peaksin the

1 Distances and image scales were derived with Ned Wright's
Cosmology Calculator,

http://www.astro.ucla.ed u/  wigh t/C osmdcCalc.ht ml

ellipticit y. We did not attempt a deprojection of S2B1, since
its outer structure is di cult to determine: the primary bar
dominates the galaxy's appearance,and it cannot be ascer-
tained whether it is circular or still part of an oval distortion.

Since the primary bar lies along the major axis of the outer
isophotes, asindicated by the nearly constant position angle
in the ellipse ts, we do not expect measuremers of its size
and shape to be signi cantly aected by a, probably modest,
inclination.

Following Erwin (2004), we measuredthe primary bar's
semi-major axis at its maximum ellipticity a;1 = 7:0kpc,
and the upper limit on the bar semi-major axis as Lpar:1 =
8:3kpc, where L is the smaller of amin and aio, with amin
being the semi-major axis at the rst ellipticit y minimum
outside the bar, and aio being the semi-major axis where
the position angle has changed by 10 from the bar posi-
tion angle. The equivalent values for the secondary bar are
a.2 = 0:8kpc and Lpar:2 = 1:1kpc. The physical size of the
primary bar in S2B1 is larger than 47 of the 50 S2Bs pre-
serted by Erwin (2004), while the secondary is larger than
76% of Erwin's sample.

Visual inspection of the immediate environment of
S2B1 reveals a jet-lik e object closeto it and pointing to-
wards its center (Fig. 4). This object is seenin all bands.
If the secondary bar in S2B1 is feeding gasto an SMBH,
then a jet originating from the SMBH may indeed be ex-
pected. However, its photometric redshift provided by the
COMBO-17 survey (Wolf et al. 2004) is z = 0:681, suggest-
ing the object is a background galaxy. On the other hand,
one would not expect a photometric redshift (which relies
on template spectral energy distributions) to yield useful
results if the object actually was a jet. The X-ray ux of
the galaxy would allow us to test for an active black hole
in the center. The Extended CDFS survey (Virani et al.
2006) does not detect S2B1, but it provides an upper limit
on the X-ray ux. The 3 sigma upper limit on the count
rate is 6:35 10 ° counts=s (Virani, priv. comm.), which
translates into an upper limit on the ux in the soft bands
(0:5 2:0keV) of 27 10 * ergem 2s !, usingthe Chandra
X-ray Center Proposal Planning Toolkit PIMMS v3.7? with
a power law spectral model and a photon index of 1.8. This
corresponds to an upper limit on the soft X-ray luminosity
of Ly = 1:6 10* ergs . By applying equations 1 and 2 of
Hornschemeier et al. (2003) we derive an upper limit on the
X-ray-to-optical ux ratio of S2B1 of log(fx=fr) 6 2:9.
This value lies two orders of magnitude below the typical
values for AGNs (cf. Fig. 3 of Hornschemeier et al. 2003);
however, a heavily obscured AGN cannot be excluded.

Afonso et al. (2006) preserted Australia Telescop Com-
pact Array radio (1.4 GHz) obsenations of the CDFS. They
found atotal of 64 radio sourceswithin the HST/A CSregion
of the GOODS/CDFS with ux densities between 63 Jy
and 20mJy. However, S2B1 was not detected in this sur-
vey.

4.2 S2B 2 { a double-barred galaxy at z = 0:103

The right panels of Fig. 3 show an i-band image, unsharp
mask, and the ellipse ts for S2B2, which we classify as

2 http:/lexc.harvard.edu/to olki t/p immsjs p
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SBO/a. The unsharp masks were produced with Gaussians
of = 1L:5pixelsand = 30 pixels. The small unsharp mask
revealsan inner bar and spiral in the center of S2B2. This is
conrmed by alocal peakin ellipticit y, although this peakis
relativ ely weak due to the small apparent sizeof the bar. The
position angle nicely tracks the inner bar and then changes
by about 90 outside of it, sincethe inner and outer bars in
this galaxy are nearly perpendicular. S2B2's spectroscopic
redshift, as measured by 2dFGRS (Colless et al. 2001), is
z = 0:103, putting it at a luminosity distance of 475Mpc.
The black scalebar in the image corresponds to a physical
length of 5kpc; the image scaleis 1:893 kpc/ ®

We deprojected the galaxy by assuming that the ellip-
ticity minimum outside of the primary bar is the appar-
ent ellipticit y of the galaxy as a whole; we then obtained
the deprojected size of the inner bar asa.» = 0:4kpc and
Lbar;2 = 0:5kpc. The corresponding values for the primary
bar are a.1 = 4:2kpc and Lpar.1 = 6:4kpc, which did not
require deprojection since the primary bar is almost along
the galaxy's apparent major axis.

The primary bar of S2B2 is slightly smaller than the
median size of the 50 S2Bsin Erwin (2004), while the sec-
ondary bar is smaller than that of 70% of the same sample.
With a., = 0?7 = 1:5 PSF FWHM the apparent size of
the secondary bar is obviously just large enough for it to
be detected by HST/A CS (1 PSF FWHM = 0™1in the i-
band and similar in the other bands). We therefore conclude
that z 0:1 would be the maximum redshift for HST/A CS
detection of the inner bar for the smallest 30% of the
currently known S2Bs.

S2B2 hasafaint (pseudo) ring around the main galaxy,
resenbling the RY classof Buta & Crocker (1991). Rings are
quite common in barred galaxies, and simulations show that
they can be produced at bar resonancegsee,e.g. the review
by Buta & Combes 1996).

S2B2is not detected in the radio obsenations of Afonso
et al. (2006), but is detected in the CDFS survey of the
Chandra X-Ray Observatory (Alexander et al. 2003; Giac-
coni et al. 2002). Its X-ray ux is 1:8 10 *ergem ?s ?
in the soft bands (0:5 2:0keV), which translates into a
soft X-ray luminosity of Lx = 49 10® ergs . The up-
per limit on the ux in the hard bands (2:0 8:0keV) is
9:3 10 ¥ ergem 2s ! (Alexander et al. 2003). With an X-
ray-to-optical ux ratio of log(fx=fr) = 3:4 S2B2 belongs
to the optically bright, X-ray faint (OBXF) classof sources
(Hornschemeier et al. 2003). These objects are thought to be
quiescert, normal galaxies, with their high-energy emission
originating from stellar processesr from low-level accretion
onto SMBHSs, but not from luminous active galactic nuclei
unless they are heavily obscured. Since the optical and X-
ray positions only dier by 0°% { which equals the median
positional uncertainty of the faint X-ray sources(Alexander
et al. 2003) { it is likely to originate from the certral re-
gion. While we cannot gain more insight into the processes
generating the X-ray emission of S2B2, more detections of
intermediate-redshift S2Bsat X-ray wavelengths would test
the hypothesisthat gasin S2Bsis fed to SMBHs.
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5 STELLAR POPULA TION ANAL YSIS

Comparisons of the available photometry from the ACSim-
ageswith population synthesis models allow us to estimate
the ageand metallicit y distribution of the stellar componert
in the two galaxies. A pixel by pixel approach hasthe advan-
tage of spatially resolving regionswhich may have undergone
dierent histories of star formation. However, the uneven
distribution of the signal-to-noise ratio (SNR) across the
galaxy imagesresults in complicated maps of uncertainties
which are hard to interpret. In order to improve the spatially
resolved analysis, we decidedto perform an adaptiv e binning
following the Optimal Voronoi Tessellation method of Cap-
pellari & Copin (2003), which has already beenapplied suc-
cessfullyto a study of early-type galaxiesin GOODS/CDFS

(Ferreraset al. 2005). A Voronoi tessellation divides a region
starting from a distribution of points called generators The
area (or volume) is then binned in those regions closestto a
given generator. Motiv ated by the analysis of integral eld

spectroscopy, Cappellari & Copin (2003) preserted an algo-
rithm optimised for the binning of a 2D map into bins which
yield a small scatter of the SNR with respect to some tar-
get value and which are kept reasonably round in order to
preserve, as much as possible, the spatial resolution. When
we apply this method to colour maps, we ensure that the
subsequen stellar population analysis is as homogeneousas
possible.

We generatedcolour maps by registering the imagesand
convolving them with the PSF corresponding to the other
band used for a given colour { e.g. for aV i colour map
we convolve the i-band image with the V-band PSF and
vice versa. We measuredthe PSFs from a set of stars in the
GOODS/CDFS eld. A recent analysis performed by the
GEMS group (Rix et al. 2004) found that a universal PSF
obtained from a set of bright but unsaturated stars is fully
su cien t for all GOODS sectionsand for all positions inside
ead section. For the Optimal Voronoi Tessellation on the
registered and convolved images, we chose a target SNR of
20 in the ratio of the V to i uxes, which amounts to an
uncertainty of 0:05 mag for the Vi colour in ead bin.
The same bins were used in all other colours (B V and
i z); the average errors are 0:1 mag in BV and 0:05
magin i z. Note that S2B1 doesnot have a B -band image
becauseit falls closeto the edgeof the eld. Figures 5 and 6
show the colour maps for S2B1 and S2B2, respectively. The
distribution of colours is somewhat patchier than expected
from the above errors only (i.e. the RMS of the colour values
exceedghe errors), particularly in S2B1, which is partly due
to dust and partly to population di erences.

Table 1 lists someintegrated properties of our objects.
The V-band absolute luminosity was computed from the
obsened passband which gives the smallest K correction,
i.e. F606W for both S2B1 and S2B2, with a correction
Kas  0:04 mag. The spectral energy distribution for these
corrections was obtained from a simple stellar population
with solar metallicit y, whose age best matchesthe observed
colours.

51 S2B1

A young stellar component in the inner spiral structure is
readily visible in the V i colour map in Fig. 5, at around
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0°%75 from the certer. Ongoing star formation is alsodeduced
from a low-resolution spectrum of S2B1 from the VIMOS
VLT Deep Survey of the CDFS region (Le Fevre et al. 2004).
The spectrum spansthe 5600-900\ region and features H

and [O | 11] but no [N I1] emission, a signature of star-forming
HIl regions. Although these might coincide with the above
region of young stars, no spatial resolution is possible due
to the slit size (1%° 10°Y and to ground-based resolution.

The age-metallicity degeneracyprevents us from getting
an accurate estimate of the ageand metallicit y distribution.
Nevertheless, we can test for gross di erences between the
stellar populations in the primary and secondary bars via
a colour-colour diagram. The top panel of Fig. 7 shows the
V iversusi z colour distribution of S2B1. Each \pixel"
corresponds to a Voronoi-tessellated bin with the targeted
SNR of 20 in the ratio of V to i, which aims at a 0.05 mag
photometric error in V  i. The actual tessellation produced
an averageerror of 0.047mag with a 0.033mag RMS scatter.
Regions in the inner bar are represerted by lled dots. We
selectedthose regions of the galaxy with an i-band surface
brightness between 17.5 and 18.5 mag/arcsec?, so that we
exclude the very inner region which appearsto be a ected
by dust. The lled triangles give the colours in the outer
bar, located in the region with surface brightness between
21 and 22 mag/arcsec®. We select pixels in a 20 wedge
aligned with the position angle of the outer bar. We also
distinguish pixels in two radial bins: the light grey symbols
correspond to distancesr < 1°8 from the certer while the
dark grey symbols are pixels at r > 198,

For comparison, we show the colours of simple stellar
populations from the latest models of Bruzual & Charlot
(2003). Each line represerts an age sequencebetween2 and
10 Gyr, and three metallicities are considered, as labelled
in the gure. The dashed lines are dustless populations,
whereasthe solid lines assumeE (B V) = 0:2 and a simple
dust reddening law (Charlot & Fall 2000). The inner bar
shows the bluest coloursin iz, which can be interpreted
as indicating that its metallicit y is lower than of the outer
bar, and in addition either the stellar agesor the amount
of dust is higher. However a unique interpretation is not
possible with these data. The outer bar regions possessa
larger colour spread than the inner bar, which presumably
is caused mainly by dust (given the patchy distribution of
colours discussedabove), but may partly be due to radial
variations in the stellar populations.

52 82B 2

This galaxy has a conspicuousring of young stars at a pro-
jected distance  3:8kpc( 2% from the certer (Fig. 6). In-
terior to this ring, the red colours are indicativ e of either old
populations or dust extinction. The bottom panel of Fig. 7
shows the colour-colour diagram of S2B2. The inner region {
shown asdots { corresponds to an i-band surface brightness
between17 and 18 mag/arcsec®. The lled triangles are pix-
elsin the outer bar { selectedin a20 wedgecentered at the
position angle of the bar with surface brightness between 20
and 21 mag/arcsec. Two radial bins are chosenin the same
way as with S2B1, and similar population synthesis model
predictions are shown. Note the remarkable di erence be-
tween the outer bar and the red colours of the inner bar,
which is signicantly aected by dust. The gure hints at

younger agesin the outer parts of the primary bar, which is
clearly due to the ring of young stars mentioned above.

6 S2BS IN COSMOS

In the course of our study, the reduced HST/A CS i-band
imaging data (v1.2) of the rst squaredegreeof the Cosmic
Evolution Survey (COSMOS?®) became publicly available.
Sincethesedata cover an areaabout twelvetimes larger than
GOODS, they can be expected to host sewral S2B galax-
ies at intermediate redshifts. The COSMOS image depth is
only slightly lower than that of GOODS, therefore a searc
for S2Bs with our Gini prole method and subsequen vi-
sual inspection appeared promising. We applied the same
selection criteria as for our GOODS dataset, i.e. C > 35,
mi.ag 6 220, and half-light radius > 10 pixels. Indeed,
we were able to identify two S2Bsand v e S2B candidates
which we list in Table 2. Their images and unsharp masks
are shown in Fig. 8.

Based on their unsharp masks and ellipse ts (not
shown), the objects COSMOS J095922.76+0242453 and
COSMOS J095936.98+0151076 clearly host inner bars.
Four of the other v e galaxiesprobably contain nuclear disks
since the inner position angles match those of their outer
disks. The remaining object is an S2B candidate. In this
analysis, the larger pixel scale of the COSMOS images as
compared to GOODS has a noticeable e ect { a drizzling
processthat would bring the COSMOS pixel scalefrom the
current 50 mas down to 30 mas as in GOODS would re-
sult in a better discrimination of inner bars. Unfortunately ,
no further data (such as colours and redshifts) are publicly
available for these galaxies; therefore their distances, bar
sizes,and stellar population properties remain unknown.

7 SUMMAR Y AND DISCUSSION

To date, all obsenational studies of S2Bs have been under-
taken in the nearby universe. In this paper we preserted
the two most distant S2Bs currently known, at z = 0:103
and z = 0:148, corresponding to a look-back time of 1.3
and 1.9Gyr, respectively. Although our S2B sample contains
only two objects, we can perform a consistency chedk with
the number of S2Bsthat would be expected given the num-
bers for nearby objects. Our GOODS sample of early-type
barred galaxies consists of 17 objects that were selected by
our Gini prole method, plus 11 barred galaxies that were
missed by the method (see Sect. 3). Adopting an S2B frac-
tion of 30% (e.g. Erwin & Sparke 2002) we would thus expect
8.4 S2Bsto be within our sample. With a given distribution

of redshifts, the bottom panel of Fig. 1 then leadsto an esti-
mate of the number of S2Bswhoseinner bar would be large
enough to be identi ed. Redshifts are available for 12 SBs
in GOODS/CDFS from the COMBO-17 survey (Wolf et al.
2004) and the VIMOS VLT Deep Survey (VVDS, Le Fevre
et al. 2004), with 6 objects beyond z = 0:5. When we adopt
this distribution to be represertativ e for all 28 SB galax-
ies, we would expect to detect 224 1:5 S2Bs, in excellert

3 Seehttp://www.astro.caltec h.edu/c osma
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accordancewith our ndings. While this suggestsno signif-
icant evolution of the S2B fraction, clearly a larger sample
of S2Bsat intermediate redshifts is necessaryto addressthe
statistics properly.

Any sample of intermediate-redshift S2Bs would of
course be biased towards large secondary bars, and also to-
wards large primary bars { the latter being due to both
the selection of barred galaxy candidates and due to a cor-
relation of the sizes of inner and outer bar. Despite this
inevitable bias, it would be possible to compare the rela-
tions between the sizesof primary and secondary bar with
those of the local sample: the data from Erwin (2004) show
a clear correlation of primary and secondary bar size (left
panel of Fig. 9). Moreover, the secondary-to-primary ratio
is not constant but it increaseswith increasing secondary
bar size (right panel of Fig. 9). If an intermediate-redshift
sample showed an o set with respect to the local relations,
this would hint at a decoupled evolution of sizes, possibly
related to the lossof angular momentum. While S2B2 (open
squarein Fig. 9) falls onto the above relations, the primary
bar of S2B1 (open triangle) is very large compared with its
secondary Still, S2B1 falls within the scatter of the rela-
tions.

In addition to the structural parameters, we preserted
a colour analysis of the two S2Bs. Unfortunately , it is not
possiblefrom the available data aloneto precisely trace back
the star formation history of an individual galaxy (and of
its bars), especially given the possible e ect of dust and
the well-known age-metallicity degeneracy Nevertheless,we
show that population di erences betweenthe outer bar and
the inner bar region can be quantied, demonstrating the
feasibility of stellar population analysesof S2Bsat interme-
diate redshifts. It is not clear whether the evolution of the
primary bar and the secondary'sstellar content are linked in
someway. For example, the secondary bar could be formed
from stars born from gas swept by the primary bar. An
intermediate-redshift S2B sample of signi cant size would
be able to addressthis question. If the amount of dust were
small, the colours of S2B1 could be interpreted asthe inner
bar having lower metallicity and larger stellar ages (Sect.
5.1), making the above scenarioimplausible for this galaxy.
The colours of S2B 2 are clearly more strongly a ected by
dust and little can be said about the relative agesof the
primary and secondary bars.

Another important result for future seardes of S2Bs
stems from our detection of S2B2: its inner bar has an ap-
parent semi-mgjor axis size of only a., = 1:5 PSF FWHM
but can still be recognized.This is signi cantly smaller than
the estimate of 2.5 PSF FWHM as a lower limit from Sheth
et al. (2003), probably also due to the increased resolution
from image drizzling. We thus suggest1.5 PSF FWHM as
a more modest minimum size for detecting nuclear bars.
When we adopt this new limit, Fig. 1 demonstrates that we
increase the maximum redshift for detection of the largest
inner bars (a. 2 & 1kpc) of local S2Bsby more than a factor
of two, from aredshift of z 0:25to z 0:5. In patrticular,
S2B1 with a2 = ("B = 2:7 PSF FWHM should still be
detectable at z  0:3 given the new detection limit. To test
this, we created a mock image of S2B1 at z = 0:3. Taking
into accourt the corresponding wavelength shift would re-
quire an image right betweenV -band and i-band to be 'red-
shifted'. We therefore performed the arti cial redshifting for

c |- RAS, MNRAS 000, 1{8

both V- and i-band images. The images were rescaled and
convolved with a Mo at pro le represerting the PSF of the
GOODS images. Gaussian noise corresponding to the noise
of the original imageswas then added, and unsharp masks,
ellipse ts and Gini proles were produced. The ux values
were rescaled correctly throughout the process,taking into
accourt surface brightness dimming aswell as a proper nor-
malization of the convolved images. We did not decorvolve
the original image prior to redshifting it, which meansthat
our nal PSF is slightly too large; hence our treatment is
consenative. The secondary bar can still be clearly identi-
ed in the unsharp masks (Fig. 10), and the primary bar
would also have been selected from its Gini prole (dotted
line in top left panel of Fig. 2). The ellipse ts (Fig. 10)
show the inner bar asa at peakin ellipticit y, with a sharp
drop outside of it. This inner part looks very similar to the
ellipse t of S2B2, for the obvious reasonthat both inner
bars in the redshifted S2B1 and in S2B2 are closeto their
detection limit. Since the inner bar of S2B1 is not excep-
tional compared to local S2Bs (24% of the inner bars listed
in Erwin (2004) are even larger), those could therefore be
detected out to still larger redshifts, z  0:5 (Fig. 1).

Our identi cation of two S2Bs and v e more S2B-
candidate objects in the COSMOS data proves that in
presert-day deep surveys, it is worthwhile to seard for dis-
tant S2Bs. These galaxies can be analyzed in a similar way
as preserted in this paper as soon as redshifts and colour
data becomeavailable. We have shown that HST/A CS data
are capable of making considerable progressin understand-
ing the structure and evolution of such objects. We therefore
seethe possibility of an S2B sample distributed over a large
redshift range in the near future. Such a sample would serve
as an important obsenational constraint on models of S2B
formation.

We described a rst step in developing a model-
independent method for detecting large and strong bars
which we used here. While the method as preserted here
is not optimized, it appears that with further re nements
it can becomea useful method for identifying bars in large
surveys.
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Table 1. Photometric  prop erties of S2B 1 and S2B 2. All magnitudes and colours are given
in the AB system. Magnitude errors are estimated to be 0" 1. Formal errors from the SNR are
much smaller. Similarly , formal errors on the colour values are negligible. Instead, we refer the
reader to Figs. 5 and 6 concerning the colour variation within the galaxies. Seetext for further
details.

Object ID m; My B V. V i iz
magas magas magas magas magas

GOODS J033230.93-273923.7 S2B1 179 20:8 | 0:57 0:27

GOODS J033233.46-274312.8 S2B2 171 20:6 1:31 0:57 0:28

Table 2. S2Bs and S2B candidates in COSMOS. Magnitude errors are estimated to be
o 1.

Object mi Classi cation
magas

COSMOS J095922.76+024245.3 18.4 S2B

COSMOS J095936.98+015107.6  17.9 S2B

COSMOS J095931.25+015916.5 18.12 possibly S2B or SB with nuclear disk
COSMOS J095947.65+021549.0 18.4 possibly S2B or SB with nuclear disk
COSMOS J100045.42+021932.4 19.4 possibly S2B or SB with nuclear disk
COSMOS J100048.23+015856.2  20.0 possibly S2B or SB with nuclear disk
COSMOS J095952.25+020543.1  20.1 possibly S2B

a8 Partially contaminated by a bright star's bleeding trails.

RAS, MNRAS 000, 1{8
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Figure 1. Bar sizes. Comparison of deprojected bar sizes(a ) of the 50 nearby S2Bs from Erwin (2004) to our objects. Top: Primary
bar sizes.Bottom: Secondary bar sizes. Thick vertical lines denote the values for our double-bar detections (S2B 1 and S2B2). Vertical
lines with redshift labels give the minim um physical size of a secondary bar that could still be identied at the respective redshift in the
GOODS images or images with similar characteristics (pixel scale 30 mas, 1 PSF FWHM = 0%11). The dotted vertical lines assume a
minim um angular size of the secondary bar's semi-major axis of 0°28 or 2:5 PSF FWHM (Sheth et al. 2003), while the solid vertical
lines assume a minim um angular size of 0°%7 or 1:5 PSF FWHM, which is the semi-major axis of the smallest secondary bar we detect
(S2B 2).
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Figure 2. Gini proles. The radial variation of the Gini coe cien t (G) is shown for our two S2Bs (upper left panel), as well as for
a sample of unbarred galaxies (middle and bottom panels) which are visually assignedto dieren t classesas indicated in each panel.
The dotted line in the upper left panel is for S2B 1 after articially redshifting it to z = 0:3 (see Sect. 7). Arro ws indicate a plateau in
the prole (seetext for details). The upper right panel shows an early-type barred galaxy whose prole has a weak plateau just strong
enough to be selected. The uppermost prole in the middle right panel belongs to an early-type spiral seenalmost egde-on.
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Figure 3. Images, unsharp masks & ellipse ts. For S2B1 (left panels) and S2B2 we present i-band images (top panels), unsharp
masks (middle panels), and ellipse ts (lower panels). In the images, north is up and east is to the left; position angle is measured east
from north. The black scale bar corresponds to a physical length of 5kpc. Unsharp masks have been computed by dividing the original
i-band image by a Gaussian-convolved image. Two unsharp masks are superposed: one using a large Gaussian ( = 40pix for S2B1
and = 30pix for S2B2), and a second one using a small value ( = 4pix for S2B1 and = 1:5pix for S2B2) which is shown as inset
in the image center and is enlarged in the lower right corner for S2B2. Ellipse ts (using the IRAF task ELLIPSE) are shown in black
for the i-band images, with errors as given by ELLIPSE. The other bands are only shown as lines: dash-dotted for B-band, dotted for
V -band, and dashed for z-band. The dotted vertical line indicates the value of 1 PSF FWHM (0%911).
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Figure 4. A jet? i-band image of S2B1 and the jet-lik e object pointing back to its center. The black scale bar corresponds to a physical
length of 5kpc.

Figure 5. Colour maps of S2B 1. An adaptiv e binning based on the Optimal Voronoi Tessellation of Cappellari & Copin (2003) has
been applied. A target SNR = 20 was chosenin the ux ratio betweenthe V and the i passbands. The contours give the i-band surface
brigh tness from 18 mag/arcsec? (inner contour) in steps of 0.5 mag.

Figure 6. Colour maps of S2B 2. Similar to Figure 5.
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Figure 7. Colour-Colour  diagrams. Colours are given separately for three regions in each galaxy (see 6% 6%inset). Pixels in the
outer bar are selected from a 20 wedge aligned with the bar and chosen to avoid dust lanes. Filled triangles represent regions in the
outer bar at radial distances r < 198 (light gray, pointing upward) or r > 198 (dark gray, pointing downward). The lled dots are the
colours at the position of the inner bar, chosen between 17.5 and 18.5 mag/arcsec? (S2B 1) and between 17 and 18 mag/arcsec? (S2B 2).
We exclude the very certral region which could be signican tly reddened by dust. The dashed and solid lines track the colours of simple
stellar populations with E(B V) = 0 and 0:2, respectively. Each line is an age sequencefrom 2 to 10 Gyr. Seetext for more details.
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Figure 8. S2Bs and S2B candidates in COSMOS. Objects are shown in the same order asin Table 2, i.e. the top two objects are
classied as S2B, the middle four objects as possible S2B or SB with nuclear disk, and the lowermost object as possible S2B. For eacth
object, the i-image is shown on the left and the unsharp mask created with a Gaussian of = 1:5 pixels on the right. North is up and
east is to the left. The black scale bar corresponds to 1°¢ The masks only cover the certral area of ead object, as indicated by the box
edgesin ead image.

Figure 9. Size relations of inner and outer bars. Comparison of deprojected sizes(a ) of inner and outer bars for the 50 nearby
S2Bs from Erwin (2004, lled dots) and for S2B1 (open triangle) and S2B2 (open square). Left: Primary versus secondary bar size.
Right: Ratio of secondary-to-primary size versus secondary bar size.
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Figure 10. Simulated observ ation of S2B 1 at z = 0:3. Unsharp mask ( = 1:5pix) and ellipse ts of S2B1 after arti cially
redshifting it to z = 0:3. Both V-band (upp er mask image; dotted grey line) and i-band (lower mask image; solid line) are shown. The
dotted vertical line indicates the value of 1 PSF FWHM (0%°%1). The corresponding Gini prole is included in Figure 2. Seetext for

details.

¢ |- RAS, MNRAS 000, 1{8



