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Chapter 1

Introduction

The presence of a bar is known to be diiceent mechanism to redistribute angular momentum
and matter in galaxies up to large distances. Because adlility, bars are considered to play
an important role in the evolution of disk galaxies. Inflowgzs through the bar towards the
galaxy central part is provoked by the loss of angular moomantiue to the bar gravity torque.
This inflow of gas is believed to fuel the central black holg(eShlosman et al. 1989).

Within the local Universe;60% of the spiral galaxies contain a bar (e.g., Knapen eC8l02
Eskridge et al. 2000; Menéndez-Delmestre et al. 2007; i&a & Jogee 2007, Hernandez-
Toledo 2007). Despite their frequency and important rolesecular evolution of spiral galax-
ies, their origin and evolution is not well known yet.

A detailed study of the star-formation history in bars lidke the galaxy dynamics, can
help to understand how bars form and evolve. It was commoalieved that the presence
and absence of star-formation along bars is determined éy#n strength. Hydrodynamical
simulations pointed out that strong shocks and high shestramg bars prevent the collapse of
molecular clouds (e.g., Athanassoula 1992, 2000). Thisdede statement that star-formation
does not occur within bars of strongly-barred galaxies.(eN§sC 5248; Jogee et al. 2002).
However, there are several examples of strongly barrealspivith star-formation along their
bar (e.g., NGC 7749, NGC 613, NGC 1097, NGC 1530, NGC 2903hodigh star-formation is
inhibited or suppressed by strong shear, some stronghgthgalaxies do contain idregions at
other locations in their bar structure (e.g., Martin & FiliekP97; Sheth et al. 2002). This gives
rise to the question of what determines the presence or ebs#rstar-forming regions along
strong bars. Knowledge of both the recent star-formatistolny of the bar and the underlying
dynamical behaviour of the gas allows us to address thistigmes

Strong bars containing star-formation along their bardtite are also excellent places to
study the physical parameters that trigger and inhibit-&tanation in general. The presence
of strong shocks, shear, non-circular motions (Pence & IBlan 1984; Athanassoula 1992;
Reynaud & Downes 1998; Zurita et al. 2004) and strong magifielids (Beck 2002) provide
perfect conditions to achieve understanding on how theseradfect star-formation.

The aim of this study is to determine the recent star-foromakiistory of the strongly barred
spiral NGC 2903 (bar strength of 3; Laurikainen & Salo 2002) ¢o relate it to the bagalaxy
dynamics. NGC 2903 is close by (8.9 Mpc; Drozdovsky & Karatkev 2000) and a typical
example of a strong bar with star-formation along its baref8let al. 2002). Although the NGC
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2903 bar can not be considered amongst the strongest otdsstaeformation along the bar and
its distance make the galaxy an ideal object to study ffeees that trigger star-formation along
strong bars.

This report describes two filerent projects. In the first, we extensively study the cureerl
recent star-formation of NGC 2903 using a wavelength regumaing from the far-ultraviolet
to the sub-millimeter, and relate this to the bar morphatabfieatures. In the second project, we
present the kinematics of the neutral and ionised gas in NEI3.2We investigate the relation
between the gas kinematics and star-formation in the bareMdewith a summary, conclusion
and future work.



Chapter 2
Multiwavelength study of the star-formation in the
bar of NGC 2903

— G. Popping, | Perez & A. Zurita —
Based on: Popping et al. (2010), accepted for publicatiotAistronomyé& Astrophysics”

Abstract

The nearby barred spiral NGC 2903 has an active starburstsaténtre and hk regions
distributed along its bar. We analyse the star-formatiopgarties in the bar region of
NGC 2903 and study its links to the typical bar morphologieatures.

We combine space and ground—based data from the far—witetvio the sub—millimeter
spectral ranges to create a panchromatic view of the NGC 2803We produce two cata-
logues: one for the current star-formation regions, as éady the | compact emission,
and a second for the ultraviolet (UV) emitting knots, conitag positions and luminosities.
From them, we obtain ultraviolet colours, star-formatioates, dust attenuation, andaH

EWSs, and analyse their spatial distribution. We estimad#iast cluster ages using stellar
population synthesis modelStarbursto®

We find NGC 2903 to be a complex galaxy that has a vefgrdnt morphology in each
spectral band. The CO &IL-0) and the 3.um emission trace each other in a clear barred
structure, while the kit leads both components and has an s—shape distribution. “he U
emission is patchy and does not resemble a bar. The UV emissalso characterised by

a number of regions located symmetrically with respect éogilaxy centre, almost perpen-
dicular to the bar, in a spiral shape covering the inner2.5kpc. These regions exhibit a
significant amount of neither &dnor 24 um emission. We estimate ages for these regions
ranging from 150 to 320 Myr, older than the remaining UV knathich have ages lower
than 10 Myr. The SFR calculated from the UV emissiordst M, yr-1, compatible with

the SFR derived from &lcalibrations 1 M yr™1).

2.1 Introduction

Following the launch of both th8pitzer Space Telescoped theGalaxy Evolution Explorer
(GALEX), knowledge about the star-formation (SF) in galaxies hasvg considerably. The
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panchromatic view of nearby galaxiefered by large surveys carried out by these space tele-
scope missions have provided extraordinary databaseswtitth to study star-formation in
galaxies. In particular, it has allowed us to link generdbgg properties to those of the local
interstellar medium (ISM) properties and the galaxy dyramidentifying these links is crucial
for understanding SF in galaxies. In nearby galaxies, teeteof multiwavelength data provide
an opportunity to study in detail, with good spatial resimng the location and properties of rel-
atively young populations, recent massive star-formatsod dust attenuation (e.g., Calzetti et
al. 2005; Tamura et al. 2009; Relafo & Kennicutt 2009).

New dust and SF indicators have been developed and calibuaiag all the available bands.
The combination of 24m and Hr emission has become a reliable indicator of dust attenuatio
(Kennicutt et al. 2007; Relafio & Kennicutt 2009). Both bsaade linked to star-formation pro-
cesses, with the ddemission originating from the recombination of hydrogethie surrounding
medium of very recently formed (less than a few Myr) massigaess and the 24m emission trac-
ing local star-formation radiation obscured by dust (Ctizt al. 2005). Extinction-corrected
UV emission can also be used to retrieve the star-formaats (SFR) (Kennicutt 1998) and to
obtain some insight into the star-formation that has o@tlimn the past Gyr (e.g., Bianchi et al.
2005; Hibbard et al. 2005). A combination of UVatand 24um emission is indeed ideal for
reconstructing the recent star-formation history of a galay studying the location and proper-
ties of individual clusters and those of the gas and dustsarisaround them. To date, and to
our knowledge, only a few galaxies have been analysed imidys M51 (Calzetti et al. 2005),
M81 (Pérez-Gonzalez et al. 2006), M33 (Relaio & Kenni@@09; Verley et al. 2009), and
NGC 7331 (Thilker et al. 2007). Barred galaxiefev a useful tool for investigating the physi-
cal conditions that support star-formation in galaxiese fotions in bars are characterised by
non-circular motions that push the gas into intersectifgt®rwhere shocks and star-formation
can be triggered. The position and strength of the shocksletermined by the bar potential,
the global dynamics within the bar region being driven by lilae. We now have a relatively
good understanding of the gas behaviour under a bar potéatip, Pérez et al. 2004) and this
knowledge can be used to understand the conditions triggetar-formation. Bars and their
surroundings host extreme physical conditions and a wagéiSM environments. They are
perfect places to study the link between the conditionsueng star-formation and the galaxy
dynamics. Therefore, a panchromatic view revealing theohisof star-formation in bars can
provide a unique insight into the links between star-foioratind the galaxy dynamics, which

Table 2.1 Log of ground—based &lobservations.
Band Date Filter Exp. Time Seeing
Ha 29 Oct 2007 WFCH6568 3x1200s 1.4”
R 30 0Oct 2007 HARRISR 3x250s 2.17
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may also help us to understand how bars form and evolve.

We present a detailed multiwavelength study of the stan&tion in the bar region of NGC 2903
performed by analysing the correlations between the lonatnd ages of thgoungstellar clus-
ters, and the morphology of the bar. This was achieved inliyranalysing the emission ind4
UV, and 24um as well as the optical data from the Sloan Digital Sky Suf&ySS), in addition
to 8um and CO (F1-0) emission.

We have chosen NGC 2903 for this research for a number of neagtas close-by (8.9 Mpc;
Drozdovsky & Karachentsev 2000) allowing us to achieve Bjgdtial resolution{ 43 pc arcsetd),
and is isolated from large companions, preventing majogeragiects in the results. Irwin et al.
(2009) studied the Hcontent of NGC 2903 demonstrating that it possesses a largawv¢lope
of around three times its optical size. They also found a skhatompanion 64 kpc away from
the galaxy in projection, which adds to a previously knowralirstellar companion. No clear
sign of an interaction has been found so far.

NGC 2903 is an SBd galaxy showing a symmetric strong bar densd typical of this class
of galaxies (Laurikainen & Salo 2002). Previous observaibave shown large amounts of
Ha emission along the bar and not only at the ends of the bar adéaruregion (Sheth et al.
2002). The CO (31 - 0), Spitzer andGALEX data available makes this galaxy an ideal target
for multiwavelength studies to retrieve insight into thardiormation history of bars.

A previous study by Leon et al. (2008) of the NGC 2903 bar shbtiat HCN(1-0) is
distributed along the bar and at its centre. They comparedsthr-formation rate ratio of the
bar to the centre with the predictions of numerical simolasi by Martin & Friedli (1997). This
made them propose that the bar in NGC 2903 has an age betweem@®00 Myr.

The outline of the paper is as follows. In Séc.12.2, we preftenibbservational data and
in Sec[Z.B we analyse the general morphology of NGC 2903. M&ept our methodology to
obtain the bar Hk regions and UV emission knots catalogues in §€¢. 2.4. Thafivlg section
contains the main results regarding the g\Vstar-formation rates, UV colours, and ages of
the stellar clusters. In Sec.P.6, we discuss our main anlkd finally present a summary and
conclusions.

2.2 Observations and data reduction

2.2.1 Hximaging

The Hy data of NGC 2903 was obtained with the Wide Field Camera aRiben Isaac New-
ton Telescope at the Roque de los Muchachos Observatorytgb€c2007. A summary of the
observations is presented in Table 1. The galaxy was old$éiveugh a 95 A width narrow-
band filter with a total exposure time of 3600s, and an R—bdtet,fused for the continuum
subtraction, with an exposure time of 750s. We carried ogtabverscan subtraction, bias, and
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flatfield correction using standard reduction tasks witlﬁiAFﬁ. The sky subtraction was carried
out by fitting a first order polynomial to a sky map created gdime mean sky values derived
from several positions on the image, free of both foregrostais and galaxy emission. The
Ha+continuum and R—band images were then aligned using thégusbf field stars in the
images and combined separately to produce the final imagdsrdBcontinuum subtraction the,
Ha+continuum image was degraded to the resolution of the R—lmaage ¢ 2.1 arcsec).

The continuum subtraction was done as described by Reladlo(@005). We used 11 non—
saturated foreground stars in both the EDN—band) and in the continuum R—band (OFF-band)
images. The fluxes of these stars yielded a mean flux ratio @hNg®FF-band of 0.340.02.
This value was then used as a starting point scaling factpenerate a set of OFF—band images
scaled with factors ranging from 0.32 to 0.36. These image®wfterwards subtracted from
the ON-band image to produce images free of continuum eomisgifter a close inspection of
the resulting images, we adopted a value of @@B81 for the continuum scaling factor. The
uncertainty in the continuum scaling factor producefedences of up te-3% in the integrated
fluxes of the Hr regions.

The astrometry of the &l image was performed using the USNO2 catalogue coordinates
for the foreground stars of the galaxy images, resultingnraecuracy 0+~0.39”. The obser-
vations were made during non-photometric conditions. &foee, for the flux calibration, we
used previously reported fluxes of 11uHegions located in the disk of NGC 2903 published
by (Mayya 1994). We compared the flux reported there with oeasarred flux (in ADU) using
identical apertures. We then calculated the ratio for eagion and assumed the median to be
our final Hx flux calibration factor ((2.20.4)x10 *%erg s* cm2 count?). The error was cal-
culated by taking the standard deviation of the flux ratiodibthe stars. The scaling relation is
presented in Fig_2l1. Thev2sensitivity limit of the final Hr image is 62 x 1071 erg s* cm
per pixel.

The Hy data of Mayya et al. (1994) from which our fluxes were flux caltbd were not
corrected for Galactic extinction. Therefore, tharlfegion luminosities of our cataloguednH
regions were corrected posteriorifor foreground Galactic extinction (Schlegel et al. 1998),
which was assumed to bg;A=0.08 mag.

The bandwidth of the H filter can also be fiected by emission from the [IN16548A and
[N 1] 6584A emission lines at their corresponding redshiftedel@ngths. A proper correction
for this requires spectroscopic information about all the t¢gions, which information is not
currently available. The typical [N]/Ha ratio for extragalactic ki regions of solar metallicity
is approximately 0.33 (e.g., Kennicutt & Kent 1983). Theref an approximate correction of
25% should be applied to theaHluxes and equivalent widths. Rather than applying this-aver
age correction to the fluxes of alliHregions, we decided to present the uncorrected-[Nl 1]

1IRAF is distributed by the National Optical Astronomy Obsaories, which is operated by the Association
of Universities for Research in Astronomy, Inc. (AURA) und®operative agreement with the National Science
Foundation.
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Figure 2.1 Scaling relation from our measuredvH[N u] fluxes in counts to earlier measurements made
by Mayya et al. (1994) for the samenHegions. The ht region fluxes measured by Mayya et al. (1994)
also contain [Ni] emission.

luminosities in Table 2.

2.2.2 Spitzer Infrared images

To investigate the extinction and the star-formation intthe of NGC 2903 we used tH&pitzer

24 um observations from the Multiband Imaging Photometer (MIPStrument (Werner et al.
2004; Fazio et al. 2004; Rieke et al. 2004). The data wasmddan April 2004 as part of the
Local Volume Legacy Survey (Lee at al. 2008; Kennicutt e2807). MIPS reduction steps are
described in detail by Gordon et al. (2005). The field of vieweared by the observations is large
enough to contain the whole galaxy with enough sky coverfigeiag a good sky subtraction.
The 24um point—spread function (PSF) has a measured FWHM%06” and a 2 sensitivity

limit of 0.52 x 10°% Jy arcse®. The image was registered to the same coordinate system and
pixel scale as the &limage and the background was subtracted in the same way twefbly
image.

The 24um image has a much larger PSF FWHM than theiMage (FWHM~2.1"). There-
fore, to allow for accurate comparisons, we produced a demadoversion of the | image
corresponding to the 2dm PSF by applying a PSF kernel as described by Gordon et #18§20
This version of the image was only used to calculate theallenuation of the H regions (Sec.
[Z43). As complementary data, we also used the 3.6 andi®ages, which have a PSF FWHM
~2” in both bands. These images were only used to carry outgjlobrphological comparisons
with the remaining bands; we therefore registered the imagéhe same coordinate system as
the Hy image, but we did not degrade their spatial resolution.
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2.2.3 GALEX images

To analyse the UV emission and its distribution in NGC 2908, wgedGALEX mission data
(Martin et al. 2005). TheSALEX direct imaging observations were centered on 1529A and
2312A for the far-ultraviolet (FUV, 1350 - 1750A) and neatraviolet (NUV, 1750-2750A)
bands, respectively. NGC 2903 was observed in February a8@art of theNearby Galaxies
Survey(NGS, Bianchi et al. 2003) with an exposure time of 1862s &8ilL$ for the FUV and
NUV, respectively. The PSF FWHM of the images a#2 and~4.6" for the FUV and NUV,
respectively, and their respective sensitivity limit8%5x 1018 and 309 x 1078 erg slcm—2A-1
per pixel (see Bianchi et al. 2003 for further details on tH@@N2903GALEX data).

Both the FUV and NUV images were aligned to the same cooreisypgtem and pixel scale
as the K image and the background was subtracted in the same way teefblr and Spitzer
data.

2.2.4 Other data: ground—based optical images and CQJE1-0)

Ground-based optical images from tBéan Digital Sky SurveySDSS) and a map of the
CO (J=1-0) rotational transition emission were also used for th@phological analysis of
NGC 2903. The optical data set compriggsr’, andz band images, which were observed
as part of the SDSS data release 6 and have a PSF FWHMI1adf”. We subtracted the sky
emission from these images using the same IRAF script ugetdddt image (Sed_Z.211).

For the photometric calibration, we estimated the calibrefactor for converting the image
digital counts to calibrated’, r’, andZ AB magnitudes as described on the SDSS web page
for the data reIeaseEﬁ These calibrated images were used to produge-az colour map of
NGC 2903 (FiglZRe).

The CO @=1-0) emission-line map of NGC 2903 was used to trace the rataegas emis-
sion. It was obtained from the BIMA (Berkeley-lllinois-Mdrand Association) array and the
NRAO (National Radio Astronomy Observataty}2m single—dish telescope, as part of the
BIMA SONG key project. The emission-line map has a maximumHi\of 6.8”. Data ac-
quisition and reduction details can be found in Regan eR801) and Helfer et al (2003).

2.3 The general morphology of NGC 2903

The diferent appearance of galaxies iffdrent wavelength ranges has already been illustrated
by many authors. Galaxies in the UV bands seem to be patamieofdater type than the same
galaxies observed at optical and near-infrared wavelendgstellar components such as bulges,

2httpy/www.sdss.orglré/algorithmgfluxcal.html
3The National Radio Astronomy Observatory is a facility o tNSF operated under cooperative agreement by
Associated Universities, Inc.
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Figure 2.2 Images of NGC 2903 in dlierent spectral bandga) GALEXNUYV image, logarithmic scale.
(b) GALEXFUYV image, logarithmic scalgc) Spitzer3.um. (d) Spitzer24um. (e)g’ — Z colour-map.
(f) CO (=1-0) transition map of NGC 2903. All the colour scales areegiin arbitrary units. All images
(a) to (f) show superimposedaHtontours, the resolution of each image is given in the teat,[E2P. The
Ha contour levels range between 238°° ery's/pix and 4.510° erg'spix (the Hr image pixel size is
0.33/pix).
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bars, and old stellar disks tend to disappear when obsenvéteiUV range (e.g., Kuchinski et
al. 2000). NGC 2903 provides a good example of this behavieigure[Z2 shows NGC 2903
observed in dferent wavelength regimes: FUV, NUV, 3uén, 24um, g’ — Z colour map and
a CO (J=1-0) rotational transition emission-line map. All imagemtain superimposed ¢
contours.

The UV distribution is patchy and spiral-like and does naterable the smooth bar-like
distribution shown in the 3.6m image. The COJ=1-0) traces the 3.Gm emission, while the
Ha follows an s—shape distribution that is also followed byrian dust—lanes, as shown by the
g - Z colour image. Dust spurs emerge from the main dust lanes iy tnaations.

The Hx emission leads the CO+£1-0) emission, taking into account that NGC 2903 rotates
counter—clockwise (Hernandez et al. 2005), assumingrigedpiral arms.

2.4 Photometry of star—forming regions

2.4.1 HlIl region catalogue

To study the properties of the recent star-forming siteshin NGC 2903 bar, we produced a
catalogue of the H regions located in the bar zone (except the nucleus). Wedemthe bar
zone to be the area covering the whiaase region(Kormendy 1979) as observed in the 1@
image (see Figd—2.2c). The selection criteria for identifya feature in the klimage as an
region is that the feature must have an area in pixels equad targer than the image spatial
resolution (i.e; area32 pixels; with a pixel size of 0.333ix), all pixels having an intensity of
at least three times the r.m.s. noise above the local backgrotensity level. This selection
criteria implies a detectability limit of 8.3 x 10*” erg s.

A total of 67 Hu regions were catalogued and their positions, sizes, ancthhsities were
measured. We performed aperture photometry using @AMost of the catalogued regions
are located in the s-shape region and its neighbourhoodji@revhich is closely related to the
stellar bar. A representation of the catalogued tdgions can be seen in F[g. P.3.

The Hu region catalogue comprises the position, size, shape, arfNHi] luminosity of the
regions, and is presented in Tabl€]2.2. The table contaii tiregion identification number in
Col. 1; the equatorial coordinates (Cols. 2 and 3). Col. 4shitne radius in arcseconds; Cols.
5 and 6 the eccentricity and position angle (measured negtwef the integration aperture, and
Col. 7 shows the decimal logarithm of the Galactic extinciomrrected k+[N 1] luminosity
(not corrected for internal dust extinction).

4GAIA is a derivative of the Skycat catalogue and image digpt®!, developed as part of the VLT project at
ESO. Skycat and GAIA are free software under the terms of tR&) Gopyright.
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Figure 2.3 Ha continuum—subtracted image of NGC 2903. The white opettesinadicate the position
and size of the integration apertures of the catalogueaddédgions belonging to the bar region. The black
open circles indicate the Hregions closest to the catalogued UV complexes withautblnterparts.

Ha equivalent width

The Hx equivalent width (hereinafter EMY) is a measure of the strength of thexlémission
with respect to the continuum emission of the stellar iorgztluster. The EW, depends not
only mainly on the evolutionary stage of therhlegion (decreasing as the region ages), but also
on the metallicity, the IMF, dust content, and ionizing pioteakage (e.g., Bresolin & Kennicutt
1999; Zurita & Pérez 2008).

The Hr EWs were calculated from the ratio of our measuredltiminosities (not corrected
for internal dust extinction) to the continuum emission PefThe continuum emission of the
ionizing cluster was estimated from the broad-band enmssithe R—band at the position of the
catalogued H regions. Rather than using our Johnson R—band image of NG&, 24 used the
Sloan Digital Sky Survey (SDS$)-band image. The latter has a higher spatial resolution than
our image, and therefore allowed us to more clearly ideraifgd measure the continuum cluster
emission.

When computing the &l EW of an Hu region, we are interested only in the continuum
radiation emitted by the ionizing cluster. However, both flux from the ionizing cluster and
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the continuum emission from the underlying stellar popafabf the galaxy are included within
the integration apertures. Correcting for this contamorais not straightforward and is the
major source of uncertainty in region broad—band fluxes (Zurita & Pérez 2008). We followed
the procedure described in Zurita & Pérez (2008) to estrtia contribution of the underlying
stellar population to our measured broad-band fluxes bygusiuo of the methods described
there.

The first method consists of the measurement of the localgsaakd from the median value
within annular apertures around thenHegions. The inner radius was set to be tfiecive
radius of the Hr region, and the annulus width to approximately three tinfes K region
radius.

The areas of the image corresponding to cataloguedddions had previously been masked
out in the image to avoid contamination within the annulagragres from neighbouring H
regions. For some regions, the median continuum emissitrinthe annulus is clearly over-
estimated causing an underestimation of the cluster aaminemission, which sometimes even
results in negative fluxes. This is generally due to the gtigpatial variations in the disk con-
tinuum emission on small scales. Therefore, a second agiprwas adopted to more tightly
constrain the local background estimates.

The second method uses growth curves and takes advantalge cdritinuum emission in
most Hir regions being less extended than theéinitting area. Therefore, the local background
can be obtained from within the idregion area defined by itsddemission. For each Hi
region, we derived radially averaget-band surface—brightness profiles. For each region, we
selected a radial range that was not contaminated by thamgniluster and determined the local
background surface brightness from a fit to the profile in thage.

Ther’—band continuum fluxes were all corrected for the underhgtedlar population con-
tamination using both methods (when possible), giving us éatimates of the'—band flux of
the ionizing cluster, from which we derived two values foe tB\W,.;ni1j. We calculated the
difference between the two EW(nij estimates of each Hregion, and this was taken to be
the measured &[N 1] EW uncertainty, so it represents the range of values cavetgen us-
ing the diferent estimates. Those regions for which the two estima&tded diferences larger
than 600A, and those regions for which only one backgroundsmement was available, were
discarded, as we considered the results non-reliable. @hdtmg Hr EWSs (including emission
from the Nu lines) are presented in Col. 8 of Tahlel2.2.

2.4.2 UV photometry

We performed aperture photometry on the NUV and FGXLEXimages to catalogue all the
UV emitting knots of the bar region with the aim of obtainiigir luminosities and colours. The
aperture photometry was performed as described in[Sedl Athe Hu region catalogue, but
using circular apertures centreed on the FUV peaks. Theitotaf the apertures is shown in
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Table 2.2 Hu region catalogue of the bar zone of NGC 2903. Col. 1: ID nundfghe catalogued
Hu regions; Cols. 2 and 3: equatorial coordinates; Col. 4:reigion radius in arcseconds; Cols. 5 and
6: eccentricity and position angle (measured North-Wekthe integration apertures; Col. 7: decimal
logarithm of the K luminosity (in erg 5*); Col. 8: decimal logarithm of the &lequivalent width; Col.

9: decimal logarithm of the 2dm emission within the K region apertures; Col. 10dHattenuation see
Sec[Z.413; Col. 11: estimate of the current star-formatite for each cataloguedittegion. Cols. 7,8,9,
and 10 include the corresponding correction for Galactignekion (Schlegel et al. 1998). The SFRs
were obtained after applying a correction of 25% fomj]Nontamination to the b luminosities and dust
extinction as given in Col. 10.

1D R.A. Decl. Radius e P.A. 10g Ly, +[NI1] log EWH,, +[N11] log(L24,m) Ala SFR
(32000) (J2000) (arcsec) (deg) (inerdy (inA) (ergs’t) (mag)  (103Mgyr 1)

1 09:32:12.35 21:31:04.66 3.1 0 90 38909.05 2.32+0.11 40.60 1.21 17209
2 09:32:11.69 21:30:40.84 5.23 0.51 158 39+40.05 2.86+ 0.02 40.93 1.07 41.82.2
3 09:32:11.67 21:30:12.75 3.17 0 0 38#D.10 - 40.24 1.09 8209
4 09:32:12.56 21:30:29.23 3 0 0 38.%9.08 2.70+ 0.09 40.19 0.95 7208
5 09:32:08.77 21:29:39.86 7.3 0.81 -28 39+26.08 2.34+ 0.04 40.71 0.93 26.52.9
6 09:32:07.62 21:29:33.54 3.1 0 0 388D.08 3.07+ 0.03 40.35 1.09 10509
7 09:32:14.38 21:30:40.38 4.23 0.68 6 3846.12 - 40.24 1.01 86&1.2
8 09:32:13.75 21:31:02.56 5.23 0.8 -48 38480.11 - 39.49 0.21 5215
9 09:32:13.83 21:31:09.62 2.33 0 0 3848.10 2.50+ 0.01 39.32 0.36 2205
10 09:32:12.57 21:30:52.67 4.17 0.77 10 3860.14 - 40.05 0.96 5%1.0
11 09:32:13.60 21:30:24.86 3.7 0.52 38 38460Q.14 - 40.01 0.88 5611
12 09:32:07.12  21:29:26.37 2.03 0 0 384D.16 2.28+ 0.01 39.65 1.08 2304
13 09:32:11.43  21:30:00.36 3.1 0 0 3856.14 - 39.97 0.92 4909
14 09:32:12.44  21:30:40.75 3 0 0 38.20.09 2.43:0.14 40.13 0.93 7.808
15 09:32:12.63  21:30:36.70 2.23 0 0 38:80.13 - 39.70 0.90 2205
16 09:32:05.59  21:28:54.01 2.8 0 90 38:60.10 2.87+0.03 39.77 0.61 4307
17 09:32:07.77  21:28:56.02 3.93 0 0 38:80.11 - 40.51 127 14114
18 09:32:07.56  21:29:11.66 26 0 0 38:88.16 - 40.23 1.74 6.40.6
19 09:32:07.83  21:29:26.69 357 0 90 38:66.14 - 40.32 1.30 92.41.2
20 09:32:12.01  21:30:17.87 2.87 0.85 3 38:20.13 - 39.79 1.14 2804
21 09:32:12.35  21:30:22.63 2.7 078 108 38126.13 2.60+ 0.09 39.49 0.68 2804
22 09:32:13.76  21:30:18.72 1.9 0 0 38:00.18 - 39.22 0.66 1303
23 09:32:11.44  21:31:11.46 2.33 0 90 38:30.14 - 39.87 1.15 3405
24 09:32:08.76  21:28:46.76 353 0 90 39:0.05 2.31+0.04 40.50 0.89 16.8 1.2
25  09:32:07.88  21:28:47.69 3.93 0 0 39:00.07 2.63: 0.01 40.59 1.15 18.81.4
26 09:32:11.67 21:31:27.14 3.6 0 0 38#D.11 - 40.39 1.23 10.81.2
27 09:32:09.59 21:28:47.12 4.17 0 0 3940.03 2.44+ 0.02 40.93 1.08 40.82 1.6
28 09:32:10.62 21:31:31.74 35 0 90 386D.15 2.56+ 0.04 40.20 1.17 7211
29 09:32:10.18 21:28:42.26 31 0 90 3856D.15 2.31+0.03 40.13 1.21 6.209
30 09:32:08.53 21:31:30.16 2.53 0 0 3846.11 2.44+ 0.06 40.10 1.27 5%0.6
31 09:32:11.20 21:28:57.28 3.67 0 0 3949.04 2.67+ 0.03 40.59 0.89 20212
32 09:32:11.67 21:28:30.75 3.7 0 0 38840.10 2.67+ 0.07 39.62 0.29 5213
33 09:32:12.57 21:28:38.22 35 0 0 39440.04 2.76+ 0.02 40.56 0.91 19.21.1
34 09:32:13.09 21:28:43.61 3.83 0 0 39:20.04 2.49+ 0.03 40.19 0.41 14.81.4
35 09:32:07.93 21:28:16.18 2.67 0 0 3880.17 2.63+ 0.00 39.73 0.88 2907
36 09:32:09.63 21:31:06.38 6.4 0 90 39:80.03 2.51+ 0.02 41.47 1.29 1264 3.8
37 09:32:08.43 21:31:42.49 2.8 0 90 3860.10 - 39.67 0.50 3.807
38 09:32:08.81 21:30:55.01 4 0 0 39.44.06 2.52+ 0.08 40.51 0.85 17.815
39 09:32:09.08 21:31:14.75 2.17 0 0 3888.11 - 40.07 1.41 4904
40  09:32:12.38  21:31:30.57 2.33 0 0 38:80.14 - 38.98 0.24 1505
41 09:32:11.97  21:31:21.00 2 0 0 38.2D.12 - 39.68 0.98 2404
42 09:32:08.06  21:28:42.43 3.67 0 0 38:80.09 2,25+ 0.01 40.32 0.97 10.21.2
43 09:32:13.40  21:28:46.21 3.83 0 0 39:46.05 2.41+0.03 40.20 0.48 134 1.4
44 09:32:09.01  21:28:40.08 237 0 0 38:60.09 - 40.38 1.67 9.205
45  09:32:11.96  21:29:10.88 3.27 0 0 38:00.07 2.64+ 0.02 40.55 1.27 15.2 1.0
46 09:32:10.39  21:31:11.67 3.7 0 0 3879.11 2.43: 0.04 40.42 1.25 11513
47  09:32:13.05  21:31:35.10 243 0 0 38:28.16 2.85+ 0.01 39.45 0.62 2805
48 09:32:13.47  21:31:32.35 2.7 0 0 3858.11 - 40.00 0.99 5807
49  09:32:13.32  21:31:21.74 2.4 0 0 3849.19 2,72+ 0.09 39.47 0.73 1805
50  09:32:09.09  21:28:31.92 3.03 0 0 384D.18 - 40.34 1.80 8109
51  09:32:12.27  21:30:08.09 2.7 0.03 83 38:20.23 - 39.72 1.04 2507
52 09:32:0858  21:31:34.64 267 0 0 38:66.10 - 40.10 1.09 5907
53  09:32:11.28  21:31:16.48 25 0 0 384D.21 2.21+0.36 39.93 1.48 3406
54 09:32:12.06 21:31:11.01 3.67 0 0 38:568.20 1.99+0.11 40.29 1.47 7812
55 09:32:10.77 21:29:56.08 25 0 0 382D.17 1.85+0.21 40.29 2.00 6.2 0.6
56 09:32:11.01 21:30:03.02 3.2 0 0 3850D.16 - 40.63 221 14.6 09
57 09:32:12.42 21:29:30.64 3.17 0 0 3840.17 - 40.11 1.26 5&09
58 09:32:12.10 21:29:33.70 2.67 0 0 3848.24 3.15+ 0.07 39.70 1.06 2407
59 09:32:12.12 21:29:26.71 2.6 0 0 384D.26 - 39.78 1.30 2606
60 09:32:12.21 21:29:17.71 2.43 0 0 38:06.26 - 39.92 1.67 3.205
61 09:32:11.56 21:29:16.67 3.2 0 0 388D.25 2.85+ 0.06 40.03 1.38 4.40.9
62 09:32:10.49 21:28:57.76 3.07 0.55 61 38:20.21 2.29+ 0.05 39.43 0.60 1207
63 09:32:07.53 21:29:19.29 4.9 0.9 -18 384308.25 2.46+ 0.04 40.10 1.50 5810
64 09:32:07.53 21:29:04.49 4.63 0.87 14 38130.23 - 40.16 1.54 5&1.0
65 09:32:08.01 21:30:28.55 4.13 0 90 38486.13 - 39.96 0.56 6.£1.6
66 09:32:08.18 21:30:42.83 2.67 0 0 3846.25 - 39.09 0.39 1.20.7
67  09:32:12.63  21:29:25.61 2.33 0 0 3848.21 - 39.50 0.86 1205
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Fig.[Z4. The same apertures and centres were used to méageseon the kd and 24um with
the aim of deriving the dust attenuation (Sec.2.4.3). Thartape size selection, 13.2 arcsec,
corresponding te-570 pc at the galaxy distance, was determined by the spasalution of
the 24um image and the emission peak shifts of the emitting knoteeatiferent bands (see
below in this section). These large apertures can cause svenap between integration areas
of neighbouring regions, but in none of the cases is the contzion significant.

As already mentioned for the dHphotometry in Sed_2.4.1, the background emission has
to be subtracted from the measured @y, NUV, and FUV fluxes within the aperture, to yield
the stellar cluster emission alone. When estimating th&draand contamination, the annuli
around each aperture arefttiult to define because of crowding. As an alternative metied,
fitted light profiles perpendicular to the bar major axis aged over a rectangle of width40”
(much larger than our photometric apertures for averagutgmall-scale background variations,
but small enough to ensure a valid local background estimdtiee local background of each
region was then obtained by interactive interpolation & Hackground on the corresponding
fitted profile (second order polynomial) at the position of #amission peaks. A total of 56
regions were catalogued in the bar region alone (excludiegytilaxy centre) and the positions,
luminosities, and UV colours are shown in Tabld 2.3.

The peaks of emission in the UV and the 2% (and Hy) image are &set from each other
by a few arcseconds in most of the regions. THise&t between the emission peaks in UV and
24 um (and Hr ) amounts to 6” and was already noticed by Calzetti et al. 5206 M51.

As already said, the 24m and Hr emission peaks do not always fall within the UV apertures.
Therefore, the kit and 24um luminosities shown in Tab[e2.3 should be used with caréhes
represent the luminosities of regions centered on the UX$wath the unique aim of obtaining
the dust attenuation in the UV. For therHuminosities of the Hi regions, we refer the reader
to Sec[Z.411 and Table2.2. Last column of Tdblé 2.3 showtxhmumber of the Hr region
catalogue, which matches the UV emitting knot.

A careful visual inspection of the UV, thed{ and the 24:m images of NGC 2903 indicates
that a number of compact bright UV emission knots, mainlated in the bar region, in the
southeastern and northwestern area from the nucleus, gvi@icant counterpart emission at
neither Hr nor 24um wavelengths (see Fig2.2).

2.4.3 Dust attenuation

For many years, muchftert has gone into deriving reliable and easy-to-use dusheitn
indicators to correct optical and UV observations (e.g.nikeutt 1983; Calzetti et al. 2000;
Iglesias-Paramo et al. 2006). The appearance of multieagéh observations from the FUV
to the mid-infrared of a relatively large sample of nearblagees (e.g., SINGS; Kennicutt et al.
2003) allowed us to determine a reliable extinction corcgctising all the available bands. The
Ha and 24um combination has been shown to be a very useful tool for esing attenuation-
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corrected K and UV fluxes (Kennicutt et al. 2007; Kennicutt et al. 2009 ¥8ed these results
to obtain dust—corrected UV fluxes. We calculated the attgon in the UV bands from the dd
attenuation using the laws presented by Calzetti (2001)

AO.l&star = 1-78AHa,gas (FUV)

AO.Z&star = 1-29AHa,gas (NUV),

whereAy is the attenuation, in magnitudes, at the specific band. Taimthe Hy attenuation,
we used the method described by Kennicutt et al. (2007)

aL24ﬂm
A, = 2510 [1+ —]
: g (LHa)ObS

where (ho)obs refers to the observed dHluminosity with correction for the M lines, Logm
is defined as the produeL,, anda is the Ly4,m/Ln, constant scaling factor, which is fitted
empirically. A value of 0.038 was adopted faras derived in the same paper for the derivation
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Figure 2.4: GALEXNUYV image of NGC 2903 with the apertures used for photometrhe FUV, NUV,
He , and 24um images. See Sdc.2M.2 for further details.



16 2. Multiwavelength study of the star-formation in the baN&C 2903

0 . | . . . M
0 1 2 3 | 3 G T
Luminosity (erg/s) %107

Figure 2.5 Distribution of the Hx +[N 11] luminosity of the catalogued hiregions across the bar zone of
NGC 2903 from which the EW, were calculated.

of individual region parameters, and a value o£#.02 was adopted when deriving galaxy
integrated parameters. Galactic extinction was appligdeaalculation of the dust attenuation.
Errors in the attenuation and UV magnitudes follow from twaertainties; first, the photometric
calibration uncertainties and second, the local backgtastimates. Errors are of the order of
10%.

Because no dust tracers are detected in the UV emitting megiathout Hr and 24um
emission counterparts, we adopted a value of zero for tiemadtion in these regions. Besides
the lack of Hr and 24um, neither &m (Dale et al. 2009) nor CQIE1-0) emission is detected in
these regions, indicating that there is very little gas @atdiscuring the UV emission. As &g,
upper limit for these regions we assumrlag,.ni; = 3.8 x 10°® erg s, which is the integrated
Ha luminosity in a 13.2 arcsec aperture assuming a constanpiupixel equal to the r.m.s.
noise of the K image background. The derivedotHattenuations for the complete catalogue
are presented in Tablle2.3. We then derived UV-correctechinates and calculated the FUV-
NUV colour for each region. These results are also preseant@dble[Z.B: Col. 1 indicates the
ID of the regions; Cols. 2 & 3 the equatorial coordinates;Cdl-7 the K , 24 um, FUV, and
NUV luminosities, respectively; Col. 8 thedHattenuation; Cols. 9 and 10 the FUV and NUV
attenuation—corrected magnitudes, respectively; Colth&lFUV - NUV colour derived; and
Col. 12 the Hir region ID (taken from table~2.2) located close to each of threesponding UV
knot.
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Table 2.3 Summary of positions and photometry of the star—formingt&n&ol. 1: ID of the regions;
Cols. 2 & 3: right ascension and declination respectivelpisC 4-7: decimal logarithm of the dH,

24 um FUV and NUV luminosities respectively, these values havehbeen corrected for extinction;
Col. 8: estimated H attenuation in magnitudes; Cols. 9 and 10: FUV and NUV a#éoo—corrected
magnitudes; Col. 11: the FUV-NUYV colour of the star formirggion. Col. 4 shows luminosities
corrected for a 25% [N] contamination. For the regions where Col. 8 has a value@f@ols. 4 and 5

correspond to an upper limit of the corresponding luminiesit

ID R.A. Decl. log Lye log Logum log Lryy log Lnuv AHa FUV NUvV FUV - NUV Ha ID
(J2000) (J2000) (ergd) (ergs?) (ergst) (ergs?t) (mag) (mag) (mag) (mag)
1 09:32:11.67 21:30:40.80 39.15 40.92 40.63 40.73 1.27 415.7 15.67 0.08 2
2 09:32:12.34 21:30:40.00 38.93 40.57 40.53 40.61 1.06 716.3 16.22 0.15 14,15
3 09:32:12.25 21:30:23.80 38.87 40.32 40.80 40.83 0.78 916.1 16.03 0.16 4,20,21
4 09:32:12.75 21:30:11.70 <38.48 <39.41 40.65 40.58 0 17.95 17.68 0.27 -
5 09:32:12.23 21:31:05.70 38.94 40.71 40.74 40.81 1.29 415.4 15.45 -0.01 1
6 09:32:10.89 21:30:26.10 38.65 40.47 40.69 40.83 1.36 415.4 15.30 0.14 -
7 09:32:11.78 21:30:12.50 38.86 40.32 40.90 40.91 0.8 15.895.81 0.08 23
8 09:32:11.85 21:29:55.30 <38.48 <39.53 40.77 40.80 0 17.65 17.13 0.52 13
9 09:32:12.23 21:30:05.70 <38.48 <39.75 40.71 40.74 0 17.79 17.26 0.53 51
10 09:32:10.18 21:29:35.90 <38.48 <39.82 40.79 40.87 0 17.59 16.95 0.64 -
11 09:32:10.74 21:29:22.90 <38.48 <38.94 40.41 40.54 0 18.55 17.78 0.77 -
12 09:32:09.78 21:29:22.80 <38.48 <39.53 40.32 40.41 0 18.77 18.10 0.67 -
13 09:32:07.59 21:28:55.40 38.97 40.64 40.52 40.64 111 2916. 16.08 0.21 17
14 09:32:07.16 21:28:46.10 38.75 40.03 40.43 40.46 0.6 517.417.21 0.23 25
15 09:32:08.77 21:28:46.40 39.17 40.84 40.64 40.71 1.1 016.0 15.91 0.09 24
16 09:32:07.98 21:28:40.00 38.88 40.51 40.54 40.59 1.06 3516. 16.29 0.06 42
17 09:32:07.81 21:29:38.70 38.90 40.38 40.09 40.23 0.83 8817. 17.49 0.39 -
18 09:32:08.27 21:29:47.70 38.87 40.26 40.05 40.14 0.71 1818. 17.86 0.33 -
19 09:32:12.03 21:31:33.30 38.70 40.34 40.54 40.58 1.07 3116. 16.31 0.01 26
20 09:32:12.12 21:31:22.90 38.70 40.49 40.64 40.68 1.32 6315. 15.72 -0.1 41
21 09:32:10.45 21:31:14.50 38.83 40.70 40.65 40.75 1.45 3615. 15.38 -0.03 46
22 09:32:11.25 21:31:17.50 38.78 40.39 40.62 40.74 1.02 2016. 15.95 0.25 23
23 09:32:09.72 21:30:38.80 <38.48 <39.53 40.19 40.34 0 19.10 18.27 0.82 -
24 09:32:08.78 21:30:34.90 <38.48 <39.84 40.26 40.27 0 18.91 18.44 0.48 -
25 09:32:08.80 21:30:25.20 <38.48 <39.94 40.17 40.20 0 19.15 18.63 0.52 -
26 09:32:09.63 21:30:27.20 <38.48 <40.07 40.12 40.27 0 19.28 18.44 0.84 -
27 09:32:08.25 21:30:11.70 <38.48 <39.85 40.09 40.06 0 19.35 18.96 0.39 -
28 09:32:08.45 21:30:00.70 <38.48 <40.06 40.17 40.20 0 19.16 18.61 0.55 -
29 09:32:11.27 21:29:34.90 <38.48 <39.52 40.37 40.44 0 18.64 18.02 0.62 -
30 09:32:11.47 21:29:43.50 <38.48 <39.81 40.39 40.36 0 18.59 18.22 0.37 -
31 09:32:07.17 21:29:28.20 38.83 40.24 39.79 39.94 0.74 7718. 1831 0.46 6
32 09:32:09.60 21:28:46.50 39.16 41.03 40.37 40.44 145 0616. 16.16 -0.09 27
33 09:32:12.54 21:30:53.60 38.76 40.63 40.45 40.59 146  8415. 15.75 0.09 10
34 09:32:10.51 21:31:38.80 <38.48 <40.07 40.58 40.64 0 18.12 17.54 0.59 28
35 09:32:11.05 21:31:37.20 <38.48 <40.19 40.54 40.58 0 18.22 17.67 0.56 -
36 09:32:10.29 21:28:42.20 38.62 40.53 40.40 40.47 153 8415. 15.98 -0.14 29
37 09:32:09.74 21:31:49.20 <38.48 <39.48 40.42 40.49 0 18.52 17.89 0.63 -
38 09:32:08.56 21:31:34.30 38.76 40.44 40.61 40.65 112 0516. 16.06 -0.01 30,52
39 09:32:07.94 21:31:36.10 38.82 40.01 40.59 40.61 0.5 017.2 16.97 0.23 37
40 09:32:07.72 21:31:25.80 <38.48 <39.31 40.54 40.60 0 18.22 17.63 0.59 -
41 09:32:10.56 21:28:59.90 38.92 40.38 40.67 40.72 0.81 4816. 16.28 0.19 -
42 09:32:11.30 21:28:56.40 38.90 40.76 40.64 40.66 1.42 4615. 15.64 -0.18 31
43 09:32:11.61 21:29:06.70 38.75 40.52 40.47 40.51 1.27 1516. 16.20 -0.05 45
44 09:32:10.89 21:28:30.90 <38.48 <40.03 40.52 40.52 0 18.28 17.82 0.47 -
45 09:32:11.72 21:28:31.70 38.74 40.16 40.39 40.36 0.76 2617. 17.24 0.01 32
46 09:32:10.59 21:28:21.00 <38.48 <39.53 40.55 40.57 0 18.20 17.71 0.49 -
47 09:32:09.78 21:28:14.80 <38.48 <39.74 40.64 40.60 0 17.97 17.61 0.36 -
48 09:32:12.68 21:28:37.90 39.01 40.57 40.54 40.53 0.94 5516. 16.59 -0.04 33
49 09:32:13.30 21:28:46.40 39.07 40.46 41.10 41.04 0.72 5415. 15.60 -0.06 34,43
50 09:32:12.83 21:29:38.40 38.48 39.71 40.66 40.59 0 17.92 7.641 0.28 -
51 09:32:13.41 21:29:49.60 <38.48 <39.63 40.40 40.33 0 18.57 18.29 0.28 -
52 09:32:06.38 21:31:15.80 38.65 39.77 40.42 40.44 0.43 7517. 17.47 0.28 -
53 09:32:13.65 21:28:58.00 <38.48 <39.77 40.47 40.49 0 18.39 17.90 0.49 -
54 09:32:09.14 21:28:11.60 <38.48 <39.98 40.48 40.47 0 18.38 17.95 0.43 -
55 09:32:08.05 21:28:15.20 <38.48 <40.14 40.30 40.40 0 18.82 18.11 0.71 35
56 09:32:09.67 21:31:08.80 39.42 41.32 40.25 40.44 15 616.2 16.08 0.18 36
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2.5 Results

2.5.1 Hu luminosity and EWy,

The logarithms of the K +[NII] luminosities of the Hi regions of NGC 2903 range from 38.0
to 39.8 erg st and their distribution is shown in a histogram in Aig]2.5.eTlaminosities are
within the range of typical values for extragalactiartiegions in barred and unbarred galaxies
(see e.g., Kennicutt et al. 1989; Mayya 1994; Gonzalezgddkl & Pérez 1997; Rozas et al.
1999; Relaino et al. 2005), but are higher than theliininosities reported by Alonso—Herrero
et al. (2001) for the nuclear region of NGC 2903. This appadéectrepancy is partly caused by
the smaller distance assumed for NGC 2903 by these auth8rdfic versus 8.9 Mpc assumed
in this paper). More importantly, Alonso—Herrero et al. Q2 apply a semi-automated method
based on a limiting k| surface brightness to define the edges of anrelgion from anHS T
image, yielding catalogueddiknots that may correspond to parts of a single kgion, as
defined in ground—basedsHmaging, and therefore have lower luminosities and sizes.

The Hu region number 36, located in the northernmost part of the$ee Tabl€ 212 aridr
Fig.[Z3), has an bl luminosity of 64 x 10*° erg s, which makes this region the brightestiH
region in the galaxy (outside the nuclear region of the gglaXts luminosity is comparable
to, for instance the brightestiHregion in the nearby spiral galaxy M51 (Calzetti et al. 2005;
Scoville et al. 2001) and 30 Doradus in the Large Magellaou@ (Kennicutt et al. 1989).

The EW,,+nip Of Hi regions in the bar of NGC 2903 range fronT1 to ~1550 A, which
is typical of disk and bar H regions (e.g., Bresolin & Kennicutt 1999; von Hippel & Bothu
1990; Cedrés et al. 2005; Zurita & Pérez 2008). The digtidn of EW,.(ni; has a mean value
of log EWhaniy = 2.6+ 0.3 (EWg, in A).

The Hx equivalent width of Hi regions depends on several factors including the initiadsna
function (IMF), the evolutionary status of therHegion, its metal content, and ionizing photon
loss due to dust extinction or leakage from the region. ZW&iférez (2008) analysed thffect
of all these factors on the observed distribution of gVor the bar Hi regions in NGC 1530,
and we refer the reader to that paper for a more detailed sson of the subject. Assuming sim-
ilar physical conditions in the bar of NGC 2903, the evoloaoy status of the H region is the
dominant factor fiecting the EW,,, distribution. Assuming also that thertHegion is the product
of a single burst of star-formation, population synthesdels such aStarburst99(Leitherer
et al. 1999) can be used to estimate an average age for eachdtbn, for a given IMF and
metallicity. We therefore compared the theoretical priedits of Starburst9%or the evolution
of a single burst of star-formation with age, with our E\Wmeasurements. O&@tarburst9%im-
ulations used the Geneva stellar—evolutionary tracks gamétallicity ofZ = 0.02 was assumed,
which is the mean oxygen abundance of the gas in NGC 2903 aditige of galactocentric dis-
tances covered by the NGC 2903 bar (Pilyugin et al. 2004).tk®IMF, we assumed a multi
power—law parametrizatiodN/dm o m®) with @ = 1.35 for 01 < M < 0.5M; anda = 2.35
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(Salpeter) for higher masses up to MQ From the comparison of thetarburst9utput with
our measurements (after correcting forifNcontamination), we estimate that the ages of the
catalogued Hi regions of NGC 2903 are between 2.7 Myr (log EW= 3.07) and 7.1 Myr (log
EWy, = 1.73). We note that to derive an age from the measured equivaldth, we first had

to correct the measured equivalent width of theijMnes contribution.

Figure[Z.6 shows the distribution of the E)\Mn the galaxy on top of 3.@m intensity con-
tours. As mentioned earlier, the 3u8n emission is a strong tracer of old underlying stellar
populations and therefore a good indicator of the stellarDiae distribution of the EW, shows
no correlation with position within the bar.

2.5.2 Dust attenuation

Figure[Z.8 presents the distribution and amplitude of theallenuation in the bar of NGC 2903
with the 3.6um intensity contours (tracing the stellar bar) overlaid op.tThe attenuation was
calculated from the ratio of thedto the 24um emission (Kennicutt et al. 2007) as presented in
Sec.[2Z4B. The apertures are centered on regions of strgrgntission.

The mean attenuation value is aroung,A~ 1.0 mag and ranges from 0 to 1.5 mag (except
for regions 55 and 56, closer to the nucleus with an atteanatalue of 2.2). There are a few
UV regions where we assume no dust attenuation because ok @flany significant k4 and
24 um emission (see Se€_2MK.3). The higher attenuation vateds@ated in the bar and at the
beginning of the spiral pattern (see Talbld 2.3). This indisgéhat the bar and spiral arms in NGC
2903 are gas rich, whereas the UV emitting regions to théhmast and southeast of the galaxy
nucleus, those regions with zero attenuation, have low gdsdast content; nevertheless, this
region is populated by young stellar clusters, see $ecd.2Mlditional discussion of the origin
of these regions is presented in SEC.] 2.6.

2.5.3 Star-formation rate

The locations of the most active star-formation sites witnbar are determined by the favoured
dynamical behaviour of the gas and dust. Studying the Higion of the loci of current star—
formation within bars can therefore put constraints on ttogerties of a particular bar potential.
Gas does not stay in typical bar intersecting orbits andseéndccumulate and shock in certain
regions of the bar. Dust lanes can be used as tracers of shothe gas flow (Athanassoula
1992). From Fig[Z]2, one can already see that the dust lasesegen from thg — Z colour
map) follow the CO (31-0) distribution, the K leading the CO (@1-0) as previously observed
in other barred spirals (e.g., Sheth et al. 2002). Theekhission in the bar of NGC 2903 follows
an s—shape covering the whole stellar bar and is dominatedasgical localised H regions
(Fig.[Z3).

In ionization—bounded H regions, the reddening-correctedrHuminosity scales directly
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with the total Lyman continuum flux emitted by the ionizing leedded star cluster. Therefore,
the Hx emission is a good tracer of current star-formation. We ukedollowing calibration
relating the Hr luminosity to the rate of star-formation (Kennicutt 1998)

SFRy, (M, year?!) = 7.9 x 107% L, (erg s?),

for calculating the current SFR associated with each catedd Hu region (Sed_Z.411). The re-
sults are given in Col. 11 of Tadle2.2 and were obtained fioerobserved H luminosities (Col.

4 of Table[ZR), and were corrected for fiNemission-lines contamination (see Sec.2.2.1) and
dust extinction inside the regions. The latter were estuas already described in SEC.2.4.3
for the UV emitting knots, comparing theaHand 24um luminosities within the hik region aper-
tures. Given the dierent spatial resolution of the two images, we applied antagecorrection
factor (Table 1 of Engelbracht et al. 2007). The SFRs obthfoeour catalogued H regions
range from~1.1 t0~126 x103M, year®. We excluded regions 55 and 56 in this calculation
because of likely contamination from the nuclear regionssmon.

The total SFR implied by the d&d emission of the bar zone of NGC 2903 (excluding the
nucleus) is~ 0.9 + 0.2 M, yr~! (Fig.[ZT shows the integration area). This value implies the
NGC 2903 bar is forming stars at a rate comparable to othenabfnon—starburst) spirals. The
nucleus of NGC 2903 is almost as bright ivlds the whole bar, implying that it hosts similar
SFRs (Alonso—Herrero et al. 2001; Leon et al. 2008).

Alternative SFR calibrations make use of the UV emission.d&fkved the integrated SFR,
within the same region as for the calculation of the §FRsing the UV emission as SF indicator.
The SFR in the UV has been computed following the recipesgiv&alim et al. (2007)

SFRyv (Mg year?) = 1.08 x 10728 L gyy,

with Leyy in ergs s'Hz™t. The star-formation rates calculated in this way infer a SkR=
0.44 + 0.06 M,, yr~! for the bar region. The SFR calculated from both bands (cfRgF=
0.44 + 0.06 M, yrt and SFR, = 0.9+ 0.2 M, yr1) and the fluxes from which these SFR
were obtained, are compatible with the results given byrotloeks based on a large number of
galaxies (i.e; Lee et al 2009; Salim et al 2007). The $FR a tracer ofrecentstar-formation,
averaged over some hundreds of Myrs (Calzetti et al 2005gkatral. 2004), while the SRR
probes theurrentstar-formation. The SFRs derived in this paper are comjganith a number
of star-formation histories, as derived from tB&arburst99model. It is, however, interesting to
date the age of the UV complexes with na idounterpart to shed some light into the origin of
these structures. This is investigated in the next section.

2.5.4 UV colours and cluster ages

There is now a substantial amount of observational evidémaetheFUV - NUV colours are
very sensitive to the age of young stellar populations beea the rapid evolution of the most
massive stars (i.e; Bianchi et al. 2006; Calzetti et al. 2005
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Figure 2.6. Ha +[Nu] EW distribution in the bar region of NGC 2903. The size of theles represents
the Hu region projected area. The intensity contours trace th@i® @mission.
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Figure 2.9 Distribution of the UV colours in the NGC 2903 bar and its sumding regions. The intensity
contours trace the 36n emission. A concentration of redder regions is clearljblesto the northeast and
southwest of the nucleus. These regions correspond to thee¢lbins with no significant & counterpart.

To estimate the ages of our catalogued UV regions, we useduhe- NUV colours, which
had been calculated using fluxes corrected for dust attemu¢dec[2.413). Figure—ZI10 shows
the range of UV colours in the bar of NGC 2903. The colours learesan value of 0.3 mag with
a standard deviation of 0.27 mag. This range of values is&pif spiral galaxies (Thilker et al.
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Figure 2.10 FUV - NUV colour distribution for the catalogued UV regions in the bane of NGC 2903.
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Figure 2.11 Time evolution of the UV colour for a single starburst regiofhe model assumes Padova
stellar tracks with Z0.02 (solar) and an IMF constructed by a multi power—law peataization with
a=13for0.1< M < 0.5Mg anda = 2.35 for higher masses up tO0Mg,.

2005; Koribalski & Lopez—Sanchez 2009).

Figure[2Z.9 shows the spatial distribution of the derit#dl - NUVregions. One of the most
striking properties of the colour distribution are the reddegions located to the northwest and
southeast of the galaxy nucleus and at the beginning of fin& spm. These regions correspond
mostly to those with the lowest attenuation. The regionatied along the bar consist mostly of
blue UV emitting regions.

As well as being age—dependent, B¢V - NUVcolours are also strong tracers of metallicity;
however, we can assume an approximately constant metaliicthe bar region of NGC 2903
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(Pilyugin et al. 2004). With this assumption, tR8V - NUVcolour is, as we already mentioned,
a good tracer of age. To compare our results with the thealetiodels and then derive the ages
of the clusters, we model the evolution of a single-stard@tion burst using th&tarburst99
population synthesis model (Leitherer et al. 1999). As in@mlues, we used the Padova AGB
stellar tracks with a metallicity o = 0.02 (solar). For the IMF, we assumed a multi power—
law parametrization witlw = 1.3 for 0.1 < M < 0.5My, anda = 2.35 for higher masses up
to 100M,. We then derived th&UV - NUV colours from the simulated spectrum in multiple
time-steps of between 1 Myr and 1 Gyr (see Eig. R.11).

To estimate the UV region ages, we interpolated the modélléd - NUV colourversusage
dependence to the observed UV colours. The colours of ther pbgions range from -0.18 to
0.15, corresponding to an age of 3to 10 Myr. The redder regianwe colours ranging from 0.4 to
0.85, which imply ages ranging from 150 to 320 Myr. The latter group of colours corresponds
to regions with significant amounts of neithewHor 24um emission. Thé&-UV - NUV colour
remains constant around 0.2 implying ages of between 10 &titkgounger than 100 Myr.

2.6 Discussion

NGC 2903 is a clear example of a galaxy with verfelient morphologies as shown byfdrent
broad—band images. Although its bar is classified in the NiR avbar strength of 3 (Laurikainen
& Salo 2002), corresponding to a relatively strong bar, dnsl ¢considered to be @assicalbar,
its morphology at shorter wavelengths is more similar ta tia patchy spiral disk. This clearly
shows that to understand the SF history in bars it is necgssabtain a panchromatic view.

To investigate the properties of SF in the NGC 2903 bar, we levour disposal informa-
tion about the distribution of gas in twoftiérent phases, namely the ionised gas and the colder
CO (J =1-0). As for the stellar component, we are able to trace yaias up to 1 Gyr with the
UV information, the location of massive stars can be traceahfthe location of their bk regions,
whereas intermediate and older stellar populations camrdiged according to their distribution
in both the 3.6um and optical bands.

We observe that the CQ 1-0) distribution closely follows the emission in the g1 band.
There is a misalignment between the major axis of the bavel@from ellipse fitting of optical
images (Sheth et al. 2002) and the gr6 major-axis light distribution. Both the CQ (=1-0)
and the 3.am should therefore be on the leading side of the optical phetac axis of the bar.
The Hx emission leads not only both the CG:=@30) and the 3.eém emission but has a slightly
different distribution, following a spiral pattern not so clgaeen in the CO @1-0) and 3.um
emission. The kit emission also leads the dust lanes as traced by opticalraolaps. Numerical
models predict that the gaseous component (of both ionisgeeutral gas) leads the stellar bar
(Martin & Friedli 1997).

This study started as a follow—up of the analysis carriedoouhe bar of NGC 1530 (Zurita
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& Pérez 2008) to understand the physical processes detegrstar-formation in bars, where
the importance of bar dynamics was clearly demonstrateth 80 (J&1-0) and dust are concen-
trated in regions where shocks and gas accumulation areéaldoy the bar potential. The distri-
bution of the dust in the bar of NGC 1530 is much narrower ttendistribution in NGC 2903.
In NGC 1530, the dust lanes are straight and clearly delatkas$ opposed to the broken feathery
morphology of the dust lanes in NGC 2903 (Higl 2.2e). This idicate that no strong shocks
are present in the bar of NGC 2903, in contrast to the largecitgl gradients perpendicular
to the bar in NGC 1530 (Zurita et al. 2004), suggesting thatks are driving the observed
morphology in NGC 1530.

Streaming motions along the bar of NGC 2903 were detecteddmn let al. (2008) using
HCN(1-0) as the kinematic tracer. An ongoing analysis ofwblecity gradients in the ionised
gas of NGC 2903, using the data published by Hernandez e28D5], will clarify whether
strong velocity gradients are present or not in the bar of N\8Q3. Therefore, although the NIR
emission suggest that NGC 2903 hosts a strong bar, the beoi@mvide structure of the dust
lanes may well be evidence that it does not.

The presence of Hregions in both the trailing and leading sides of the dustsan NGC 1530
and an age gradient between both sets nféfions, provides support to the hypothesis (Sheth et
al. 2002) that massive stars form in the trailing side of taedust lane and move to the leading
side. There are no hregions on the trailing side of the bar of NGC 2903, and nodrienH it
region age is found across the bar. This may indicate thabtpnation of where star-formation
is favoured, is not as straightforward as in NGC 1530, or astiés not as clearly driven by the
strong bar dynamics.

The complexity of the SF properties in the bar of NGC 2903ss dlustrated by the presence
of compact UV sources without significant g# and Hr emission. These regions are located
symmetrically with respect to the centre of the galaxy aratilygoerpendicular to the bar as well
as in a spiral pattern. All of these regions h&dV - NUV colours compatible with ages of a
couple of hundred Myr. The lack ofddemission suggests that these locations are currently not
favoured by the bar potential to form stars. These stars nighe formed somewhere else in
the bar and migrated afterwards to the current position. tBem a few questions would arise:
(1) where did these stars form?; (2) are the stars that arertly forming likely to remain at
similar locations?; or, (3) in contrast, were they formediilyia more general SF burst possibly
linked to the bar formation, or a merger? An ongoing analgs$isoth the H and Hx velocity
fields will shed some light onto the origin of the UV complexes

ThecurrentSFR in the bar, as calculated fronaHs similar to those of other disk galaxies,
although the bar contains a considerably high amount ofedeolsl gas, as traced by the HCN(1-
0) (Leon et al. 2008). TheecentSFR, as calculated from UV emission, is compatible with that
of thecurrentSFR.

We draw attention to theffsets of a few arcseconds between the emission peaks in jira 24
and theGALEXimages. The 24m emission is a good tracer of current star-formation, while
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UV emission is a ‘time-averaged’ recent star-formationaatbr (e.g., Calzetti et al 2005). The
offsets found here (also seen in M51 by Calzetti et al 2005) atelian evolutionary link between
the sites where current star-formation is occurring andpibstion of the UV counterpart. Esti-
mations of the rotation curve and the pattern speed wouldebessary to determine whether the
dynamical timescales are compatible with the ageing ofegens.

2.7 Summary and conclusions

We have performed a detailed multiwavelength study of atadems from UV to sub—millimeter
wavelengths of the NGC 2903 bar and its surrounding regidfeshave mapped and catalogued
the Hu regions of the bar and measured their dquivalent widths. Furthermore, we have
obtained a catalogue of the UV emitting regions, and medsiwer peak locations with respect
to those in the K image. The extinction has been estimated using thahtl 24um emission.
Values of SFRs using bothdHand UV indicators have been calculated. We have estima&ed th
age of the regions, using the E\Yand theFUV - NUV colour together with stellar population
synthesis models. Our main results are:

e NGC 2903 is a morphologically complex galaxy. Both the nedrared and the COJ=1-
0) band images detect a clear barred structure, whereasithatHUV maps show a patchy
spiral-like structure.

e There are clear spiral-like UV complexes with no significhliat, 24 um, and CO (31-0)
counterpart emission. These complexes are located nosthavel Southeast of the bar
within the inner 1 arcminute radius (corresponding-&a5 kpc).

e The Hx emission along the bar, leads the CO. The@r6and CO (F1-0) emission trace
each other, both leading the major axis of the optical ligstribution.

e The Hr luminosities and EW, of the bar Hi regions are within typical ranges foriH
regions in both bar and unbarred spirals. The spatial digion of the Hr EWs does not
correlate with any morphological feature in the bar.

e The average dust attenuation in the bar area of NGC 2903 js A.06, and ranges from
0to 1.5 mag.

e TheFUV - NUVcolour distribution is distributed into two regions. Theibt regions range
from -0.18 to 0.15 implying an age of betweef3 and 10 Myr. The redder regions have
colours ranging from 0.4 to 0.85, which imply ages rangiranfr150 to 400 Myr. The
latter correspond to regions with significant amounts oftreziHy nor 24um emission.
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e The SFRs of the bar region derived from both &hd the UV emission are@:0.2 M, yr*
and 04 + 0.1 M, yr~1, respectively.

All these results suggest that some process triggered aISEabfew hundred Myrs ago. In-
terestingly, we do detect some stellar clusters unrelatétt current SF locations, symmetrically
located nearly perpendicular to the bar (in the inr2r5 kpc). These regions might originate
from this SF burst.

In a future paper, we will analyse the gas kinematics of tHaxyawith the aim of shedding
some light on the origin (merger versus secular evolutidthese findings.
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Chapter 3

Links between star-formation and Hi and Ha gas
kinematics in NGC 2903

— G. Popping, I. Ferez, J.M. van der Hulst & A. Zurita —
Abstract

In a previous work we found NGC 2903 to have a morphologicadly complex appearance

in different wavelength bands. There are several UV complexeg ipahof the galaxy with

no counterpart ki and 24um wavelength emission. These complexes have ages much older
than the other UV complexes in the bar, and are regions ctigrerot favoured by the bar
potential to form stars. The spatial distribution of the agfestar-forming sites does not
correlate with any morphological feature of the bar.

We aim to understand the interplay between bar dynamics amd@mation in the bar of
NGC 2903 and how this relates to other strong bars. Secon@lyseek for signatures in the
H1and Hx velocity fields of NGC 2903 that might be related with the demmorphological
appearance of NGC 2903 inffiirent wavelength bands and the UV complexes currently not
favoured by the bar potential to form stars.

We use Hand Hx interferometric data to measure the kinematics of the ra¢aind ionised
gas in NGC 2903. We use ther ltb characterise the overall kinematics and the kb
measure the non-circular motions present in the bar region.

We find NGC 2903 to have a velocity field typical for a disk galakh some signs of gas
response to a bar potential. No strong velocity gradientd simocks are present in the bar
region of the galaxy. On a global scale peaks i Hon-circular velocity and intensity
(i.e., star-formation sites) overlay, and no sign of stramigraction due to the bar potential
between the two is found. These results point out that thedbas not show the typical
features associated to strong bars and indicate that thedyemmics and star-formation
are not strongly driven by the bar potential. Combined witevious work that doubts the
bar strength, it suggests that the bar of NGC 2903 is much arghlan was measured from
broad-band imaging. The Hlistribution and velocity field contain several signs of agee

event. The neutral gas distribution is warped, lopside@, riitation curve of the receding
and approaching side of the galaxy are asymmetric, and a glhase shift is present in the
change of position angle of the receding and approaching siiih radius. A merger event
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might be the origin of the complex dynamical appearance o£i2G03 and the bar strength
that appears to be weaker than suggested from broad-bandinga

3.1 Introduction

Barred spirals can be used as a useful tool to investigatennaerial is driven towards the centre
of a galaxy and how the flow of material favours or inhibitsrgtamation. Especially their
extreme physical conditions make barred spirals perfefatd to study the relation between
dynamics and star-formation.

The bar potential drives gas into non-circular intersegtrbits, resulting in regions of strong
shocks and shear. During the last decade mtidrtéehas been put into linking the dynamics of
bars and resulting kinematics of the gas to star-formatfostudy of the interplay between the
non-circular motions and star-formation can shed some lighgeneral conditions favouring
star-formation.

This interplay was extensively studied for the case of NGB0LBy Reynaud & Downes
(1998) using the CO transition-line and Zurita et al. (2004)ng Hr emission. The former
found that strong velocity changes are anti-correlateti siair-formation. The latter found that
velocity changes due to shear inhibit star-formation, whservelocity changes due to shocks
enhance it. Their second main result was an anti-correldteween K surface brightness and
the highest non-circular motions in the bar. Zurita & P&f2@08) found that the dust spurs at
the trailing side of the major bar dust lane in NGC 1530 cateekpatially with strong velocity
gradients, with strong gradients probably tracing gas flol¥ge bar Hi region photometric and
dynamic properties are compatible with a migration scenrom the trailing to the leading
side of the bar after their formation.(Zurita & Pérez 2008he NGC 1530 results support the
hypothesis that stars form in dust spurs at the trailing sfdee bar dust lane and move towards
the leading side as they age (Sheth et al. 2000, 2002).

In a previous paper, we showed that this hypothesis doesauatssarily hold for all barred
spirals (Popping et al. 2010). In a thorough multiwavelergitidy from the UV to the infrared
we observed that star-formation in NGC 2903 is presentlgtied at the leading side of the major
bar dust lane and we found no trend in the age afridgions with respect to their location. On
top of that, we found several strongly emitting UV knots lschperpendicularly to the bar in
a spiral like shape with a significant amount of neither hbr 24 um wavelength emission.
The complexes have ages much older than the other UV congpiexbe bar, and are regions
currently not favoured by the bar potential to form stars.e3dé results demonstrated the need
to understand the bar dynamics if one wants to understandostaation in bars properly. This
need was strengthened by the appearancefi@rdnt morphologies of NGC 2903 as observed in
different wavelength bands.

A close inspection of the kinematic behaviour of the gas inON\E®03 might shed light on
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how the star-formation locii and the complex morphology lué galaxy are determined by the
bar dynamics. This allows us to address what causes theefdasuty with the hypothesis on
star-formation locii and evolution in bars as proposed bgtBlet al. (2000, 2002).

The aim of this paper is twofold. Firstly, we will study thenkimatics of ionised gas and
trace the interplay between shocks, shear, dust spurs,tanfbemation. It will allow us to
determine whether the relation between gas kinematic bhetiaand star-formation as observed
for strongly barred spiral NGC 1530, also holds for the maiphgically more complex NGC
2903. This is carried out by studying the non-circular moesiof the ionised gas aroundiH
regions. We use H21 cm line-emission to create a model for the NGC 2903 ratativelocity
field and subtract the model from Fabry-Pérat knaging of the velocity field to obtain the
non-circular motions of the ionised gas.

Secondly, we will seek for signatures in both theahd Hx velocity field of NGC 2903 that
might have to do with the strong UV emitting knots not linkedlie bar dynamics and complex
morphology of NGC 2903 as observed iffdrent wavelength bands.

NGC 2903 is a close by (8.9 Mpc; Drozdovsky & Karachentsevi2@Bd galaxy. It is iso-
lated from large companions and shows no signs of a majorenexgent (Irwin et al. 2009). The
galaxy possesses a symmetric strong bar considered typichls type of galaxies (Laurikainen
& Salo 2002), although the broken and wide dust lane, contbivieh the spiral like morphol-
ogy of the galaxy in the UV, might be evidence of a less stroag(Bopping et al. 2010). The
bar contains a large amount ofiHegions as traced by theirdHemission along the whole bar
(Sheth et al. 2002), which makes NGC 2903 a perfect objeduttyshe link between ionised
gas kinematics and star-formation. A CO(1-0) emissionaigfanap is available for this object
(Helfer et al. 2003) and can, together with HCN(1-0) emisdiased velocity data (Léon et al.
2008), be used as a reference.

The outline of this paper is as follows. In Sec. 2 we presemtitita. In Sec. 3 we present the
methodology to analyse theitdnd present the Hotation curve and non-circular velocity field.
Sec. 4 describes the methodology to analyse tlh@htl contains the main results regarding the
non-circular velocity and velocity gradients of the iordggas. In Sec. 5 we discuss our results
and we end with a summary and conclusions.

3.2 Data

3.2.1 Hidata cube

In order to study the kinematics of NGC 2903 we useddidta from the WHISP survE;(Kam-
phuis et al. 1996; van der Hulst et al. 2001). A descriptiotihefdata reduction and details of the

1The Westerbork H Survey of Spiral and Irregular galaxies. Observations wereied out with the Westerbork
Synthesis Radio Telescope by the Netherlands Foundatid®efeearch in Astronomy
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data cubes available are presentedhatv.astro.rug.ntwhisp We used the 30 arcsec resolution
data cube which has a r.m.s noise of 2.1 fhdgm. The observations cover a velocity range of
~500 km st from 315.54 to 834.91 km$in 127 steps of 4.14 kmms. The beam size of the
telescope during observations was 23.4 arcsec.

In order to isolate the signal, we first created a smoothed dalbe at 60 arcsec resolution
using the SMOOTH task in the GIPSY paclﬁg@m the initial data cube, such that the pixel
scale was retained. Pixels in each channel of the 60 arcdexwith a pixel-value less than
three times the r.m.s. noise were marked as “low-signakelPralues in each channel of the 30
arcsec resolution cube were set to blank if the same pixdler6D arcsec cube was marked as
“low-signal”. This resulted in a conditionally transfedrélata cube, created using the CONDIT
task. We used PYBLOT to blank all areas which passed the que\step, but after inspection
were considered noise.

We created a total intensity, velocity and velocity dispmrsmap of NGC 2903 from the 30
arcsec resolution cube using the XGAUFIT task in GIPSY. Femhepixel we fitted a Gaussian-
Hermite through the channel map with 2.5 times the r.m.senassa lower cutd. The obtained
intensity and velocity maps are presented in Figure 3.1.

3.2.2 Hx data cube

We used k¢ Fabry-Pérot observations of NGC 2903 from thecEBARH sample to achieve
understanding on the motions of the ionised gas in the base@htions were obtained using the
FaNTOmI\ﬂ instrument at the Observatoire du mont Mégantic with a Ipgikee of 1.6 arcsec.
The observations cover a velocity range-0325 km s from 388.92 to 715.3 km3 in 48 steps
of 6.96 km s*. Each channel has a signal to noise ratio aroyinkSs.

A Fabry-Pérot interferometer will detect imaginary enasswhich is the result of an optical
bias (free spectral range jump). Before isolating the diffoan the noise, we manually blanked
all the 'non-real’ emission due to the free spectral rangegun each channel using PYBLOT.

Because of the “large” pixel size, the amount of pixels witgngicant data was not large.
We therefore used a datacube smoothed to a resolution o68anwhich enlarged the emission
area, without creating false emission and loosing to mufdrimation on the morphology of the
intensity and velocity field.

Separation of signal from noise in the datacube at 3 arcsatutton was done in the same
way as described in sectign_32.1. A smoothed data cube witlsaution of 10 arcsec was
used for the CONDIT task. Instead of using the XGAUFIT taskieate a velocity map, we
used the MOMENTS task to obtain zeroth, first and second dddemoment maps of NGC
2903. Moments maps were created, using only signal aboee times the r.m.s. noise in five

2Groningen Image Processing System (van der Hulst et al.; M@@@laar & Terlouw 2001)
3Big Halpha kinematical sample of BARred spiral galaxiesr{i@dez et al. 2005)
4Fabry-Pérot of New Technology of the Observatiore du moaghhtic (www.astro.umontreal antomm)
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Figure 3.1 a) Hr integrated intensity map of NGC 2903; b} Melocity field of NGC 2903 in kifs. The
contours range from 350 to 750 kim'swith a step size of 25 knt%, the 550 km 3% contour has been
marked for clarity.

consecutive channels of the 3 arcsec data cube. We were leotoabse the XGAUFIT task,
since the K emission line profiles were noisy and not well described widingle Gaussian.

3.3 HIl map and kinematics

The aim of usage of the Hmap of NGC 2903 was twofold. Firstly, theilHube was used to
study the behaviour of neutral gas in NGC 2903. Secondly,see the rotation curve to produce
a two dimensional projection model of the velocity field irer to retrieve the Hand Hx non-
circular motions. In this section we will focus on ther general and kinematic properties of
NGC 2903

3.3.1 General Hi features

We find that most of the IHis concentrated in the inner disk (at a radius-d?00 arcsec) and in

a ring-like structure around this disk (see Figlird 3.1ak Fimer disk has a depletion of neutral
gas in the galaxy centre. The ring-like structure coincidés the thin optical spiral arms in
the outer parts of the galaxy (Begeman 1987). The galaxylsasadarge H envelope with an

H1 extent up to 3.2 times its optical diameter (Irwin et al. 20QDpsidedness is seen from the
distribution of the neutral gas, as the Southern envelops gat to a much larger extend than the
Northern envelope. The largeilénvelope is warped at both sides of the galaxy with respect to
the ring-like structure and the inner disk. The increaseasifon angle with radius is prominent



34 3. Links between star-formation andi ldnd Hx gas kinematics in NGC 2903

in both sides of the galaxy.

The global profile of NGC 2903 is presented in Figlrd 3.2 anid igood agreement with
previously published profiles (Irwin et al. 2009; Wong et 2006; Springob et al. 2005). We
find a total H mass of (480+ 0.04) x 108 M,. This mass is similar to the amount of neutral
gas found by Irwin et al. (2009). TheirHnap goes down to much lower sensitivity and to much
larger extent, which implies that the outen ldnvelope does not contribute significantly to the
total mass.

NGC 2903 is considered an isolated galaxy, given the absgfnoearby companions fi+
ciently massive to perturb it (No. 0347 in the Catalog of é¢etl Galaxies; Karachentseva 1973).
To date three small companions have been observed thatsreiaed to NGC 2903 (Irwin et
al. 2009), non of these are within the field of view of our daibe

3.3.2 \Velocity field

As described in sectidn 3.2.1 we created thevelocity field of NGC 2903 by fitting a Gaussian-
Hermite to the velocity profiles. The field is presented indke3.1b and shows typical disk-like
kinematics. The velocity field has a warped appearance in that approaching (North) and
receding (South) side of the galaxy, as revealed by the aser@n position angle at larger radii.
The velocity field of NGC 2903 is slightly asymmetric and slsashallower increase in velocity
at the receding side than the approaching side does. Iififaliastantial amounts of gas and stars
can be the origin of the observed asymmetries in spiral gedgOstriker & Binney 1989, Jiang
& Binney 1999, Sancisi et al. 2008). It has to be noted thoiglh &part from the asymmetry,
warped structure, and lopsidedness no direct evidencetefaiction with any of the close-by
companions in the velocity field is seen.

3.3.3 Rotation curve
Methodology

The rotation curve of a galaxy can be derived using the vildild, which shows the projected
velocity along the line of sight at each position in the gglakor deriving the rotation curve

of NGC 2903 we used a tilted ring method, using the ROTCUR agekn GIPSY. We divided

the galaxy in concentric rings, each with a width of 28 arcaleng the major axis. The first
parameters to determine using the tilted-ring model areyiseematic velocity of the galaxy and
the dynamical centre. ROTCUR applies a least square fitong¥ery pixel in the ring to the

function

V(X,Y) = Vsys + Vior X €OSH X sin(INCL),

whereVv(x,y) is the projected velocity at position (X,yYsys is the systematic velocity of the
galaxy,Vviot the rotational velocity and INCL is the inclination of thelgey. cos is described
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Figure 3.2 Global profile of NGC 2903
by:

(x— XPOYS x sin(PA) + (y- YPOS x cos PA
r

cosH =

where XPOS and YPOS represent the dynamic centre of theygdAxthe position angle and
r the distance to the dynamic centre. We neglect the conimitvalf expanding gasvgyy) in our
calculations.

Our approach was as follows. We sampled the rotation curggyévarcsec using rings with
a width of 28 arcsec with the dynamic centre, systematicoigloposition angle, and inclina-
tion of the galaxy left as variables. Radial velocities witB5 degrees around the minor axis
were discarded in our calculations. In a first run we deteedithe systematic velocity and the
dynamic centre. These were used as fixed input in the secondVe estimated the inclination
from the second run using a running mean with a bin width of 28ec and performed a third
run with the estimated inclination as fixed input, togethéhwhe dynamic centre and system-
atic velocity. The position angle was then estimated in #reesmanner as the inclination, again
using a running mean with a bin width of 20 arcsec. To obta@rttation curve, a last run was
performed with all the earlier estimated parameters as fixput.

Apart from a rotation curve based on the entire galaxy, waiolked rotation curves based on
the receding and approaching sides of the galaxy, with tmeo&ifinding possible asymmetries.
To do this correctly, we calculated the inclination and posiangle for the entire galaxy, as well
as for the receding and approaching sides.
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Parameters

From our first run we found a systematic velocity\af,s = 556.4+1.2 km s* which is in good
agreement with/ss = 557.3 + 1.3 km s'* by Begeman (1987) andyys = 5556 + 1.3 km s by

de Blok et al. (2008). We
+21h29m57s (J2000).

We found diferences i

found the dynamical centre of NGC2&0be located at 9h32m10s

n inclination angle up tal0 degrees between the approaching and
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receding sides of the galaxy at a radiusrof 110 arcsec. This élierence is associated with
non-circular motions, corresponding to the outer radiushef spiral arms associated with the
central bar. Similar evolution of the inclination with aegind correspondence with non-circular
motions was observed by de Blok et al. (2008). Since tlffterdince observed is the result of
non-circular motions, we did not take these changes intowatiovhen calculating the NGC 2903
rotation curve. No other significantftierences between the approaching and receding sides of
the galaxy were found. We therefore used the estimate ohtti@ation angle based on the entire
galaxy (Figuré-313a) as fixed input for all remaining runs.

We fixed the inclination angle estimate used in the remainimg to a constant value at low
and high radii. Most of the datapoints in these regions hakgel errorbars due to low counts in
the rings and influence by non-circular motions of the barncWhmakes them unreliable. The
fixed values represent the mean of the datapoints in thesensewith small error bars~( 1
degree). In between these regions there is a clear decrbsedd by an increase in inclination
angle. From the figure we see that our applied constant vétuebe inclination are slightly
lower than the values applied by de Blok et al. (2008). Weiabtha good fit for the variation
of the inclination.

Position angles were calculated with the kinematic cesyatematic velocity and inclination
as presented in Figufe_B.3a fixed. The estimated positiolesufigr each side of the galaxy are
presented in Figuie-3.3b, with the de Blok et al. (2008) atatdiposition angle overplotted. We
find that the position angles of the separate sidégrdin amplitude in the inner region of the
galaxy, and are similar in the outer region. Most strikinghis phase shift between the position
angle based on the approaching and receding side of theygdlhgre is a systematidiset of
~30 arcsec+1.25 kpc) between the two sides in the inner part of the galakich suggests that
the galaxy can not be considered fully axi-symmetric. Th@hbk et al. (2008) position angle
agrees well with our estimate of the position angle basedttmgfithe velocity field of the entire
galaxy. The estimated position angles as presented inéfl§iBb were used as fixed input in the
final run of ROTCUR, to calculate the rotation curves.

Result

We present the rotation curves of the receding and appmogdahile of the galaxy, and also the
curve based on the entire galaxy in Figlrd 3.4. Overplotdtie rotation curve by de Blok et
al. (2008). The rotation curves were calculated using trstesyatic velocity, dynamic center,
inclination estimate as derived from the entire galaxy, #rel position angle estimate of the
side the corresponding rotation curve was based on as fiyad.ifnn all our rotation curves
we observe a steep increase in rotational velocity up to armar of 210 km s at a radius
of 140 arcsec. The curves decrease and then slightly inretedsecome almost flat, gradually
decreasing to a value of 185 kmtsat a radius of 650 arcsec.

We observe small systematic asymmetries in rotationabis between the two sides of the
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Figure 3.4 Comparison of our WHISP based rotation curve with the de Blodl. (2008) rotation curve
of NGC 2903. Black dots represent the de Blok et al. (200&tiart curve; Blue crosses our rotation
curve based on the entire galaxy; Red triangles our rotatiowe based on the approaching side; Green
diamonds our rotation curve based on the receding side @falzxy.

galaxy. In the inner part of the galaxy (20r < 250 arcsec) the receding rotational velocities are
~ 10 km st above the approaching rotational velocities, whereadlig®ther way around in the
outer region of the galaxy (at radii larger tha90 arcsec). It has to be noted thafteliences
in velocity are all within the errorbars. TheftBrence in amplitude and phase shift between
the receding and approaching position angle can resulterdiferences observed in the inner
region of the galaxy. The position angles are similar in tb&epregion of the galaxy and can
not be the origin of the observedfi#irences. The IHvelocity field of the galaxy shows a slightly
steeper increase in velocity with radius at the approachidg, than at the receding side. This
asymmetry can result in theftirences observed between the two sides in the outer pare of th
galaxy. We will get back to the origin of the asymmetry in taia curve and the phase shift in
the position angle between the separate sides of the galdReg idiscussion (SeC._B.5)

The rise of the rotation curves agrees well with the rotatiarve by de Blok et al. (2008).
We find, within the errorbars, slightly higher rotationaleeties in the inner 40 arcsec of the
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galaxy. The integrated Hntensity field of NGC 2903 (Figuie-3.1a) clearly shows thpldgon
of neutral gas in the central zone of the galaxy. Apart froms,tbur datacube has a lower
resolution and therefore the inner most data points aredbasgust a few pixels. These two
effects make the results in the most inner part of the galaxy sdraeuncertain.

Our rotation curve based on the entire galaxy is in fairly d@greement with the de Blok
et al. (2008) results. We find rotational velocities slighédss than de Blok et al. (2008) in the
region ranging from~ 100 to 400 arcsec. Theftitrence in velocities observed-is8 km s
and within the errorbars. The agreement in the outer parhefgalaxy between our rotation
curve based on the entire galaxy and de Blok et al. (2008)risg@od. Rotation curves based
on the receding and approaching side of the galaxy mostilyigiin the errorbars of de Blok
et al. (2008). Only in the inner part of the galaxy (20r < 250 arcsec) do we find our
approaching rotation curve to be located below the de Blakt.§2008) errorbars. Our estimate
of the inclination angle in this part of the galaxy is lessrtliae de Blok et al. (2008) estimate.
However, it can not drive the flerences observed between the rotation curves, since aadecre
in estimated inclination angle will increase the rotation@ocities calculated. Therefore, the
origin of the observed dlierence in rotational velocity must be accounted to the visidield of
the approaching side of NGC 2903. Contrary to our result®&Idk et al. (2008) do not mention
small asymmetries in rotation curves based on the appnoegeimd receding sides of NGC 2903.

3.3.4 Himodel velocity field and non-circular velocity maps

One of the main goals of this research is to study the link betwthe ionised gas kinematics and
the ionised gas intensity (i.e. star-formation sites). fdeo to study the non-circular motions

of the ionised gas we created a velocity field from the rotatiarve and subtracted the model
velocity field from the ionised gas velocity map. For reasdescribed later, we chose to create
a model velocity field based on therlbtation curve and not on anad-based rotation curve.

It is important to assure that only velocities due to rotatawe subtracted (and not due to
shocks, streaming motions etc.). It igfdtiult to get an exact separation of the two, but we made
an approximation by smoothing the rotation curve with a irngmrmean with a bin width of 20
arcsec. The model velocity field was made using the VELFI,tast the obtained smoothed
rotation curve and the estimated inclination and positiogi@as input. The VELFI task creates
a two dimensional velocity field given a systematic velgaitynamical centre, rotation curve,
inclination and position angle. We made three model vejoiegtids of NGC 2903 based on
the rotation curve and position angle estimates of the@ntceding, and approaching sides of
the galaxy. From these models three residual motion velocéps, containing the non-circular
motions, were created. Hhon-circular velocity fields based on the entire galaxyedag,
and approaching sides of the galaxy are presentend in HBrewith indicative ki contours
superimposed. The pixel size of thexlhtensity map had to be degraded to the pixel size of the
H1 data.
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Figure 3.5 Hiresidual (non-circular) velocity map of NGC 2903. a) Residuap created using a model
based on the approaching side; b) Residual map created aisitagle! based on the receding side of the
galaxy; c¢) Residual map created using a velocity model bagdtie entire galaxy. All velocities are in
kmys. Hx contours are superimposed on both maps.

The quality of our velocity field models can be examined bgfidly investigating the quality
of our residual velocity fields. The residual velocitieshie buter disk should be close to zero, if
the rotation curve was determined correctly and the modekity field created correctly. From
Figure[3.bc one can immediately see the poor quality of thdaheelocity field based on the
entire galaxy. Residual motions ef 10 km s* are present throughout the galaxy. The model
velocity field based on the separate sides of the galaxy shavhimetter quality. The net residual
motions of~0 km s! at the side of the galaxy corresponding to the side the maaletity field
was based on, confirm that our applied measure of the systewsdcity is good. They also
show that the model velocity fields are correct and do notaiardignatures of a poorly chosen



3.4. Hy kinematics 41

dynamical centre.

The residual velocity maps clearly show thééiences between the receding and approach-
ing side of the galaxy. The map based on the receding sidesstesidual motions with a speed
around zero at the receding side of the galaxy, with mucletargsidual motions at the approach-
ing side and vice versa. This again clearly points out thatassumption of full axi-symmetry
breaks down, as was already concluded from the asymmetheinatation curve and position
angle.

We do not observe residual motions that can directly be tirtkethe infall of gas or a small
object passing by. Especially the receding side of the gdtas a very smooth residual velocity
field. The inner part of the galaxy (containing the bar andrthg-like structure) shows small
variations up to~ 10 km s! with some higher peaks. These velocities agree well with the
residual motions of 14 knm$ found by Trachternach et al. (2008).

More surprisingly, we do not see strong signs of the bar presen the H non-circular
motions of NGC 2903. It has to be noted that the beam size dfithaata does not allow us to
resolve the bar flow. Apart from this, Sellwood & Sanchezl@Palready suggested from the
generally patchy and faint emission from neutral hydrogea sample of barred galaxies, that
neutral hydrogen is a poor tracer of bar flows.

3.4 Ha kinematics

In this section we will only discuss thedHkinematics and how these mighffect the star-
formation in NGC 2903. The & morphology and others of NGC 2903 has been discussed in
depth in a previous work (Popping et al. 2010).

3.4.1 Hu velocity field

The intensity map and ddvelocity field of NGC 2903 are presented in Figlrel 3.6. We rtyea
see disk-like kinematics with some signs of gas responsebtir potential. Using a tilted-ring
model we found a systematic velocity ¢f,s = 5561 + 1.1km s, similar to the value obtained
from the Hi 21 cm line. We found the kinematic centre to be located at 8113%+21h30mO01s
(J2000).

There is a small enhancement in velocity50 km s1) with respect to the surrounding in the
knot at the end of the Northern side of the bar and to the Edabeajalaxy Nucleus. The largeaH
emitting region just to the South of the nucleus has a velatimewhat lower<{ 50 km s?1) than
expected from the velocity field of a spiral galaxy. Same awns of the spiral velocity pattern
in NGC 2903 are present in the CO(1-0) transition-line véyoiield of this galaxy (Helfer et al.
2003).

We note that several regions otdre¢mission in the outer parts of the galaxy are missing in the
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Figure 3.6, a) Hu intensity map of NGC 2903; b) i velocity field of NGC 2903 in kn's, the white
cross represents the kinematic centre; c) Two dimensiagggtion model of the velocity field of NGC
2903 in kmis. Hx intensity contours are projected on top of the field; d) TherBlsidual (non-circular)
velocity field of NGC 2903 in ki's. The white cross represents the kinematic centre. Theewlbiis are
the two complexes with strong residual motions to the Nonith South of the nucleus the text refers to.

maps presented in this work. These regions emit their riadiat velocities outside the velocity
range of the Fabry-Pérot interferometer and thus are rtettkrl. As we restrict ourselves to the
barred region of NGC 2903, this was no limitation for thisjpud.

3.4.2 lonised gas non-circular motions

We want to use the & data cube to study the link between the kinematics of the gdsstar-
formation in the bar by analysing the gas motions not due rcutar rotation. Non-circular
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motions from the observed velocity field were obtained bytisdbing the 2-dimensional model,
constructed from the IHbased rotation curve.

We chose to use a model obtained using thdétause a) this model goes out to larger radii;
b) this model is based on data covering a larger area and fakeserrors. We found the rotation
curves based on theaHand Hr in our region of interest (up to 2 arcmin) to be similar, which
justifies this choice.

We used the estimated inclination and position angle and#mad rotation curve based on
the entire galaxy as fixed input for VELFI. The model velodigld obtained thus is presented in
Figure[3.6c. The bar area in both the receding and approgé¢himesidual velocity fields shows
residual motions close to zero (see Fighrd 3.5) fiddénces in residual velocities in the bar
between fields obtained by subtracting a velocity modeldbasethe entire galaxy, and velocity
models based on the receding and approaching sides, were foube only minor. In the outer
disk we found dfiferences up te 10 km st. This gave us confidence that the projection model
based on the entire galaxy is suited for our aims. Furthegreomodel based on the entire galaxy
was considered better suited for obtaining non-circulémaigy profiles throughout the bar (Sec.
B.42).

The disadvantage of using a velocity field model based onritieeggalaxy, is that it is hard
for us to test the accuracy of the subtracted two dimensivelalcity projection in the outer
disk. Since the two sides of the galaxy show such larfeminces in rotation curve and position
angle at larger radii, we do not expect net residual velesitf zero in the outer regions of the
galaxy (apart from the complication that there is hardly idformation in the outer regions of
the galaxy). We can not examine the quality of the velocityeian the inner part of the galaxy
either, since the residual velocity map will be dominatedglg response to the bar potential
(i.e., streaming motions, shocks). We do observe residwdiloms centered around zero in the
northern side of the bar though (see SEc._B.4.2). Combindutive good quality of our H
residual maps, this gave us enough confidence on the gooiticpfadur residual velocity map.

We did not include motions associated to the bar potentialimmodel velocity fields. Strong
residual motions are therefore expected.

lonised gas non-circular velocities in the bar

A glimpse at the K residual velocities in NGC 2903 immediately shows the gineon-circular
velocity knots at the Northern and Southern side of the bati¢ated with white dots), as well
as to the East of the galaxy nucleus (Figuré 3.6d). The kndtseaNorthern and Southern bar
sides are located symmetrically with respect to the nugheith receding velocities up te 50
km s! at the Northern side and similar approaching velocitiehatSouthern side. The signs
of strong non-circular velocities are already visible i tHe velocity field of the galaxy and
the velocity field based on CO(1-0) observations (Helfed.e2@03). The complex to the East
of the galaxy nucleus is somewhat elongated and has recadmgircular velocities up te-
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Figure 3.7. Profiles of the normalized disurface brightness and normalized absolute residual igeloc
Positive distances in the profiles perpendicular and pralthe bar are respectively to the NW and NE.
Numbers in the upper left corner of each panel corresponbetdabel of each profile in Figuke_B.8.

80 km st. This complex has no counterpart at the Western side of thexgaucleus. The
little amount of CO(1-0) present at this location does navsBigns of prominent non-circular
motions (Helfer et al. 2003).

Apart from these three complexes we do not observe strongcmonlar motions in the bar
(i.e., non-circular motions are centered around zero).aBobments in hon-circular motions up
to ~ 25 km s are observed aroundiHregions. We will discuss these in SEc._3.4.2. The ionised
gas in the nucleus has non-circular velocities varying eetwabout -15 and 15 km's

Our results are in good agreement with the non-circular omstifound in kr by Sellwood
& Sanchez (2010). The authors found velocities for thergjroon-circular motion complexes
to the North, South and East of the galaxy nucleus similautofiodings. In the remaining of
the bar region they found non-circular motions centerediiagiozero with enhancements up to
20 km s, which also agrees with our results.
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Figure 3.8 Ha intensity map of NGC 2903 with the location at which profilesre/taken on top of them.
The labeling of each profile corresponds to the profiles preskin Figuré-317.

Non-circular motions vs. Ha intensity

The interplay between ionised gas non-circular velocdigs intensity can occur on twoftkrent
scales; 1) Global scale relations which extend over theaesbtar and are driven by the gas
response to the bar potential; 2) Local scale relationsratéii regions like gas in- and outflow.

With the aim of studying the links between the star-formaiiothe bar to surrounding kine-
matical features, we obtained cross sections perpendianlh parallel to the bar of the non-
circular velocity map, and compared these to their corraedpw Hx intensity profiles. We
selected the locations of the profiles manually, such that Would encompass as much emis-
sion as possible in a fair sampling of the bar. The profiles thed location in the galaxy are
presented in Figurds_3.7 andl13.8 respectively. Posititamigs in the profiles perpendicular and
parallel to the bar are respectively to the NW and NE. To owere scatter in the & intensity
and non-circular velocities, we applied a running mean wilttn width of 5 pixels (i.e., 8 arcsec)
to the profiles.

In most profiles we observe that peaks in intensity and nooular velocities are shifted 3
arcsec £ 125 pc) from each other. A similar trend is observed aroumdhtincleus of the galaxy
with a shift of ~ 125 arcsec. These shifts reflect a relation between ionisechgasircular
motions and intensity on a local scale. The upper right pah&ligure[3.¥Y shows strongdi
intensity without strong non-circular motion counterpamta more global scale. However, peaks
in ionised gas intensity and non-circular velocities dortaye This profile does not demonstrate
an interplay such, that strong non-circular motions aré-@telated with peaks in intensity or
vice versa. From the profiles we do not observe global raiatimetween ionised gas intensity
and non-circular motions.



46 3. Links between star-formation andi ldnd Hx gas kinematics in NGC 2903

30".0
0.120
i +21°32'.0 w0
L 30".0
0.105 | 0.105

0.090 0.090

0.075 0.075

Dec. (J2000)

0.060 0.060

0.045 0:045

- 0.030 +21°28'0 0.030

09:32:20.0 { 09:32:10.0

RA. (J2000) 09:32:20.0 i 09:32:10.0

R.A. (J2000)

Figure 3.9 a) Perpendicular orientedaHvelocity gradient field of NGC 2903; b) Parallel oriented H
velocity gradient field of NGC 2903. Velocity gradients amekim s pct

We zoomed in on several iHregions, as it might allow us to determine what process cause
the small shifts observed between peaks in ionised gas incular motions and intensity. The
best region to observe this local interplay is just to thetNaf the fast receding non-circular
motion complex East to the galaxy nucleus. This is the ordarcbarred complex visible indAd
in this galaxy and a very representative region to examirgejoth, since it fits with our main
goal to achieve insight in the link between kinematics aadftrmation in bars.

Regions of strong W emission in this area of the bar are located in regions withriesidual
velocities (only a few kms), with stronger non-circular motions nearby them. Shifessimilar
to what we saw in the profiles. The strong lemitting regions at the end of the 'S’ shape at
the Northern side of the galaxy nucleus shows similar behaviThe centre of the H region
is located at a region with lower residual velocities thansitirrounding. Clearly the residual
velocity increases at the edge of thexlregions.

Regions of the galaxy dominated by strong non-circular onsti(i.e; to the North and South
of the galaxy nucleus (see the marks in Fiduré 3.6d, as wédl tiee East)) show the same trend.
We found variations in the non-circular motions such, thatpeak in K intensity is located in
a trough of the non-circular velocity and the motions beconoge prominent at the edge of the
Hu regions. The non-circular velocity dominated regions t® Morth and South of the galaxy
nucleus are among the brightestiHegions in the bar. The region to the East of the galaxy
nucleus is not so bright.
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3.4.3 Hux velocity gradients

Gradients in the non-circular velocity map can give moreghsin the location of shocks and
shear in the bar, and how these enhance or inhibit the staratoon on a global scale. We
created velocity gradient maps in the direction parallel perpendicular to the bar, to achieve as
many information about the gas flows induced by the bar piatieferpendicular gradients trace
shear in the bar at locations where two flows witffetient directions pass each other. Parallel
gradients trace shocked regions that suddenly speed umathédghough gradients parallel and
perpendicular to the bar are not perfect representatiosb@tks and shear, they are a good and
easy way to approximate them.

Non-circular velocity gradient fields in a given directiorekg created using the method pre-
sented in Zurita et al. (2004). The residual velocity map d&placed by one pixel in that
direction and subtracted from the original map. The samegatore was performed in the op-
posite direction. The velocity gradient map was obtaineddying the two newly created maps
and dividing them by 2. For the pixels at the edge of the gal#rywhich subtracting with a
neighbouring pixel means subtracting with a blank pixef thsplacement was carried out in
only one direction. This procedure was carried out both @edtcular and parallel to the bar,
which resulted in two velocity gradient maps of NGC 2903. Peduced gradient maps are
presented in Figufe=3.9.

The majority of the K emission in both the Northern and Southern side of the banbas
circular velocity gradients slightly larger than zero. Wieserve some perpendicular and parallel
velocity gradient enhancements mostly in the range betWe@® and 0.10 km=s pct, with
some higher velocity gradient peaks-©0.12 km s* pct. The nucleus of NGC 2903 contains
large fractions of ionised gas with both perpendicular aaclbel velocity gradients of 0.3 km
s pct even up to twice this amount. The gradients in the nucleusatethe changes in non-
circular motions within the nucleus of NGC 2903, togethettvthe region East to the galaxy
nucleus with strong receding non-circular motions.

The velocity gradients in the bar are a factor 2-3 less tharHthvelocity gradients observed
in the bar of NGC 1530 (Zurita et al. 2004). Our strongest e#jogradients in the bar measure
up with the weakest velocity gradients in the NGC 1530 bae Wélocity gradients observed in
the nucleus of NGC 2903 are slightly stronger than the valagadients in the nuclear region of
NGC 1530. NGC 1530 though, does not show the strong varstiothe non-circular motions
within the galaxy nucleus as NGC 2903 does.

Because of the lack of strong non-circular velocity gratien the bar of NGC 2903, we
only briefly looked at its interplay with W intensity. We found ’stronger’ velocity gradients to
be located at the edges ofitHegions compared to the gradients within the Kegions. This
behaviour is similar to what we observed for the relationnsstn Hr non-circular velocity and
intensity on local scales.

Zurita & Pérez (2008) found a spatial correlation betwearafiel oriented velocity gradients
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and dust spurs at the trailing side of the galaxy. We did natcteextensively for such a trend.
Firstly because of a lack ofdlemission at the trailing side of the bar and a lack of strorigoity
gradients. Secondly, because a quick look did not reveahaltbetween dust spurs and filaments
in the bar, apart from dust depletion on top ofilegions corresponding spatially with extremely
weak velocity gradients.

3.5 Discussion

NGC 2903 was always considered a typical strong bar cladsifiehe NIR with a bar strength
of 3 (Laurikainen & Salo 2002). In a previous paper we alreadyied that the broken and wide
structure of the dust lanes, combined with thfetent morphological appearances iftelient
wavelength bands, might be evidence that the bar is not sagstrin this paper we obtained
ionised gas velocity gradients oriented both parallel aarg@ndicular to the bar, and non-circular
velocities in the bar as a measure of the shock strengthscamd fvelocity gradients and non-
circular motions 2-3 times as weak as in NGC 1530. Furtheentbe gradients are not as closely
aligned with the dust lanes in the bar. These results put stigmemark to the measured strength
of this bar, or at least suggest that strong bars as meastmedbroad-band imaging do not
necessarily imply the occurrence of strong shocks.

These results should be of interest to those who model bamanassoula (1992) found that
the shock strength and location, as traced by dust lanestrargly dependent on the strength
of the bar, with strong bars containing strong shocks araigdit dust lanes along their bar
major axis. The bar strength in the Athanassoula (1992) fsotias determined using the bar
axis ratio and mass of the bar. Our results show that barshadre considered to be strong as
determined using broad-band measurements, do not neitgeskam the dynamics as predicted
by the models for strong bars.

Three regions of strong ionised gas non-circular motioespeesent in the NGC 2903 bar.
The symmetric location of the strong non-circular motiomngaex to the North and South of
the galaxy nucleus, their similar values, and their locatiath respect to the bar major axis
suggest that these complexes are most likely due to theiedliprbits of the gas in the bar.
The velocities observed are in good agreement with suggesteaming motions of 50-80 km
s~1 obtained from CO observations, and streaming motions faisiig HCN(1-0) as kinematic
tracer of the gas (Léon et al. 2008). Sellwood & Sanched@2@rgue that the high velocities
reflect bar induced streaming motions. A proper hydrodymanodel of the gas in the bar would
be necessary to confirm that the regions we find to the NorttSaxuth are indeed part of the bar
flow streaming motions, but this is beyond the scope of thidyst

The non-circular complex to the East of the galaxy nucleushes with the highest observed
streaming motions using CO as the kinematic tracer (Léal.e2008), but has no symmetric
counterpart at the other side of the nucleus. This complexdcalso be associated to the bar



3.5. Discussion 49

flow, however, this is not as straight forward as for the othigh non-circular velocity regions.
A major part of the region has a UV stellar age much older tlnendther stars in the bar and
is located close to the large UV complex with na Hor 24 um emission to the southeast of
the nucleus (Popping et al. 2010). We concluded that thegen® are not linked to the bar
potential. From the coincidence of thext¢mitting region to the East of the nucleus with the
older UV complexes, one could argue that the ionised gastiimi@d to the bar potential and
that the observed velocities are not due to bar induced flows.

From Hx non-circular motions and & surface brightness profiles we observe a small shift
of ~3 arcsec £125 pc) between peaks in residual velocity and brightnessrirregions. This
shift is also observed directly from the residual velocitgantensity maps, with the non-circular
motions being stronger at the edge of the tégions. Zurita et al. (2004) present three phenom-
ena that will lead to this result on local scales (whether loioved or not); 1) The first is the
effect of the elliptical orbits on the condensation of moleculauds. The presence of strong
shear should act against the condensation of massive gassclihus preventing the formation
of stars; 2) Strong shocks in bars are expected to be regibesevithe global motion of the el-
liptical orbits is strongly braked and star-formation ixelerated (Elmegreen et al. 2002). This
will result in regions with only small non-circular velomts and strong star-formation; 3) Stel-
lar winds of young stars can blow the surrounding gas awayg tieating strong non-circular
motions around hi regions. Unfortunately, from our set of observations werareable to pin
down the physical process that determines the shape of ofilest

One of our aims was to study the interplay between kinematidsstar-formation for the case
of NGC 2903 and put this into the context of the discrepandwbeen star-formation locii in the
bar of NGC 2903 and the hypothesis by Sheth et al. (2000, 2002)authors proposed that stars
form at the trailing side of the major bar dust lane, and ntgtawards the leading side as they
age, however, no such trend is observed in NGC 2903 (Poppialg 2010). A study on NGC
1530 (which was found to be in good agreement with the Shedh ¢2000, 2002) hypothesis;
Zurita & Pérez 2008) revealed a strong anti-correlatiotwieen the non-circular motions and
Ha surface brightness profiles on a global scale of tens of an@grita et al. 2004). No such
anti-correlation was found in NGC 2903, only minor shiftavaeen the two profiles on local
scales.

The potential of a bar will determine the position and sttbngf shocks and the relation
between non-circular motions and star-formation. FromeaAddoken dust lanes, complex mor-
phology and the weak ionised gas velocity gradients we éyresaggested that the NGC 2903
bar is not as strong as measured from broad-band imaginglatkef anti-correlation between
non-circular motions and star-formation as observed iongiibars, and the star-formation locii
and evolution not fitting in with the hypothesis suggeste®hgth et al. (2000, 2002), suggest
that these processes are not strongly driven by the bar falterhis emphasises our finding that
NGC 2903 might not be as strong as was thought from broad-ivaaging.

The Hi neutral gas distribution, as well as the velocity field, se@everal features that point
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towards an encounter with a small companion, or at least dl sorapanion passing by. The

distribution of the neutral gas has a warped and lopsidedttstre. It was argued by several
authors that both events can have the infall of substantialats of gas and stars as their origin
(Ostriker & Binney 1989, Jiang & Binney 1999, Sancisi et &08).

The Hrresidual velocity maps clearly exhibitftirences between the receding and approach-
ing side of the galaxy. Systematic and symmetric deviatfoors circular orbits are present at
the side of the galaxy for which the corresponding velocitydel was not based on. The origin
of this deviation can be accounted to the position angle.s Tclearly demonstrated by the
change in position angle with radius between the separds\gsides. Apart from dferences
in amplitude of the position angle, we found a systematicsphghift of 30 arcsec between the
two sides of the galaxy. The rotation curve of NGC 2903 alsoalestrates asymmetry between
the approaching and receding sides of the galaxy. All theselts clearly point out that the hy-
pothesis of axi-symmetry breaks down for NGC 2903. Althonghdirectly observed, it is most
likely that some external object disrupted the dynamicsefdas resulting in the asymmetries
and phase-shift observed.

The rearrangement of the NGC 2903 gas dynamics by an exiarigal is important in the
context of gas dynamics in the bar and the hypothesis orf@taiation in bars as proposed by
Sheth et al. (2000, 2002). It suggests that the dynamicakmess of the bar and the observed
star-formation behaviour in NGC 2903 are the result of a ssraounter, and not secular evo-
lution. The interaction with an external object is also aé@rimportance in understanding the
presence of UV knots in a spiral like distribution perpemtie to the bar, with no significant
amount of Hr and 24um emission, and ages much older than the remaining knots.roygeged
a small merger event inducing a star burst as a possible hgpistfor the origin of these knots.

3.6 Summary and Conclusion

We have carried out a detailed study of the kinematics of #hgral and ionised gas content
of NGC 2903, and how these are linked to the star-formatiothéngalaxy. We obtained the
rotational velocity, inclination and position angle frohetHr as a function of radius and analysed
the distribution of the neutral gas. We created a model wgidield and used this to obtain H
and Hr non-circular velocity fields. We have compared the hbn-circular velocity field and
Ha intensity map and created profiles of these through the b#reofjalaxy. Furthermore, we
have obtained a map of the ionised gas velocity gradientam#r zone. Our main results are:

e NGC 2903 exhibits a velocity field typical for a disk galaxgtb in the Hi and Hx . We
find non-circular motions in the Hip to~10 km s, and in the kb up to~25 km s with
enhancements up t€50 km s due to streaming motions in the bar. The non-circular
velocities are within typical ranges and in good agreemetit previous observations.
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e There is a shift o~3 arcsec {125 pc) between peaks inaHntensity and non-circular
velocity profiles. These peaks mark the increase of nonskgiranotions outwards I
regions. No global relation between ionised gas non-arcoiotions and intensity other
than that the two overlay is observed in the bar.

e The NGC 2903 bar does not show the typical features assddatstrong bars. This
is demonstrated by the broken wide structure of dust larek, df strong gradients and
shocks. These results suggest that although NGC 2903 sf@dsas strong using broad-
band imaging, the dynamics point to a weaker bar.

e The galaxy has a warped and lopsided neutral gas distributith a mass of (480 +
0.04) x 10° M.

e The Hivelocity field reveals a clear asymmetry between the receaiml approaching side
of the galaxy. The rotation curve is asymmetric, a system@iase shift is present in the
position angle as a function of radius between the two gasickgs, as well as fierence
in amplitude in the inner region. TherHhon-circular velocities also demonstrate the large
difference in position angle between the receding and approgaside.

These results point out that NGC 2903 probably met a smallpaoion that rearranged the
dynamics of the galaxy. It suggests that the lack of typiealtidres associated to strong bars
and star-formation behaviour in the NGC 2903 bar are thdtresthis small encounter, and not
secular evolution. It is likely that the encounter has to dihwhe origin of the UV complexes
with significant amount of neitherdinor 24um wavelength emission. However, information of
the stellar motions in this regions would be necessary ieished light on the detailed origin.
Furthermore, deep Hobservations could reveal the presence of weakdiplexes associated
to a merger event.

The results also point out that broad-band measures mighiensudticient to determine the
strength of a bar, or at least are noftitient to predict the dynamical behaviour of the gas in the
bar.
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Chapter 4

Conclusion and future work

The work carried out in this thesis is aimed at understandimeyprocesses that drive star-
formation in the strongly barred spiral NGC 2903. The emeéngiea on star-formation in bars
states that stars form at the trailing side of the bar majst Bune and migrate towards the leading
side. The spatial distribution of star-forming sites angitiage in NGC 2903 does not correlate
with any morphological feature of the bar.

This result, diferent morphologies in efierent wavelength bands, the patchy spiral shape
morphology of NGC 2903 as revealed by the UV, combined withliloken wide dust lanes,
suggest that NGC 2903 is dynamically very complex. This ipleasised by a spiral shape
distribution of UV knots perpendicular to the bar, with sigrant amount of neither &l nor 24
um wavelength emission. These complexes have stellar ages ofuder than the other UV knots
in the galaxy, and are regions currently not favoured by thiegotential to form stars. These
results demonstrate that the dynamics of a galaxy is es$e¢atunderstand where and when
star-formation is triggered.

Ha kinematics indicate that NGC 2903 does not show the typéalires associated to strong
bars. The bar has a lack of strong gradients, shocks, andinariar motions. Interplay between
Ha non-circular motions and intensity does only seem to plagi@ at Hu region scales, not at
larger scales as observed in NGC 1530. It suggests thafiostaation is not strongly driven by
the bar potential, also indicated by a lack of correlatiotwleen the spatial distribution of star-
formation sites and ages with bar morphological featurdsth&se observations, combined with
the broken wide dust lanes and complex morphology, sughasthie NGC 2903 bar might just
not be as strong as was suggested from broad-band imagintpliés that broad-band imaging
might not be sfiicient to determine the actual strength of a bar.

The Hi distribution and velocity field contain several signs of eeret minor-merger event.
The galaxy is warped, lopsided, and rotational velocitied position angle as a function of
radius have a non-axisymmetric appearance. Such a mingemevent is likely to be the origin
of the complex morphological and dynamical appearance vegaker bar than suggested from
broad-band imaging in general. It suggests that the obdgmaperties of NGC 2903 are not the
result of secular evolution.

In the future deep Hobservations would be necessary to find direct evidence etant
merger event. Combined with stellar velocity informatibistwould give us a complete dynam-
ical picture of this complex barred spiral. A complete pretwill be necessary to obtain insight
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in the underlying dynamics of the spiral shape UV complexap@ndicular to the bar.

If NGC 2903 indeed recently was subject of a minor merger gvenan serve as an ideal
object to study the implications of such an event on barrdaxggs or possibly disk galaxies in
general; Is the bar weaker than suggested from broad-baagdimg because the merger event
rearanged the bar gas dynamics, or is the bar a result of tigeemevent and maybe even still in
formation?; How do gas and stars react to the formation gugtson of a bar?; What does the
dynamical behaviour of the material traced bffelient wavelength bands look like and how are
these related to a merger event?; etc.

In order to understand the processes that drive star-fasmatong bars we would need to
have a larger sample of barred spirals. An important asdatissample is the strength of the
bar, as it will drive the gas dynamics and star-formatiorth&lgh broad-band imaging can serve
as a good indicator of bar strength, clearly it is not alwaygad representation of the actual
bar potential. A new way of defining bar strength, includiegtiures like; patterns of the dust
lanes; strength of the velocity gradient; morphologicglegrance in multiple wavebands, might
result in measures of bar strength closer to the real bangiate Especially velocity gradients
can serve as a good direct indicator of the actual strengahoair.
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