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Abstract. We present new CO(1-0) maps of the barred spiverage infall velocity ofi kms~! (e.g. Athanassoula 1992).
ral galaxy NGC 1530 with a resolution 6f'.3, obtained by From smoothed-particle-hydrodynamic simulations, the infall
adding short spacing visibilities from the IRAM 30m telescopeate has been estimated tobe — 7 M ., yr—!, with accretion
to data from the IRAM interferometer. The improvement ipeaks up to 100/, yr—! (Friedli & Benz 1993). This rate may
sensitivity is spectacular, allowing us to detect with high signabe able to feed the activity of starburst galaxies and moderate
to-noise the extended CO lanes along the bar of the galaxy. Tha&Ns.
molecular gas lanes, which are density waves or shocks createdRoberts et al. (1979) showed from 1D simulations that the
by the barred potential, show a remarkable kinematic pattedust lanes occur at the locations of hydrodynamic shocks, with
We find 50 to100kms~! outward motions upstream of thea discontinuity of the velocity component perpendicular to the
lanes, and0 to 150 km s~ * inward motions in and downstreamshock fronts (in a reference frame rotating with the bar). The
of the lanes. The intensity of the shocks is greatest near tfgocity component tangent to the shock front has a continu-
central CO concentration, and decreases to zero at the endsusf gradient at the crossing of the shock that varies from an
the bar. We compare these kinematic features with a mapoofiward motion of+120km s~ (upstream) to an inward mo-
the Hx distribution that traces young stars. Star formation tfon of —125km s~ (in and downstream of the shock). The 2D
very intense around the nucleus of the galaxy and at the es@taulations of Athanassoula (1992) confirm these results giv-
of the bar. It is weak halfway between these extremities. ing a value of 100 to 300 pc for the scale length of the velocity
general, the HIl regions are downstream of the CO lanes. Ti@dient in a “standard” barred galaxy.
star formation is probably inhibited in the lanes at the places Opservers have detected these velocity jumps associated
where the shocks and the shear are too strong. There may hgta the dust lanes. For a review on this subject, see Athanas-
maximum threshold of 80 tt70 km s~ for the relative velocity soula (1992). For example, in the SABc galaxy NGC 6221,
of any cloud entering the density wave, above which the clogénce & Blackman (1984) detected imvldata a velocity jump
cannot form stars. of 150kms~"' over a distance< 300 pc. This velocity jump
is the transition from outward to inward motion predicted by

Key words: galaxies: structure — galaxies: individual: NGGhe hydrodynamic models. The entire bar in that galaxy was
1530 — galaxies: ISM — galaxies: kinematics and dynamicsnet studied, as the authors used slits at discrete positions along
radio lines: galaxies the bar. There remains a need to study the kinematics of the
interstellar gas in barred galaxies, with full sampling. This was
the aim of our study of NGC 1530 in CO, which also has the
advantage of not being confused by dust extinction.

The dust and CO lanes along galactic bars are the tracers

Bars are important in the evolution of spiral galaxies becaudea shock wave similar to the density waves of spiral arms
they can bring huge quantities of dense molecular gas into galécgalaxy disks, but with much higher velocity gradients. One
tic centers. The barred potential induces a net inflow of gas&XPects to find in the bars Hll regions offset from the CO arms,
galactic disks through the torque of the bar on the interstéist as in the spiral arms of galaxies. This is not always the case.
lar gas and through the formation of intense dissipative shodf¥dile late-type barred galaxies frequently show a lane of HIl
(e.g., Roberts et al. 1979; Combes 1988). These shocks ard@@lons aligned with the major axis of the bar, early-type barred
sociated with straight dust lanes that are offset from the ba@alaxies show almost no star formation along the bar, except
major axis. The shape of these shocks is well reproducediBythe nuclear region of the galaxy and at the ends of the bar
hydrodynamic simulations, which indicate that the shocks pr@hl”lps 1996) The eXpIanation for this is still not Clear, but our

voke an infall of the gas into the center of the galaxy, with #aO(1-0) observations suggest that the star formation is possibly
inhibited by the strong shear and shock in the interstellar gas

Send offprint requests 1®. Reynaud, (reynaud@iram.fr) due to the barred potential.

1. Introduction
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We have focused our study on NGC 1530, a typical barréxi6.3 Jy I<;*1 at 114 GHz. The observations were made with a

galaxy of type SBb (early-type). Two straight absorbingﬂdU§écondary?/vobb|ing at 0.5 Hz, with a beam throv246” . Each
lanes are visible along the bar. These bands are initially clirvesbsition was observed for 8 minutes. The pointing was checked
and then run straight from the nucleus to the ends of the bareggry 20 min. For the first period (June 1996) the two receivers
can be seen in the reddening maps-t8 V—K) published by were aligned with an accuracy of vhich allowed us to com-
Regan et al. (1995). bine them and to reduce the noise in the spectra by a factor of
Radio continuum observations at 1.4 GHz, with 5" res- /2. For the second period (November 1996) the two receivers
olution, show an intense central component and emission alagre depointed byt” so we eliminated the scans of the less
the bar out to the beginning of the spiral arms (Condon et gknsitive receiver.
1996; Regan et al. 1996). This is the synchrotron radiation from |n the data reduction, we substracted a baseline for each scan
relativistic particles in the magnetic field that is enhanced land eliminated bad channels by linear interpolation between ad-
the bar shocks. NGC 1530 was also mapped in H'(@30- jacent channels. We then added the spectra taken at the same
lution) and Hx (4” resolution) (Regan et al. 1996). The HI isyositions, and obtained a set of spectra covering the entire re-
confined to the spiral arms, and is absent in the barisHound  gion mapped by the interferometer. From this set of spectra we
mainly in the nuclear zon@long the dust lanegunlike many made CO maps in 28m s~* wide channels. We then calculated
other early-type barred galaxies) and in the spiral arms. Frene short spacing visibilities from these maps by correcting for
the Ho velocity map, Regan et al. (1997) modeled the galaxie beam of the 30m telescope and simulating the primary beam
dynamics and calculated an accretion raté 8f; yr—' inthe of the 15m telescopes, for the five fields mapped by the interfer-
nuclear ring of NGC 1530. Shocks in the interstellar gas musieter. We then merged the resulting tables of visibilities with
have given birth to massive stars with the HIl regions along tiige ones produced by the interferometer. From these five tables
dust lanes and inside the nucleus. we produce@0 km s~! channel maps by Fourier transform and
Regan et al. (1995) mapped CO(1-0) in this galaxy wideconvolution by the algorithm of Clark (1980) adapted for the
the BIMA interferometer and the NRAO 12m telescope (for thepecial case of mosaics (Viallefond et al. 1994). Then we cal-
short spacings), " resolution. Because of the limited senculated the integrated intensity maps by summing the channel
sitivity, they detected the central CO concentration and a fewaps with an integration threshold &f.
clouds at the ends of the bar. Downes et al. (1996) showed COFor the interferometer visibilities, each data point was
observations of NGC 1530 along the bar, made at the IRAMeighted byTs;g where Ty, is the geometric mean system
interferometer with a 3!7resolution,without the short spac- temperature of the antenna pairs. For the 30m visibilities, the
ing visibilities. Although the extended CO lanes were detectgshrameter controlling their total weight{) was chosen by it-
nicely superimposed on the dust lanes, the missing flux framation. For too weak a value @, one obtains the same maps
the extended structures made it difficult to do a very preciag with the array alone, with no gain in flux. For too high a
analysis. value, the beam size is increased, losing the advantage of the
In this paper, we report the observations with the IRAM 30migh resolution of the interferometer.
telescope that provide short spacing data in CO(1-0) along the We obtained an optimum compromise between sensitivity
entire bar, allowing a better analysis of the kinematics of tlamd resolution witH? = 6.6x10~%. This gave &".6 x 5.0
gas. beam atp. a-15°. The beam is only slightly larger than the one
obtained with the array alon&’(.9 x 3”.5). The total flux mea-
sured in the bar of NGC 1530 with this weight is 550dys !,
which is 90% of the total flux measured with the 30m alone

Our CO(1-0) interferometer observations were originally mad@22 Jykms™'). The t0t161| flux measured with the interferome-

in 1993-1994 with the IRAM Interferometer on Plateau de Burter alone is 400 Jym s~ ", so 36% of the total flux from the bar

France, with four 15m antennas. The bar of NGC 1530 wisgslost by the interferometer due to the missing short spacings.

observed in a mosaic of five partially overlapping fields, with

projected baselines from 20m to. 180m, .with a channel widfh Results

of 20kms~!. The data reduction is described in Downes et al. ) ) )

(1996). Fig.[Taandb shows a comparison of the integrated intensity
To add the visibilities at short spacings, we observed theap from the array alone convolvedi6.3, with the integrated

galaxy with the IRAM 30m telescope in June and Novemb&HENSIty map from the array data combined with the 30m data

1996. The bar was mapped on a grid with’astep, to over- (W = 6.6x10~*, resolution5”.3. The combined Plateau de

sample the1” beam. We used two receivers at 3mm, followeBure plus Pico Veleta maps are hereafter called PdB+PV). The

by two 512 x 1 MHz filter banks. The receiver noise temperain obtained by adding the short spacing data is spectacular :

atures were 100 and 150K, and the system temperatures vRlepgated CO lanes are detected all along the bar from the center

330and 350K (il units). The response of the 30m telescopdt tO the beginning of tr_]e spiral arms (north-west and south-
east corners of the mosaic). In the map from the array alone, the

! see the arcs limiting the central plateau north and south of thé lanes are weaker and less regular. The noise in the individual
nucleus in Reynaud & Downes (1997). channel maps is also higher due to the missing short spacing vis-

2. Observations, data reduction
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Fig. 1a and b.Comparison of integrated CO maps along the bar of NGC 1&&8t: array data without short spacingdsright: array data with
short spacings. Contours are the same in both figures (3 Jytdams—!). The clean beam (ellipse at the bottom-right}y'is3 for both maps.

ibilities (17 mJy beam! instead of 10 mJy beaml). The noise — There are large concentrations of molecular gas at the west

in the integrated map (PdB+PV) is = 1Jybeam! kms~!. end of the bar, where the spiral arm begins. The end of the
We use these PdB+PV maps as best showing the weak extende@ast arm is different, with a void between the end of the
features that are the subject of this paper. lane and the beginning of the spiral arm. The spiral arm is

Fig[2 shows the0 km s—! wide channel maps ofthe mosaic  detected in the CO mosaic, but is truncated by the primary
PdB+PV. The CO bar is well detected in the channels from 2430 beam.
t02490km s~!, with a Z shape indicating non-circular motions — There is a large clump of gaX)” south of the center of
(see below). NGC 1530. This very large molecular complexis at the edge
of the mosaic, where the noise is high. In the visible opacity
o map published by Regan et al. (1995), there is a large dust
4. Molecular gas distribution complex at the same place as the molecular gas complex.

Fig.[3 shows the integrated CO map done with PdB+PV super- There is weak and diffuse CO(1-0) emission at the southern
imposed on an optical image of the bar and the inner part of the €dge of the east lane and the northern edge of the west lane.
spiral arms of NGC 1530. The CO map shows many interesting The detections are at the- level (4 Jy beam' kms™").
features, including:
We compared our CO map with that made by Regan et al.
— An intense central plateau in the form ofZ4 with two (1995) with a4”.8 beam with the BIMA interferometer and
curved arms connected to the extended CO lanes. This cre NRAO 12m (for the short spacings). This CO map (Fig. 2
tral plateau has been studied extensively at high resolutiohRegan et al. 1995) shows the central plateau and a few CO
(1.8"”) (Reynaud & Downes 1997). The total flux of thisclumps at the ends of the CO lanes. But it does not show the
central plateau is 362 yns~! in the PdB+PV map. CO lanes themselves, nor the CO concentration that we fithd 20
— Two extended narrow lanes of molecular gas that coincideuth of the center of NGC 1530. When convolved to the same
with the dust absorption lanes in the optical image. Thesesolution as ours, the BIMA+NRAO 12m image has an r.m.s.
lanes run along each side of the central plateau, and contimaése ofo ~ 3 Jy beant! kms~!, three times poorer than ours
along the bar until the beginning of the main spiral arm® ~ 1Jybeant! kms™!). This explains their non-detection
(Fig.[3). These lanes are shifted toward the leading sideaifthe weak CO lanes, which have an average brightness of
the bar, as is usual in barred galaxies with straight dust laness Jy beant! kms~1!.
(Athanassoula 1992). The eastern lane is more regular thanThe same authors mapped the optical depth of the dust
the western one, which has alternating CO clumps and vo{@isg. 7a of Regan et al. 1995 inversed with Fig. 8) from im-
(see the zone near the central plateau at the west). Althoagjes in the visible and near-IR in the B, V, R, |, J, H and K
the CO distribution is more regular than was suggested bgnds, and from a model of multiple diffusion of the light on
the interferometer alone map or by optical images, the Qe dust grains. This opacity map has a resolutioif’of, and
lanes on the new map remain rather asymmetric. shows the same features as our CO maps. The intense cen-
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Fig. 2. CO(1-0) along the bar of NGC 1530 #9 km s ™' channels from the PdB+PV data. The contour levelisnJy bearm!. The clean
beam is5”’.6 x 5”.0.

tral plateau has the sani¢ shape, the eastern lane is rathés. Kinematic and star formation

weak and regular, the western lane is very irregular with in-

tense and compact clumps. We compared the tiof CO The CO lanes associated with the dust lanes are probably the
intensity to the dust optical depth. In a simple model, orfdtes of compression of the interstellar gas due to a shock wave.
expects the dust opacity in the visible to vary in the sanlde density wave theory applied to the gas in barred potentials
way as the CO emission since the molecular gas and the diRgberts et al. 1979) shows that along the bar, two leading shock
are spatially associated. This seems to be true in the barff@hts form, similar to the shock fronts associated with the spiral

NGC 1530, but the ratid is not uniform. Regan et al. (1995)arms of galactic disks. These shock fronts are rectilinear in the
report R ~ 10Jybeant! kms~' Ay;' in the central plateau ¢ase of strongly barred potentials (Athanassoula 1992). In these

andR < 4Jybeant'kms~! A in the western lane. Our hydrodynamic models, and in a reference frame rotating with
CO map, with a slightly different beans’(.3 instead of1”.8) the bar, in which the shock fronts are stationary, th(=T pre-shock
gives for the central plateal ~ 12Jybeant!kms~'A;! 9as flows outward, while the post-shock gas flows inward, to-
and for the west lang& ~ 7.5Jybeant! kms~!A;'. That ward the center of the galaxy. We now discuss the kinematics

is, we find the difference between the central plateau and fethe molecular gas along the bar of NGC 1530 and compare
extended lanes to be smaller than reported by Regan etthg observations with the predictions of hydrodynamic models.
(1995). The cloud20” south of the center of NGC 1530 had/Ve then discuss possible correlations between the intensity of
R ~ 2.4Jybeam kms~! A, which is a much lower value the shock wave and the rate of star formation along the bar.
than for the other clouds in the bar of NGC 1530. The CO emis-
sivity changes possibly because of differences in kinetic te® inematic analysis
perature between the on-bar and off-bar clouds.
To study the compressed layer of gas in the transition between
the pre-shock and the post-shock regime, we examined the ve-
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locity distribution of the gas with position-velocity diagramsve can measure only the velocity component along the line of
perpendicular to the CO lanes, at a position angle 6f ¥ sight, we adopted the following hypotheses about the velocity
chose points along the CO lanes where CO is well detectedfield.

Fig.[4 shows some of the position-velocity diagrams along- The position angle of the line of nodes of NGC 1530 was
the east and west CO lanes. For each of these two lanes,assumed to b& A ~ 5° (east of north) and the inclination of
show four diagrams along the lane. We have indicated for eable galaxy to be ~ 55°, wherei = 0° means face-on. These
diagram the distance of this diagrafy) to the dynamical center values for NGC 1530 come from our previous, higher-resolution
of NGC 1530. For the diagrams which are the closest to the camalysis of the central part of the galaxy (Reynaud & Downes
ter (L| = 15".6, i.e., a distance of 4 kpc to the center), one 1997). They are close to the parameters obtained on larger scales
observes the largest velocity gradients :foe 15”.6, the LSR  with measurements in Hl anddHe.g. Regan et al., 1996, give
velocity varies by200kms~—! over 6, with diffuse emission PA ~ 8° 4+ 1° andi ~ 45° £ 5°).
over this total range of velocity. This strong velocity gradient_ oy the position of the dynamical center and its systemic ve-
is probably due to the proximity of the inner Lindblad resopgity we tookasgg = 042232657, 52000 = 75°17'44".0, and
nance (ILR) at a radius of 1.2 kpc (Reynaud & Downes 19971)8.ys ~ 2472 kms~! (Reynaud & Downes 1997). The systemic

Nearthisresonance, there is continuous generation of shocksacity is relative to the LSR. The accuracy of these values is
tween orbits parallel and perpendicular to the bar (Athanassoulgs in position ands km s~! in the systemic velocity.

1992). The diagrams dt = 40”.3 on the western side and at . S
7 — _35" 1 on the eastern side are at the ends of the CO lan The spiral arms are assumed to be trailing : since the southern

at radii of~ 15 knc. These diagrams do not show strond velo _§rt of the line of nodes is receding and the northern part is
— pC. 9 9 proaching, the galaxy’s closest side is the western one.

ity gradients, but only one compact molecular cloud at the enB _ ) o
of each lane, that is isolated in both position and velocity. The We adopted the rotation curve given in Fig. 7 of Regan
velocity varies with position along the molecular gas lanes : nédr@!- (1996), from H observations with 4 resolution in the
the ILR, the shock wave induces a large velocity jump, where‘é@me disk of.NGC 1530, correctmg for our adopted inclination
near the ends of the bar, this jump is very weak. Between thésg 55°)- This curve shows the circular component of the ve-
points, the amplitude of the jump decreases smoothly from #9&'Y along the line of nodes. The circular component of the
center outwards. The same feature can be noted ondheeH VEIOCity |s_pro_bably different wh_en measured_along the bar (p.a.
locity map of Regan et al. (1997). 115°), which is nearly perpendicular to the line of nodes (p.a.
5°) because of the quasi elliptical orbits followed by the gas. In
To quantify these results, we calculated the velocity field ather galaxies, the maximum difference between the two rota-
every point along the bar where CO emission is found. Becaugm curves (perpendicular and along the bar) is typically 100 to
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Fig. 4. Position-Velocity diagrams perpendicular to the CO lane of NGC 1530, at position42fgldumbers in the upper-right corner of each
diagram are the distance to the dynamical center (arcsec).

150kms~! (Duval & Athanassoula 1983). We consider this t¢1997), and used the kinematic model in that paper to calculate
be a possible systematic error in the rotation curve used herthe non-circular motions.

From position-velocity diagrams like those in Hifj. 4, we iso-
lated 29 clouds (19 in the east CO lane and 10 in the west Ian§b Results
We noted each cloud’s LSR velocity,.s, and position£,6)

in the galactic plane, and 'Fhen calculated the circular velocity,q velocity components of these 39 clouds are given in Tables 1
of the cloud from the rotation curve,(r). We deduced the 5n2 The uncertainties in the tabulated velocities are estimated
radial component of the velocity from the formula : as follows. We estimated above that the systematic error in the
circular velocityv,. is aboutAuv,,; ~ 100 kms~!. Other un-
certainties are\i ~ 5°, A¢ ~ 5° and Avgys ~ 5kms™!,
Aveps ~ 20km s~ For L ~ —27".3 (Table[2) and) ~ 285°,

We adopted the following convention for the sign, > 0 for example, this yields an uncertainty in the expansion veloc-
for outward motionsye,, < 0 for inward motions. We ob- jty of A, ~ 80 kms~'. The difference in expansion velocity
tained the sign of the motion from the sign@tus — (vsys —  is about150 kms~! between the pre-shock and the post-shock
Urot Sin i cos ). On the western side (with respect to the lingone. Hence in spite of the various uncertainties and the possi-
of nodes of the galaxy), a positive value of this difference indije systematic error in the circular velocity, we still have strong
cates an inward motion; a negative value indicates an OUtW@Kﬂdence fora Change of Sign atthe Crossing of the ShOCk, from
motion. On the eastern side, the signs are reversed. an outward motion before the shock to an inward motion inside

Tothese 29 clouds, we added 10 clouds in the central plateand after the shock. The closer the cloud to the minor axis of
from the higher resolution CO maps’(df Reynaud & Downes the galaxy § = 90°), the more precise is the determination

Uobs — (Vsys — Vrot Sin ¢ cos §)

[vesp| = sin ¢ sin 6
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Fig. 5. Velocities of selected molecular clouds in the bar of NGC 1530 (arrows) superposed on a color map of CO integrated intensity.

Table 1.Kinematics of 39 clouds in the central plateau and along the bar of NGC 1530. Ragstern plateau and CO lane.

Radius 6 Uobs Urot Vexp Remark
kpc deg kms™! kms™' kms!
western plateau
0.6 220 2550 115 0 Intense cloud.
0.85 321 2390 130 —4 Contact point of northern arc with nuclear zone.
1.2 233 2550 160 -2 Intense cloud.
2.3 243 2580 241 —55 southern Arc.
2.8 257 2550 250 —65
western lane
4.1 293 2330 241 90 L = —15".6. Pre-shock cloud.
5.6 274 2570 230 —134 Very extended (1) shock zone from
pre-shock to post-shock;
contains a cloud in circular rotation.
8.1 285 2380 190 65 L = —27".3. Almost pointlike cloud; pre-shock.
8.2 284 2440 190 —10 Most intense cloud, pointlike, connected
to the diffuse post-shock zone.
8.7 279 2520 185 —89 Post-shock.
8.7 306 2330 185 83 L = —35".1. Weak and diffuse cloud.
10.1 288 2420 180 -8 Pointlike and intense cloud :
extremity of CO lane.
13.2 285 2410 180 30 L = —44" 2. Extended zone; spiral arm.
135 284 2450 180 —-17 Intense cloud.
145 279 2510 180 —74 Post-shock; beyond the bar.

0 is the azimuth of the cloud relative to the line of nodes in the plane of the galaxy.

of the expansion velocity, with the rotation component (whiabptimum visibility of the map. We have superposed on this field

introduces most of the uncertainty) being cancelled.

a face-on CO map of NGC 1530 in color levels. The map has

Fig. B shows the velocity vectors (arrows) for the clou
listed in Tableg]1 and 2. The arrows are understood to be in

Ot;ﬁeen corrected for thgh° inclination of the galactic plane. Note

t the sense of rotation of the gas in NGC 1530 is compatible

galactic plane, with an arbitrary scaling factor adjusted for é(ch trailing spiral arms. In the following we will analyse in de-
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Table 2. Kinematics of 39 clouds in the central plateau and along the bar of NGC 1530. Peaistiern plateau and CO lane.

Radius 6 Vobs Vrot Vexp Remark
kpc deg kms™ ! kms! kms!
eastern plateau
0.65 119 2520 115 12 Contact point of southern arc with nuclear zone.
0.8 62 2410 130 —16 Extended cloud.
0.8 44 2410 130 52 Edge of the extended cloud, toward northern arc.
1.7 57 2380 190 —10 Peak of the northern arc.
2.6 74 2390 245 —42 northern arc.
eastern lane
4.0 120 2610 241 56 L = 15" .6. Diffuse emission with
4.4 109 2570 241 44 continuous pre-post shock sequence.
5.2 102 2510 233 0 Constant flux fag, = 0t0 —150kms™!.
5.4 96 2370 230 —150
8.0 107 2590 190 100 L = 27".3. Continuous diffuse zone from pre-shock
to shock (oveR” ~ 360 pc).
8.2 105 2450 190 —80 Flux peak.
9.6 106 2570 185 76 L = 32" .5. Pre-shock.
9.8 104 2450 185 —75 Flux peak. Shock; jump over’2
11.6 96 2430 180 —70 Post-shock until 11 ~ 2 kpc.
10.3 106 2570 180 73 L = 35".1. Pre-shock.
10.6 104 2470 180 —51 Flux peak. Shock.
12.2 95 2420 180 —80 Post-shock extended over 1.5kpc.
10.8 116 2610 180 100 L = 40" .3. Pre-shock at 1.2 kpc of the CO lane.
11.9 105 2510 180 0 Pointlike cloud. Extremity of the CO lane.
13.0 100 2430 180 -84 Post-shock pointlike cloud.
13.2 116 2580 180 60 L = 49" 4. Crossing of the spiral arm.
13.6 113 2530 180 0 Flux peak.
14.3 108 2510 180 -9 Intense cloud.
15.3 103 2470 180 —44 Weak cloud.

tail the behaviour of the gas across the CO lane, and the relatimm-circular, outward motion$( to 100 kms~!). The flux of
of this behaviour to the star formation rate along the bar.  this outward-moving component is stronger near the galactic
center. Downstream from the peak flux component (i.e. to the
north for the eastern lane), one finds the post-shock zone with
weak CO emission, increasing in strength at the end of the CO
5.3.1. Density wave lane. The non-circular motions are inward in this zor&({ to
—150kms~!). The crossing of the CO lane correspondsto a ve-
Fig.[3 provides valuable information on the kinematics of thecity jump 0f200 km s~ in 2" ~ 400 pc (Fig[4). This velocity
molecular gas from the inner parts of the galaxy toward the erjdmp is a shear, because the direction of the shock front is al-
of the bar. Inside the central plateau, outtol.0 kpc radius, most parallel to the discontinuity in the velocity vector (fib. 5).
circular rotation dominates, to within an accuracy oki@s~!  The amplitude of the velocity jump decreases from the begin-
(r.m.s.) in the residuals (Reynaud & Downes 1997). Along theng of the CO lane (close to the galactic center) out to its end
two bright arcs at the north-eastern and south-western edgegefar the start of the spiral arm), where there is a cloud with a
the central plateau (Fig. 1 of Reynaud & Downes 1997), there i@ velocity dispersionf = 40”.3 in Fig.[4,» = 11.9kpc in
strong non-circular velocity component, in the inward directioTable2.)
This non-circular component is also present all along the CO Thewestern laneshows the same characteristics as the east-
lanes, which are the continuation of the arcs of the plateau. ern one, with a less regular CO distribution. The end of the lane
For the eastern laneour new data show that this non-s also occupied by a molecular cloud with a weak velocity dis-
circular component appearsmat- 2kpc, reaches a maximumpersion, in pure circular rotatiol.(= —35".1, » = 10.1 kpcin
at~ 5.4kpc and then decreases progressively until it vanish&sble[1).
at the end of the CO lane,at> 12 kpc, where the bar connects  These observations can be compared with the predictions
to the spiral arm. Our position-velocity diagrams show that tloé hydrodynamic models such as those of Athanassoula (1992).
COflux peaks in this inward-moving component, where itis twvome of these isothermal models of the interstellar gas in barred
times stronger than in other velocity components. Upstreampadtentials show the same gas distributions as are seen in early-
this peak flux component (i.e. to the south for the eastern langpe barred galaxies, when atleast one inner Lindblad resonance
we find the pre-shock zone with a weak CO emission and langgresent. They show a central plateau with two intense arcs that

5.3. Density wave and star formation



D. Reynaud & D. Downes: Kinematics of the gas in a barred galaxy: do strong shocks inhibit star formation? 679

continue on, as two straight gas lanes until the ends of the bar, This effect is described by Tubbs (1982), who used numer-
where there are strong concentrations of gas. The gas lanea hydrodynamic simulations of barred galaxies (with no dis-
associated with the shock feature, and shows inward motidimetion between shock and shear) to test the role of physical
of 100kms~!. Crossing the shock, the radial motion of th@arameters that control the contraction of gas in star forming
gas changes from outward (upstream) to inward (downstreaznmplexes along the CO lanes. These parameters are the veloc-
with a velocity difference o250 kms~! at a radius halfway ity of clouds entering the density wave and the pressure of the gas
to the ends of the bar. The velocity jumps are lower near tharrounding the clouds. In his simulations, Tubbs found that for
ends of the bar. In addition to the shear, the models predietocities greater than a threshold between 20 arich6§!,
a kinematic discontinuity through the shock in the azimuthtlie clouds are dispersed by the shock and do not contract.
direction (see the model of Roberts et al. 1979). The resolution Consider the distribution of HIl regions in the eastern lane
of the simulations, however, does not allow a separation of taENGC 1530. At a radius of = 5kpc, the rotation veloc-
shear and the shock (Athanassoula 1992). ity of the gas is~ 233kms~! and the rotation velocity of
Our CO observations roughly confirm this descriptionthe density wave i$2,r, with a pattern velocity of the bar
However, the asymmetry of the length of the bar (10 kpc we€t, = 180kms~!/14kpe = 13kms~ ! kpc~!, since the ro-
and 12 kpc east) and the differences in the structure betweentgt®n velocity of the gas i$30 km s~ at the corotation radius
two lanes are not features of any model, and probably are re= 14 kpc (1.2 times the 12 kpc radius of the bar, see Downes
lated to a mass distribution or dynamical history that is specifit al. 1996, or Regan et al. 1996 with another inclination an-
to NGC 1530. gle). We therefore derive a velocity 8f,r ~ 68 kms~* for the
density wave at a radius of = 5kpc . The molecular clouds
thus enter the density wave with a velocityef165kms™1!.
From the same reasoning, at a radius of 8 kpc the entering ve-
Fig.[@ shows the H map of NGC 1530 at” resolution (Regan locity is 86 kms~!. The Hx map shows clearly that the star
et al. 1996) superimposed on our CO map combining singfefmation is weak at a radius of Skpc and intense at a radius
dish and interferometer data. ThisvHinap is not corrected for of 8 kpc. If the entering velocity of the clouds constrains the
extinction by dust. Inside the bar, thexHls concentrated in an star formation, then our observations suggest the existence of a
intense nuclear disk and in some Hll regions along the CO larwedocity threshold between 80 an@0 kms~*. At present, we
and at the ends of the bar. cannot say which factor is more relevant for inhibiting the star
For the eastern lang the Hx intensity is almost zero closeformation, the shear or the shock.
to the nuclear disk, then increases progressively along the lane,An upper limit on the star formation time scale can be esti-
until the east end of the bar (region 5) where there is a lod¢apted from the distance between the density wave and the HIl
maximum (Fig[B). The & lane is slightly offset4 5”, or regions. Atr = 5kpc, the distance between the CO and H
900 pc) toward the downstream side of the CO lane. This offé@fes is>~ 900 pc, with a speed of the clouds relative to the
vanishes near the end of the lane. This is as expected if the gitsity wave ofi65 kms~. This implies the OB stars formed
formation traced by H is due to the density wave that createtess thar6 x 10° years after the passage of the density wave.
the CO lanes, with the corotation of this density wave near the Forthe western lane the situation is more confusing. There
end of the lanes (and near the ends of the bar). is no regular Kk lane, but several HIl regions along the CO
The increasing H emission with increasing radius alondane (numbers 4, 6 and 7 in Fig. 6). Region 4 coincides with
the bar is not an extinction effect, because the dust opacity the end of the western CO lane, region 7 is downstream and
creases towards the ends of the bar, according to the NIR a&fabe to the CO lane, and region 6 is devoid of CO emission,
optical observations (Regan et al. 1995). The star formation raggstream and far away~( 2 kpc) from the CO lane. Region
clearly increases at the ends of the bar. However, the amound aforresponds to the usual HIl region typically found at the
available molecular gas is uniform along the lane, since the @@d of the bar in early-type barred galaxies, the equivalent to
emission is uniform (provided the CO luminosity-gas columregion 5 at the end of the eastern lane. The HIl region 7 is
density conversion factor is uniform). The star formation effprobably induced by the density wave traced by the CO lane,
ciency, as traced by the ratio ofaHntensity to CO intensity, because it is near a strong peak in the optical opacity (Regan et
increases with the radius along the lane. Moreover, the shaht995), indicating a strong concentration of dust. However, the
and the shock in the gas due to the bar potentiel decreases withng Ry intensity at region 7 is surprising in comparison with
radius, and becomes zero at the end of the lane. Although ¢ker weak Hr emission at the same radius in the eastern lane.
formation seems to occur in clouds collapsing after the passade pressures of the intercloud medium on the dense clouds
of a density wave (see e.g. Vogel et al. 1988), some physical af-the entrance of the shock lane are probably quite different,
fect must inhibit star formation in the dust lane near the nucleleading to large differences in star formation efficiency. Region
of NGC 1530. We think the star formation efficiency probaé, unlike region 7, has probably not been created by the density
bly decreases when, on a global scale, the amplitudes of Wh&ve associated with the CO lane. This HIl region does not
shear and the shock are too strong. On a small scale (scale streespond to any detected gas concentration. There is probably
of individual clouds), this means that the relative velocity isome gas associated with this star forming region, since the
cloud-cloud collisions is too high for the clouds to survive. optical opacity peaks here (Regan et al. 1995), indicating the
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