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ABSTRACT

Aims. Very young stellar clusters and cluster complexes may be embedded in dust lanes along spiral arms in disk galaxies and escape
detection in visual bands. Observations in the near-infrared K-band offer an almost unbiased view of such clusters or complexes due
to the small attenuation by dust at this wavelength. The objective is to determine their population size, absolute K-band magnitude
distribution above the limiting magnitude imposed by the data, and location relative to the spiral pattern in disk galaxies.

Methods. All slightly extended sources were identified on deep K-band maps of 46 spiral galaxies reaching at least K =
20.3 mag arcsec™” at a signal-to-noise level of 3. The galaxies had inclination angles <65° and linear resolutions <100 pc with
seeing better than 1. The sample includes both barred and normal spirals with a wide spread in types. We also analyzed J- and
H-band colors for 4 galaxies for which such images were available. An apparent magnitude limit of K = 19 mag was used for the
sources analyzed in order to avoid marginal detections. Furthermore, we derived the source distributions of magnitudes and relative
locations with respect to the spiral patterns.

Results. Almost 70% (15/22) of the grand-design spiral galaxies show significant concentration of bright K-band knots in their arm
regions corresponding to 30% (15/46) of the full sample. Color—color diagrams for the 4 spirals with JHK photometry suggest that a
significant fraction of the diffuse sources found in the arms are complexes of young stellar clusters with ages <10 Myr and reddened
with several magnitudes of visual extinction. The brightest knots reach an absolute K-band magnitude My of —15.5 mag correspond-
ing to stellar clusters or complexes with total masses up to at least 10° M, Brightest magnitude and number of knots correlate with
the total absolute magnitude of the host galaxy. More knots are seen in galaxies with high far-infrared flux and strong two-armed
spiral perturbations. The bright knots constitute up to a few percent of the total K-band flux from their parent galaxy and account for

a star formation rate of ~1 M, yr~! for the brightest grand-design spiral galaxies.
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1. Introduction

The present star formation rate (SFR) in the local Universe is
important as a part of the history of galaxy build-up and as a
means of comparison for the study of star formation at higher
redshifts. For spiral galaxies, significant variation is observed as
a function of Hubble type and luminosity class. Extinction by
dust in spiral arms makes it difficult to get a full census from
observations in visual bands, whereas near-infrared (NIR) colors
offer a much higher transparency.

In a study of the NIR K-band images of spiral galaxies,
Grosbgl & Patsis (1998) noticed that several grand-design spirals
have bright knots along their arms, suggesting that such knots
are related to the spiral structure. Young stellar clusters may ex-
pel gas left over after their main star formation phase and may
then experience violent relaxation (Bastian & Goodwin 2006).
This could lead to their destruction on time scales of a few tens
of Myr (Goodwin & Bastian 2006). The knots are marginally
resolved, suggesting sizes of less than 100 pc. Unbound stel-
lar clusters will exceed this size due to diffusion of stellar

* Based on observations collected at the European Southern
Observatory, Chile; program: ESO 68.A-0085 and 69.A-0021.
** Appendix A is only available in electronic form at
http://www.aanda.org

orbits within 50 Myr (Wielen 1977). These points indicate that
the knots are dynamically young.

Patsis et al. (2001) studied such knots in two galaxies us-
ing narrow-band filters in the K-band and concluded that the
major contribution to their K-band fluxes comes from contin-
uum radiation. In many cases these knots are embedded in dust
lanes and invisible in visual bands. Taking advantage of the mu-
tual alignment of eight of these knots along the southern arm of
NGC 2997, Grosbgl et al. (2006) obtained spectroscopy in the J-
and K-bands detecting hydrogen Br, in emission, undoubtedly
demonstrating that the knots are HII regions deeply enshrouded
in dust, confirming the results previously suggested by Patsis
et al. (2001). They also explored the relative position of the knots
with respect to the ridge of the K-band arm to derive kinematic
parameters of the density wave to constrain the star formation
regime and ages of the knots.

Their absolute luminosity and Br, emission suggest they are
very young, massive stellar complexes that would host a signif-
icant fraction of the heaviest stars formed in a galaxy. Thus, the
statistics of them in spiral galaxies may imply SFR of stars on
the upper part of the initial mass function (IMF) and rate of su-
pernovae type II in such systems. The low attenuation by dust in
the K-band makes it possible to obtain almost complete samples
while many clusters and complexes may be missed on visual
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images due to heavy obscuration in dust lanes. To estimate in-
ternal mean physical properties of these NIR starforming knots,
we used the theoretical models starburst99 by Leitherer et al.
(1999, hereafter SB99). The rate of star formation, derived from
NIR data, may complement or correct the one derived from the
observations of optical HII regions, as done by SINGG (Meurer
et al. 2006; Hanish et al. 2006). Indeed, due to the dust absorp-
tion, few of the NIR knots would contribute significantly to the
H, emission line, used by SINGG to estimate the star formation
rate in their sample of galaxies.

Thus, the knots we are studying in this paper may consti-
tute the first phases of the star formation that escape detection
in optical bands, or might well be the dusty, densest part of
large HII region complexes. We present statistics of such knots
detected on K-band images of 46 spiral galaxies. For the four
galaxies observed in the J-, H-, and K-bands, we also compared
their colors with simple SB99 models using different star forma-
tion scenarios.

2. Data and reductions

The current sample of galaxies was selected from two data sets
containing deep, high-resolution K-band images of nearby spi-
ral galaxies. The first set, designated A, was observed to study
the morphology of bar and spiral perturbations in disk galaxies
through K-band imaging (Grosbgl et al. 2004), while the sec-
ond set (B) with both H- and K-band maps included galaxies in
which supernovae Ia had recently been observed. Some galaxies
in the second set also had J-band images and were designated
with (C). All observations were made with SOFI at the NTT
telescope at ESO, La Silla, using a Rockwell Hg:Cd:Te 1024 x
1024 detector with a pixel size of 0.29”. The preliminary sample
was 95 galaxies, selecting only targets with inclination angles
i < 65° and seeing <1”.

General data for the galaxies were taken from the Third
Reference Catalog (de Vaucouleurs et al. 1991, hereafter RC3)
such as types, systemic velocities, total magnitudes, and radio
fluxes. Distances were computed from the velocity Vgsgr, cor-
rected to the Galactic Standard of Rest, using a Hubble constant
of 75 kms™' Mpc~!.

The final sample was restricted to galaxies with distances
D > 5 Mpc, to avoid galaxies in which individual stars could be
resolved, absolute blue magnitudes Mp < —19.0 mag, to exclude
dwarf galaxies, surface brightness at a signal-to-noise (S /N) of
3 for the K-band maps w3 > 20.0 mag arcsec™?, and a linear
resolution As < 100 pc. The 46 spiral galaxies in the sample
are listed in Table 1, which also gives their Hubble type and
luminosity class. The Hubble types listed are taken from RC3
where the two first letters give the main morphology with SA
for ordinary spirals, SB for barred systems, and SX for interme-
diate or weakly barred galaxies. The third character indicates the
bar/spiral interface, whereas the final number gives the numeric
type T going from (1) for early-type spirals to (9) for late-type
systems. The sample is slightly biased against barred spirals with
18 SA, 21 SX, and only 7 SB galaxies due to the definition of the
two original data sets. Eight galaxies (NGC 1068, NGC 3351,
NGC 3368, NGC 3627, NGC 4321, NGC 4535, NGC 4579,
and NGC 5247) are in common with the BIMA SONG survey
(Helfer et al. 2003), while 6 galaxies (NGC 1566, NGC 3351,
NGC 3621, NGC 3627, NGC 4321, and NGC 4579) are also in
the Spitzer SINGS sample (Kennicutt et al. 2003).

All observations were done with the same template, which
included a jitter pattern on the target with offsets of around 10"
interleaved with sky exposures around 10’ from the galaxy. Sky

Table 1. List of galaxies.

Galaxy Type L Set FWHM s D As
NGC 157 SXT4 1.8 A 0.7 21.1  23.1 80
NGC 210 SXS3 1.1 A 0.9 20.7 224 96
NGC 289 SBT4 22 B 1.0 20.8 215 99
NGC 578 SXTS 24 A 0.6 207 215 6l
NGC 685 SXR5 40 A 0.8 20.7 16.6 65
NGC 895 SAS6 19 A 0.6 20.8 30.6 95
NGC 1068 SAT3 23 A 0.9 20.7 82 34
NGC 1084 SAS5 31 B 0.8 209 185 76
NGC 1087 SXT5 55 A 0.8 207 203 74
NGC1187 SBR5 21 B 0.9 20.8 17.7 73
NGC 1255 SXT4 33 A 0.8 21.0 215 85
NGC 1300 SBT4 1.1 B 0.8 20.7 199 80
NGC 1350 SBR2 30 B 0.7 207 23.6 82
NGC 1357 SAS2 - A 0.5 20.7 258 66
NGC 1365 SBS3 13 B 0.8 21.1 205 85
NGC 1371 SXT1 - A 0.8 21.1 183 67
NGC 1398 SBR2 1.1 B 0.8 205 174 o4
NGC 1425 SAS3 32 B 1.0 209 18.6 89
NGC 1566 SXS4 1.7 B 0.9 209 17.6 76
NGC 2775 SAR2 - A 0.6 20.8 163 50
NGC 2855 SATO - A 0.7 209 23.0 81
NGC2935 SXS3 21 B 0.6 204 27.6 85
NGC2997 SXT5 16 A 0.8 209 11.6 43
NGC3351 SBR3 33 B 0.6 204 9.0 28
NGC 3368 SXT2 34 B 0.6 204 10.6 33
NGC3370 SAS5 34 B 0.6 204 16.0 45
NGC3389 SAS5 42 B 0.7 204 16.0 51
NGC 3621 SAS7 58 B 0.7 20.5 70 22
NGC3627 SXS3 3.0 B 0.7 20.5 8.6 30
NGC 3810 SATS 24 B 0.9 205 122 55
NGC4030 SAS4 16 A 0.9 207 18.0 75
NGC4321 SXS4 1.1 B 0.9 20.5 205 94
NGC4535 SXS5 16 B 0.6 205 252 71
NGC4579 SXT3 31 B 1.0 205 19.6 94
NGC4941 SXR2 34 A 1.0 208 13.6 65
NGC4965 SXS7 47 A 0.7 206 283 98
NGC4981 SXR4 34 A 0.7 203 213 75
NGC 5085 SAS5 27 C 0.8 206 244 89
NGC5134 SAS3 47 B 0.8 206 21.8 87
NGC 5247 SAS4 18 C 0.7 206 167 60
NGC 5364 SAT4 1.1 C 0.7 206 162 57
NGC 5668 SAS7 43 B 0.8 206 211 77
NGC5861 SXT5 22 C 0.7 206 248 88
NGC6384 SXR4 1.1 B 0.8 205 238 87
NGC 7213 SASl - A 0.9 203 23.6 99
NGC 7418 SXT6 35 A 0.8 207 193 78

fields were explicitly selected not to contain bright stars. Typical
exposure times on target were 4™, 4™, and 10™ for the J-, H-,
and K-bands, respectively, whereas some galaxies in data set (A)
were exposed longer. For a few galaxies with major axes larger
than 5" several SOFI fields were mosaiced together. The reduc-
tions of the frames followed the procedure described by Grosbgl
et al. (2004) including determination of sky projection param-
eters. Depth, expressed as w3, and seeing of the final maps are
given in Table 1.

Photometric calibration was done by observing standard
stars in the list of Persson et al. (1998) several times during
each night. The error of the K-band zero-point for galaxies from
data set (A) was around 0.07 mag, while the remaining galax-
ies had errors of 0.03 mag. Typical errors for the H- and J-
band were estimated to 0.03 mag. For the four galaxies with J-,
H-, and K-band observations, the location of foreground stars in
the (J — H)—(H — K) diagram can be used to check zero-point
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errors as they have a characteristic I' shape with a relative nar-
row range (see Fig. 5). Comparing their location with that of the
local main-sequence and giant stars, color offsets were estimated
to A(J — H) ~ —0.07 mag and A(H — K) ~ 0.06 mag. These cor-
rections were applied to the colors, while the K-band magnitudes
were not modified as the origin of the color offsets are unclear
(possibly a zero-point error in the H-band photometry). The po-
sitional errors were on average 0.5” and the actual detector pixel
size estimated to be 0.288".

3. Detection of sources

The maps of the galaxies have linear resolutions in the range
of 20—-100 pc, which in most cases are not sufficient to resolve
individual stellar clusters. The majority of sources detected in
the images are therefore more likely to be associated to com-
plexes of clusters rather than single discrete clusters. To check
this issue, the Hubble Space Telescope archive was searched
for ACS/WEFC frames of the galaxies taken with the F814W fil-
ter. Reasonable deep exposures in 7 galaxies (i.e. NGC 1068,
NGC 1300, NGC 3368, NGC 3370, NGC 3621, NGC 3810,
and NGC 6384) were identified with linear scales in the range
of 2-5 pc pixel™!. The comparison of our K-band images with
the ACS/WFC, with more than 10 times better resolution, sug-
gests that the non-stellar sources detected are a mixture of both
individual stellar clusters and more complex aggregates of star-
forming regions sometimes associated with ionized gas. Several
objects seen on the K-band frames had no obvious counterpart
on the ACS/WEFC frames possibly due to the significant extinc-
tion by dust in the F874W filter.

The SExtractor program v.2.5 (Bertin & Arnouts 1996) was
applied to the frames to identify all significant sources in the
fields. A detection threshold of 2.5 times local noise and a min-
imum area for objects of 5 pixels were used. No internal digital
filtering was selected, and the background mesh was reduced to
16 so as to better follow variation in the arm regions of the galax-
ies. Location and basic photometric parameters for the sources as
detected on the K-band images were saved with the galaxy-star
classifier class_star. Aperture photometry was then performed
on all frames using the positions derived from SExtractor and a
diameter of 3.0”. This procedure gave significant smaller scat-
ter in the color indices compared to an independent search on
frames in the other colors since SExtractor often yields slightly
different source coordinates for each frame. Aperture magni-
tudes were used since isophotal magnitudes depend too strongly
on the exact inclusion of pixels within the isophote on different
color maps and therefore display a wider spread in color indices.

NGC 5247 (see Fig. 1 for a K-band image) was selected to
illustrate the results since all three NIR colors were available,
and its morphology provides a clean view of its spiral structure.
SExtractor found a total of 337 sources, which fulfilled the cri-
teria on the K-band image. The galaxy-star classifier class_star
(denoted by cs), which ranges from 0.0 for diffuse, extended
sources to 1.0 for stellar type objects, is shown as a function
of the internal aperture magnitude in the upper panel of Fig. 2,
while the lower one displays the square root of the number of
pixels included in the source. A linear relation between mag-
nitude and square root of the area is expected for stellar type
objects with Gaussian profiles (as seen in Fig. 2). More diffuse
sources have larger areas for the same magnitude and scatter
above the relation for stars.

Depending on the galaxy-star classifier, the sources were di-
vided into three categories, namely: star-like objects with 0.8 <
cs, compact sources in the range 0.2 < ¢s < 0.8, and diffuse
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Fig. 1. Direct K-band image of NGC 5247 in intensity scale where the
bar indicates scale.
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Fig. 2. Distribution of sources found by SExtractor on the K-band im-
age of NGC 5247. Upper panel shows the class_star classifier, cs, as
a function of internal aperture magnitude. Objects are indicated with
() for 0.8 < ¢s, (») for 0.2 < ¢s < 0.8, and (o) for cs < 0.2. Lower
panel displays the square root of the object area in pixels as a function
of magnitude using the same symbols.

targets with cs < 0.2. These are illustrated in Fig. 3 where cutouts
around typical sources in the NGC 5247 field (see Fig. 1) are pre-
sented. The subframes are arranged in three rows, one for each
category, and show brighter sources to the left. The linear scale
of NGC 5247 is 81 pc arcsec™! while the resolution corresponds
to 60 pc. This suggests that most of the extended sources asso-
ciated to the galaxy are complexes of clusters and/or HII regions
rather than individual clusters.
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Fig. 3. Cutouts of sources from the K-band image of NGC 5247 in
Fig. 1. The upper row displays sources classified as star-like objects
with 0.8 < ¢s. The middle row shows compact sources with 0.2 < ¢s <
0.8 while the lower row illustrates diffuse sources with ¢s < 0.2. Targets
in all rows are arranged with the fainter sources to the right. The bar in
the lower right corner indicates the scale for all subframes.

The sources detected in the fields can generally be placed
in three groups, namely objects associated to the galaxies, fore-
ground stars, and background galaxies. To deal with foreground
star contamination, we used the synthetic model of structure
and evolution of the Milky Way (Robin et al. 2003, 2004),
which allows an estimate of the amount of stars up to a cer-
tain brightness limit expected in a given sky direction. We
crosschecked this number for each galaxy with the number
of star-like objects (0.8 < c¢s) in the same field furnished by
SExtractor. Since the galaxies in our sample are at reasonably
high galactic latitudes, both numbers agree closely when adopt-
ing a mean Milky Way extinction model. Thus, we concluded
that foreground stars could safely be rejected by relying on the
SExtractor classification.

The number of background galaxies expected for a given
field was estimated with the program GalaxyCount developed
by Ellis & Bland-Hawthorn (2006). Within a galactic disk of
10 arcmin?, 44 + 9 galaxies brighter than K = 19 mag are
expected. The brighter part of the stellar cluster is less con-
taminated because only 6 + 2 galaxies with K < 17 mag
are estimated. These values are average estimates and do not
take the existence of clusters of background galaxies into ac-
count in the field. This was checked by visual inspection of all
K-band frames. Background clusters were found in the fields of
NGC 1255, NGC 2775, NGC 3389, and NGC 5668 but in all
cases well outside the disk of the galaxies. To reduce the possi-
ble contamination by background galaxies, only sources within
the disk of the galaxies were considered. The disk radius was
estimated on the K-band frames as the higher value of either the
outer extent of the spiral pattern or the radius within which 90%
of galaxy’s K-band luminosity was emitted.

The globular cluster systems of the galaxies themselves may
also contribute to the sample of stellar clusters. Since their ex-
pected, average absolute magnitude is Mg ~ —10 mag, they will
not represent a major contribution. The mean color indices for
31 Milky Way clusters, including all the Messier plus Omega
Cen and 47 Tuc, are (H—-K)=0.24 £+ 0.06 and (J— H) = 0.69 =
0.09, which are just above the stellar sequence (see Fig. 5).

The spatial distribution of the three source categories, dif-
ferentiated according to the SExtractor criterion, is shown in a
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Fig. 4. Location of SExtractor sources identified in the NGC 5247 field
using the same symbols as in Fig. 2. Coordinates are given in arcsec
relative to the center of the galaxy in the plane of its disk. The dashed
lines show the locations of the spiral arms as determined from the m = 2
Fourier component of the azimuthal K-band intensity profiles.

projection corresponding to that of the disk of NGC 5247 (see
Fig. 4) where the locations of the spiral arms in the K-band are
also indicated by dashed lines as defined by the azimuthal phase
of the m = 2 Fourier component. Position angle PA = 110° and
inclination angle TA = 34° for NGC 5247 were derived from
the K-band image as described by Grosbgl et al. (2004) where
the value of PA differs significantly from the estimate of 20°
given by RC3. Whereas sources with ¢s > 0.2 are uniformly dis-
tributed over the field, the more diffuse sources are strongly con-
centrated in the arm regions. This suggests that most of these
sources are complexes of young stellar clusters, although some
of the larger ones could also be background galaxies. Sources
with an area of more than 100 pixels were excluded to reduce
the influence of background galaxies and complex starforming
regions, which may be grouped together by the detection algo-
rithm. For NGC 5247, this limit corresponds to a circle with a
diameter of 265 pc (i.e. 3.3").

4. Color distribution

The (H — K)—(J — H) color—color diagrams could be calculated
for NGC 5247, NGC 5086, NGC 5364 and NGC 5861 and are
shown in Fig. 5. To analyze the diagrams, several SB99 mod-
els were computed with upper mass limit M, = 30 My, a
Salpeter IMF, and solar metallicity. Models with both continu-
ous or bursty star formation were calculated up to 40 Myr. In
Fig. 5, representative evolutionary tracks for one continuous and
one instantaneous model are drawn with the standard reddening
vector using a galactic absorption law. Both evolutionary tracks
start around (0.5, 0.2) and evolve to bluer (/—H) and (H-K) col-
ors. After the appearance of the red super-giants (RSG), they
redden again in (J — H), while (H — K) almost remains the same
irrespective of the model type.

Extended sources occupying the upper left or lower right
corners of the color—color diagrams cannot be explained by
the models, neither by different star formation histories nor by
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Fig. 5. Color—color diagrams of objects in the NGC 5085, NGC 5247,
NGC 5364, and NGC 5861 fields using the NIR colors (H — K) and
(J = H). Symbols are the same as in Fig. 2. The fully drawn line indi-
cates the location of the local stellar main sequence. The long and short
dashed lines show the evolution of a stellar cluster using instantaneous
and continuous SB99 models, respectively. The reddening vector at the
lower right indicates the offset due to 5 mag of visual extinction. Typical
uncertainties for sources around K = 18 mag are 0.2 mag in each color
index.

standard extinction. Composed colors with (J — K) > 2 can be
explained by the presence of C-stars (Dottori et al. 2005), which
could indicate that such clusters are older than 1 Gyr. The ma-
jority of the condensations may well be young stellar complexes
in different stages of evolution with different degrees of inter-
nal reddening, from zero age HII regions on, up to 10-20 Myr
old complexes. The position of the condensations with regard
to the models indicates that a substantial amount of dust (i.e.
Ay in the range 2—7 mag) accompanies their evolution during
this phase of their lives. Because the measure of dust absorption
relies on colors integrated over an entire complex, significant in-
ternal variations are expected where some inner parts may even
be obscured in the K-band. The outliers amount to a few per-
cent of the samples, with NGC 5247 having slightly more, and
may also represent gross errors due to crowding or matching of
sources from different bands.

The color-magnitude diagrams for NGC 5247 are given in
Fig. 6 where Mg is shown as a function of (H — K) and a
reddening-correctedindex Q = (H—K)—-0.59 x (J—H). This red-
dening correction corresponds to standard galactic dust extinc-
tion for a screen model (Rieke & Lebopsky 1985) and will take
into account neither different dust properties nor complex dust-
star geometry in starforming regions (Witt et al. 1992; Pierini
et al. 2004). The evolution track of a typical SB99 model with
instantaneous star formation and total mass of 10* M, is over-
layed for reference in Fig. 6. Typical errors in (H — K) and Q are
in the range of 0.2—0.3 mag for Mx = —13 mag. The (H—-K) col-
ors scatter redwards of the SB99 model tracks (except for some
faint sources with larger errors) indicating strong attenuation by
dust even at NIR wavelengths. In the Mx—(H — K) diagram, all
the points to the right of the evolutionary track can be explained
with reddening (see reddening arrow in Fig. 6) which is not
the case for the “reddening free” diagram. This most probably
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Fig. 6. Color-magnitude diagrams of all extended sources in the
NGC 5247 field. The absolute K magnitudes, Mg, were computed from
the aperture magnitudes assuming a distance of 16.7 Mpc. Diagrams
for both (H — K) and the “reddening corrected” index Q are shown. An
evolution track for a bursty SB99 model with a total mass of 10* My, is
indicated by the line where the tracks start at around (H — K) = 0.5 mag
and Q = 0.4 mag for a zero age cluster and end at an age of 40 Myr. The
reddening vector in the upper left corner indicates the shift for a visual
extinction of 5 mag. Typical errors for objects with My = —13 mag are
0.1 mag and 0.2 mag for My and (H — K), respectively. Same symbols
as in Fig. 2 are used.

indicates that the screening extinction model is not correct, and
dust is mixed with gas and stars in a more complex way in most
of these cases (Witt et al. 1992). Sources with (H — K) < 0.0
are too blue compared to the models and cannot be explained
by dust reddening. These objects can be blue background galax-
ies, quasars, or sources with significant non-thermal radiation.
The majority of extended sources (cs < 0.8) in NGC 5247, con-
sidering problems in reddening corrections, are compatible with
stellar clusters or complexes with total masses up to 5 x 10* M,
using bursty SB99 models (see Fig. 6). Continuous models give
similar results with slightly higher Q values. It is not possible to
distinguish between the two models based only on broad band
colors but spectroscopic studies suggest a continuous formation
is more likely (Grosbgl et al. 2006).

The distribution of absolute K-band magnitudes, My, for ex-
tended sources is shown in Fig. 7 for the four galaxies with
JHK photometry. For each galaxy, the histograms for all ex-
tended sources identified are given with an indication of the
limiting magnitude for which the estimated error is 0.1 mag.
Similar diagrams for the full sample of galaxies are given in the
Appendix available on-line. In Fig. 7, the distribution of diffuse
sources (cs < 0.2) and that of the youngest of these objects (0.0 <
Q) are also displayed. There is a significant spread in the distri-
bution of the brightest knots, which range up to almost —16 mag
in M. The material is not deep enough to show the full shape or
size of the distributions. Thus, it is not possible to say whether
the variation of the brightest knots is real or just associated to the
population size in the galaxy. Although a falling frequency at the
faint end of the distributions is suggested for some galaxies (see
e.g. NGC 1365, NGC 2935, and NGC 5861), the limiting mag-
nitude makes it impossible to make a general statement on the
faint end of the distribution of clusters and complexes.
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Fig.7. Histograms of the absolute K-band magnitude My of objects
detected in the images of NGC 5085, NGC 5247, NGC 5364, and
NGC 5861. The fully drawn line shows the distribution of all extended
objects. The instrumental magnitude limit of —4 mag (i.e. with errors
<0.1 mag) is indicated by a vertical dashed line. The histogram with
short dashed line includes only diffuse objects (cs < 0.2) brighter than
this limit, while the long dashed line shows the youngest of these ob-
jects defined as having 0.1 < Q.

5. Spatial distribution

It is of interest to look at the locations of the knots relative to
the spiral pattern in the host galaxy to find possible relations
between the formation of massive stellar clusters and spiral per-
turbations. As an example, the spatial distribution of extended
objects relative to the average, two-armed spiral perturbation
in NGC 5247 is shown in Fig. 8. It gives the linear radius of
the knots as a function of their phase difference A6 from the
m = 2 intensity maximum as determined by a Fourier analy-
sis of the azimuthal K-band intensity variation in the disk. The
histogram of phase differences is displayed in the top diagram
where compact and diffuse sources are shown separately. Similar
diagrams for all galaxies in the sample are available in the online
material (see Figs. A.3—-A.11).

While the compact sources have a uniform distribution, the
diffuse objects are concentrated in the spiral arms (i.e. Af =
0° and 180°) but still with a significant number of knots in the
inter-arm regions. In this and several other grand-design galax-
ies, one can observe average phase offsets between the knots
in the arms and the associated K-band spiral intensity maxi-
mum. Furthermore, differences in pitch angle between the string
of knots along an arm and that of the K-band spiral may be
seen in some galaxies (e.g. NGC 157, NGC 1566, NGC 2997,
NGC 3627, and NGC 5247). This may be caused by system-
atic, radial offsets of large-scale shocks in the gas relative to the

T T I T T I T T I T T
30 —
N NGC 5247
20 —
10 - 1
6] T T T T T T T 1 T T —
o © R ]
L ) o o o
“a ® 0 A BoY @O
tor % Ogo ® OO% O@;OC@S;
r [o T o © . 2 @ b
n <) o o ) i
- o © % A ® %%) 0 -
50 AN o D A T
[0 s o® o eI b
: o %30 o] o e] @Og 49 :
L © o0 ® o i
0 1 1 1 1 1 1 1 1 1 1 |C%
-90 o] 90 180 AD 270

Fig. 8. Distribution of extended sources relative to the main two-armed
spiral pattern in NGC 5247. The lower panel shows linear radial dis-
tance, in arcsec, as a function of the azimuthal phase difference A6,
in degrees, from the K-band intensity maximum defined by the m =
2 Fourier component. The top diagram displays the histogram of the
distribution. Symbols have the same meaning as in Fig. 2.

spiral potential minimum (Gittins & Clarke 2004), combined
with the drift of material through the arms in a density wave sce-
nario (Lin & Shu 1964; Roberts 1969). Although these offsets
could provide information on the pattern speed of an underlying
density wave, reliable estimates cannot be obtained without age
information on the individual condensations.

When the diffuse sources are concentrated in arms, they sel-
dom have an even distribution between the two arms. This sug-
gests that perturbations other than bisymmetric ones are affect-
ing the formation of the detected condensations. A scenario in
which the perturbation and the perturbed material show differ-
ent temporal phases or trigger an m = 1 perturbation, like in
Junqueira & Combes (1996), may well also be at work. Another
option would be that the asymmetry is linked to the generation
and destruction of molecular gas clouds in spiral arms if the time
scale for these processes (Wada & Norman 1999) is comparable
to that with which the gas encounters the arms.

On inspection of both visual images in Sandage & Bedke
(1994) and our K-band maps, we find that 15 of the 22 grand-
design spirals in our sample show a significant concentration of
bright knots in their spiral arms. The remaining 7 grand-design
galaxies show little or no concentration. They have relatively
weak two-armed spiral perturbations, except NGC 895, which
also has a relatively high number of interarm knots and therefore
a smaller arm-interarm difference. Of the 24 galaxies classified
as multiple armed spirals, only NGC 3389 has a significant in-
crease of knots in one of its arms. This galaxy is a member of
the Leo group and may have experienced recent interactions.

6. Statistics of knots

Characterizing the distributions of young stellar clusters and
complexes in the individual galaxies, only knots within the disks
and with cs < 0.2 were considered. The main problems are the
contamination by older stellar clusters and background galax-
ies and the limiting magnitude of around K = 19 mag, which
does not allow examination of the faint tail of the distribu-
tions. As an indicator of the most luminous stellar complex in a
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Fig. 9. Total absolute B-band magnitude M Pn luminosity class L, and
relative amplitude of the two-armed spiral perturbation A, as functions
of the absolute K-band magnitude Mk of the 5th brightest extended
sources in the galaxies. Different symbols indicate ranges of morpho-
logical type, T, for the galaxies with (X) for 1 <7 <3,(a)for4 <T <
5,and (+)for6 <T <7.

galaxy, the quantity M, was defined as M of the 5th brightest
knot. Especially elliptical galaxies may be difficult to distinguish
morphologically from stellar clusters or complexes. Assuming
that 20—30% of the background galaxies are elliptical galaxies,
counts presented in Sect. 3 suggest less than 6 of them brighter
than the limiting magnitude of this sample (i.e. K = 19 mag)
would be found in an area of 5 arcmin® corresponding to the
typical disk. Thus, the choice of the 5th brightest knot in the def-
inition of Mg, will avoid a strong bias due to such background
galaxies with bright apparent magnitudes.

The distribution of Mk, is shown in Fig. 9 where corre-
lations with absolute blue magnitude MBQ , luminosity class L,
and amplitude, A,, of the two-armed spiral pattern for the host
galaxy are also given. The values of Mk, and A, are listed in
Table 2. While absolute magnitude and luminosity class were
taken from RC3, the amplitudes A, were derived from the az-
imuthal m = 2 Fourier component of the K-band maps as de-
scribed by Grosbgl et al. (2004). The overall distribution of M,
ranges from the detection limit around —13.0 mag (depending
on distance modulus) to a maximum close to —15.5 mag where
early-type spirals occupy the fainter range. For later-type spirals
(T > 3), Mk, shows a clear correlation with the absolute mag-
nitude of the host galaxy. Generally, brighter values of M., are
found for galaxies with luminosity class I-II and stronger spiral
perturbations.

It is impossible to get a true measure of the population size
since the present sample of images is too shallow to include the

Table 2. Statistics for K-band knots in individual galaxies.

Galaxy A, M, My, Ns M. oM SFR
NGC 157 026 -i35 —15.1 69 —189 54 0.3
NGC210 009 -134 -13.8 6 -162 74 0.6
NGC289 0.15 -132 -140 21 -173 64 0.17
NGC578 0.11 -134 -146 55 -184 4.6 047
NGC685 008 -128 -13.9 11 -165 5.6 0.09
NGC895 024 -141 -147 17 -178 55 027
NGC 1068 0.06 -11.3 -13.1 8 -17.1 65 0.14
NGC 1084 0.11 -129 -148 51 -185 50 0.5I
NGC 1087 0.17 -132 -150 78 -188 43 0.72
NGC 1187 0.12 -128 -142 41 -179 53 029
NGC 1255 0.09 -133 -142 27 -174 55 0.19
NGC 1300 025 -13.1 -149 52 -184 52 0.49
NGC 1350 0.08 -134 —141 11 -167 7.8 0.10
NGC 1357 0.06 -137 -144 6 -165 75 0.8
NGC 1365 038 -13.1 -15.1 140 -195 56 136
NGC 1371 0.04 -13.0 -2 -149 87 0.2
NGC 1398 022 -128 -135 13 -168 7.6 0.11
NGC 1425 0.04 -129 -132 8 -160 72 0.05
NGC 1566 025 -129 -147 88 -188 55 0.67
NGC2775 0.02 -127 -13.6 8 -162 7.9 0.6
NGC 2855 0.01 -13.5 -~ 2 -150 9.0 0.02
NGC2935 0.09 -138 -148 16 -17.7 64 025
NGC2997 025 -122 -142 68 -18.7 48 0.64
NGC3351 031 -114 -124 1 -160 69 005
NGC 3368 0.02 -11.8 -13.1 5 -164 7.3 0.08
NGC3370 0.09 -127 -139 11 -165 53 0.08
NGC3380 008 -127 -13.9 18 -169 47 0.12
NGC3621 0.04 -109 -132 15 -182 42 042
NGC3627 031 -113 -13.7 29 -185 52 0.54
NGC3810 0.09 -12.1 -13.7 33 -175 5.1 020
NGC4030 0.10 -13.0 -145 69 -185 54 0.54
NGC4321 008 -132 -150 146 -195 54 131
NGC4535 0.15 -13.7 -153 113 -197 48 155
NGC4579 006 -13.1 -132 6 -153 95 0.03
NGC 4941 0.02 -12.4 - 1 -142 83 001
NGC 4965 0.08 -140 -147 16 -17.6 46 022
NGC 4981 0.06 -13.5 -145 20 -175 58 021
NGC 5085 0.09 -13.6 -148 48 —184 55 0.49
NGC5134 003 -133 -141 15 -170 65 0.13
NGC 5247 031 -128 -145 91 -188 4.6 0.68
NGC 5364 0.12 -127 -13.7 28 -174 56 0.18
NGC 5668 0.06 -133 -142 25 —175 48 0.20
NGC5861 0.18 -13.6 -151 59 -19.0 4.5 08I
NGC 6384 0.08 -13.5 -148 27 -179 63 031
NGC7213 0.02 -139 -145 10 -175 73 022
NGC 7418 0.12 -13.1 -145 38 -178 5.1 029

faint end of the stellar cluster/complex population. The detection
limit M}(, in absolute magnitude, was defined by an instrumen-
tal magnitude of —4 mag corresponding on average to Mg =
—13 mag, depending on the distance modulus of the individual
galaxies (see Table 2). The number of diffuse objects, N3, with
My < —13 mag was used to indicate the size of the population
of knots. The values of Nj3 are listed in Table 2, while Fig. 10
shows the relations to M B9 L, A;, and absolute magnitude of
far-infrared flux Mg as given by RC3. It is noted that Mg, and
Ni3 will correlate if all galaxies have the same distribution func-
tion of knots since a larger population will also have a brighter
M, magnitude.

For late-type spirals, both Mk, and N3 correlate well with
the absolute luminosity of the host galaxy and may be related to
the total population size of young complexes in these galaxies.
The early-type spirals have few complexes but a wide spread in
the luminosity of their brightest member suggesting that another
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Fig. 10. Total absolute B-band magnitude M > luminosity class L, rel-
ative amplitude of the two-armed spiral perturbation A,, and abso-
lute magnitude of far-infrared flux Mg as functions of the number
of extended sources N3 with the absolute K-band magnitude My <
—13 mag. Symbols are the same as in Fig. 9.

mechanism beside the population size is important for the upper
brightness limit of the knots.

Galaxies in luminosity class I-1I have, on average, more lu-
minous knots, as measured by M., than those in higher classes
as expected from the definition (van den Bergh 1960). A similar
trend is seen for N3 where higher luminosity classes typically
have fewer knots than the classes I-1I.

The number of knots correlates with the K-band ampli-
tude, A,, of the two-armed spiral pattern, whereas galaxies with
My, > —14 have weak spiral perturbations. The two exceptions,
NGC 3351 and NGC 3627, both have strong bars that may have
biased the estimate of A,. These relations could suggest a thresh-
old effect in the sense that only galaxies with strong spiral per-
turbations (i.e. 0.1 < A;) are able to form many and bright stellar
complexes. This may be related to the ability of spiral large-scale
shocks to compress giant molecular clouds (Elmegreen 1981).

The magnitude M, of the brightest knot in a galaxy does not
depend on its far-infrared flux, Mgr, whereas the population size
N13 increases with increasing flux. Thus, the amount of dust in a
galaxy is likely to influence the number of clusters or complexes
formed but not their luminosity.

Restricting the sample to later type spirals with T > 3, one
may derive the following two correlations:

log(Ny3) = —0.35(+0.06) x MBg —5.6(+0.2)
and

log(Ny3) = 1.7(x0.6) X Ay — 0.17(£0.04) X Mg + 3.2(+0.2)
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Fig. 11. Absolute K-band magnitude Mk of the 5th brightest knot as
a function of the logarithm of the number of knots N3 with My <
—13 mag. The morphological type of the parent galaxies is indicated
by different symbols as in Fig. 9. The dashed line indicate a power law
relation with a slope of —2.

where the dependency on the amplitude of the spiral perturbation
is marginal due to the low values of A, for the 2 brightest spirals
in the sample.

The logarithmic sample size, N;3, and the magnitude of the
Sth brightest knot given by M, correlate well as seen in Fig. 11.
Although a formal regression gives a shallower slope, the distri-
bution is compatible with a power law with an index of -2 as
found for most luminosity functions of young clusters (see e.g.
Whitmore et al. 1999; Whitmore 2004). The significant spread
in the limiting absolute magnitude of the sample will affect the
completeness and bias the distribution. A general correlation be-
tween sample size and brightest member is expected as a trivial
sampling effect of continuous distribution functions.

7. Discussion

The total absolute magnitude M. of the population of young
clusters and complexes was estimated by integrating the lumi-
nosity of all diffuse sources (¢s < 0.2) in the individual galax-
ies. The magnitude difference M between this total luminos-
ity of the complexes and the parent galaxy is listed in Table 2.
This suggests that at most a few percent of the K-band flux of
a normal spiral galaxy originates from very young, starforming
complexes.

Without detailed color information on the individual sources,
it is difficult to estimate the SFR associated with the bright
K-band knots. A crude calculation can be done by assuming
that the young complexes have an age around 10 Myr. Using
SB99 models with a standard Salpeter IMF and solar abun-
dances, such complexes with an SFR of 1 M, yr~! would have
an absolute magnitude Mg =~ —19.2 mag. The SFR can then be
estimated and is listed in Table 2. These values may have errors
of almost an order of magnitude due to the strong luminosity
evolution around 6 Myr.
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The possible correlation of the knots presented in this pa-
per with Ha emitting complexes, such as those used by SINGG
(Meurer et al. 2006; Hanish et al. 2006), remains an open issue.
The NIR emitting knots and the H,, emitting complexes could
present two different moments in the process of star formation,
or they could be different parts of the same complexes. The de-
tection of NIR-emitting knots in our sample represents an in-
termediate wavelength between SINGG and the SONGG sur-
vey proposed for the Spitzer telescope to be observed in 8 um.
While SINGG and SONGG look at global fluxes, we instead
try to observe with higher spatial resolution in order to study
the connection to the perturbations that trigger the process of
star formation. Thus, an identification of NIR-emitting knots and
H,-emitting ones necessitates imagery with the same resolution.

Our sample has only one galaxy, NGC 895, in common with
the SINGG survey. The estimated SFR is compatible within the
errors being 40% higher than that given by Meurer et al. (2006).
There are 5 galaxies (i.e. NGC 3351, NGC 3621, NGC 3627,
NGC 4321, and NGC 4579) with H,-based SFR in Kennicutt
et al. (2003). These estimates are more than an order of magni-
tude higher than our values. It could suggest that we only mea-
sure the most massive complexes representing the very upper
range of the IMF, while SFR derived from H, are sensitive to
the formation of lower mass stars.

Another important issue to be tackled from our results is
the behavior of dust during the NIR knots’ evolution. In fact,
comparison with SB99 models for the four galaxies observed
in JHK colors shows that very young NIR knots (<2 Myr),
as well as the oldest ones (50-70 Myr), approach the mod-
els more than do intermediate age knots. Only at the very end
of the model’s life are there some knots that might be consid-
ered absorption free (Fig. 5). This may indicate that processes
occurring during the life of the knots are renewing and/or re-
modeling the dust content so as to increase the optical depth.
Contaminating candidates are the beginning of the RSG phase,
as well as other poorly collimated outflows, such as those ob-
served in Orion IRc2 (Churchwell 2002).

8. Conclusion

The K-band images of spiral galaxies provide an almost clear
view of their young stellar clusters and starforming complexes
that in visual bands are partly obscured by dust absorption
(e.g. by dust lanes in spiral arms). This allows an unbiased
study, within the resolution and magnitude limits imposed by
the present sample, of the distribution of such complexes in
46 nearby spiral galaxies.

The (H — K)—(J — H) diagrams for the 4 galaxies, for which
JHK photometry is available, suggest that the majority of dif-
fuse sources (cs < 0.2) are starforming complexes that have been
reddened with more than 4 mag of visual extinction. This is
supported by their concentration in arm regions in many grand-
design galaxies. Since the clusters complexes are unresolved, the
internal attenuation by dust could vary very significantly and
may obscure part of it even in the K-band. Some background
galaxies may be included, whereas globular clusters are expected
to be significantly fainter. Due to the high extinction and lack of
color information for the majority of the sample, detailed con-
clusions cannot be made on the star formation process and its
parameters.

Around 70% (15/22) of grand-design spirals in the sample
show significant concentration of bright, diffuse knots in their
arms corresponding to 30% (15/46) of the complete sample. The

7 grand-design systems that do not display a significant concen-
tration of knots all have weak two-armed spiral perturbations.
This suggests that only disk galaxies with strong spiral pertur-
bation (i.e. 0.1 < A;) will be able to develop a starforming front
associated to its spiral pattern, while galaxies with weaker spi-
rals will have a more random star formation in their disks.

The brightest clusters/complexes as measured by M., the
5th brightest diffuse knot, reach absolute magnitudes of Mg ~
—15.5 mag but depend on absolute magnitude, type, luminosity
type, and strength of the spiral perturbation of the host galaxy.
Early type spirals have, on average, fainter complexes than later
types. The brightest complexes are found in more luminous late-
type spirals in luminosity class [-1I with strong two-armed spiral
patterns.

The number of clusters and complexes in a galaxy indicated
by N3, diffuse knots with Mg < —13 mag, shows the same
trends as Mg;. In addition, the number correlates well with the
far-infrared flux, suggesting a dependency on the amount of dust
in the galaxy.

Star formation rates were estimated from the total integrated
K-band luminosity of the diffuse knots in each galaxy. The val-
ues range up to 1 Mg yr~! for grand-design spirals but may only
indicate the formation of the most massive complexes.
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Fig. A.1. Direct K-band image of the galaxies in the sample. The scale
of the image is indicated by the bar which corresponds to 30”.

Appendix A: Individual galaxies

This section provides direct K-band images for the entire sam-
ple of galaxies used to study the statistics of bright knots in
spiral galaxies (see Figs. A.1, A.2). Diagrams of the distribu-
tion of extended sources in the individual galaxies are shown in
Figs. A.3—A.11. For each galaxy, the leftmost plot gives the lo-
cations of knots in a polar 6 — In(r) map where the position of
the two-armed spiral pattern, as derived from the phase of the az-
imuthal m = 2 Fourier component, is indicated by dashed lines.
Sources with star_class in the range 0.2 < ¢s < 0.8 are plotted as
(2) while the most diffuse ones with ¢s < 0.2 are shown as (o).
The next diagram shows the azimuthal distribution of the knots
relative to the spiral pattern where 0° and 180° indicates the max-
ima of K-band intensity of the two-armed spiral. It is noted that
only 15 of the galaxies (mainly grand-design spiral) show a con-
centration of knots in their arm regions. The third plot gives the
histogram of absolute magnitudes M, where the vertical dotted
line indicates the limiting magnitude M!,, The rightmost shows
the distribution of the (H — K) color index for galaxies when
available. For the histograms, the top, dashed line indicates the
distribution for all knots with c¢s < 0.8 whereas the lower full
drawn line only includes knots with ¢s < 0.2.
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Fig. A.2. Direct K-band image of the galaxies in the sample. The scale
of the image is indicated by the bar which corresponds to 30”.
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Fig. A.3. Distribution of extended objects in the fields of NGC 157,
NGC 210, NGC 289, NGC 578, and NGC 685. For each galaxy, 4 dia-
grams are provided. From left to right: 1) location of extended objects
in a 6 — In(r) diagram, 2) histogram of the azimuthal distances from the
m = 2 spiral component as in Fig. 8, 3) histogram of absolute K-band
magnitudes, M, and 4) histogram of colors (H — K) for the galaxies for
which both colors are available.
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Fig. A.4. Distribution of extended objects in the fields of NGC 895,
NGC 1068, NGC 1084, NGC 1087, and NGC 1187. Diagrams are as

described in Fig. A.3.

5.0F 130~ NGC 1255 T T -
L inNT T T b
In(r): :20_ 1 A4 _
4.0 1t + + E
c L 1 1 J
3.0 Ec 0 L PN e B | R R
ET T T T T TT T T B e
C 30 - NGC 1300 T T -
S.0F .
e % 00 04, N} 4
In(r);\ﬁD - 20 1
4.0F 3 1
L o LT
3.05L ===
= R R AR
500} NGC 1350
In(r)é
4.0
3.0k [l 0 |.J..L.|r—‘...
= R AR T - T B e
sol NGC 1357
Intr [ B T T 7
a.0f
3.0k M= ||J_L3.| L
ET TrTrrrrr T T T T T [T T Trr1rrr]
5.0k f‘o o | NGC 1365 1 B
C g 7]
Ir\(r)fga:BD : f T T
Fo : o] =+ o u
0L — 1 - p
R ] . u
3.0b8 1. 1518 N
-90 0 90 g -16 -14y -12 0.0 1.0 (her)

Fig. A.S. Distribution of extended objects in the fields of NGC 1255,
NGC 1300, NGC 1350, NGC 1357, and NGC 1365. Diagrams are as

described in Fig. A.3.
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Fig. A.6. Distribution of extended objects in the fields of NGC 1371,
NGC 1398, NGC 1425, NGC 1566, and NGC 2775. Diagrams are as
described in Fig. A.3.
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Fig. A.7. Distribution of extended objects in the fields of NGC 2855,
NGC 2935, NGC 2997, NGC 3351, and NGC 3368. Diagrams are as
described in Fig. A.3.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810222&pdf_id=15
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810222&pdf_id=16
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810222&pdf_id=17
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810222&pdf_id=18

5.0
Intr)

4.0

3.0

5.0
Intr)

4.0

Intr)

Intr)

3.0

5.0
Intr)

4.0

Fig. A.8. Distribution of extended objects in the fields of NGC

P. Grosbgl and H. Dottori: Young starforming complexes in spiral galaxies, Online Material p 3

o

NGC 3370

l—l_l_!—lnnnll_l;

o
o

;AL e e e e

T
o

@
°
°
o
o
o
Poed v a0
z

NGC 3389

bl ol

- NGC 3621

i

T TP
© e

e = IR T S S S N R 1

ET E T T T T

r Jd20 | NGC 3810 | o
E INE + M g
L. 310 -+ o
[ ] F— H.- ]
o ‘w9

B faute0l 0 1 P ot N ot N A Y 1 N PR N

-9 0 90 4

-16

-14
M

-12 0.0

1.0
H-K)

3370,

NGC 3389, NGC 3621, NGC 3627, and NGC 3810. Diagrams are as
described in Fig. A.3.
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Fig. A.9. Distribution of extended objects in the fields of NGC 4030,
NGC 4321, NGC 4535, NGC 4579, and NGC 4941. Diagrams are as
described in Fig. A.3.
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Fig. A.10. Distribution of extended objects in the fields of NGC 4965,

NGC 4981, NGC 5085, NGC 5134, and NGC 5247. Diagrams are as
described in Fig. A.3.
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Fig. A.11. Distribution of extended objects in the fields of NGC 5364,
NGC 5668, NGC 5861, NGC 6382, NGC 7213, and NGC 7418.
Diagrams are as described in Fig. A.3.
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