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ABSTRACT
We present the results of a study of the late-type spiral galaxy NGC 959, before and after application

of the pixel-based dust extinction correction described inTamura et al. 2009 (Paper I). GALEX far-
UV (FUV) and near-UV (NUV), ground-based VATT UBVR , and Spitzer/IRAC 3.6, 4.5, 5.8, and
8.0� m images are studied through pixel Color-Magnitude Diagrams (pCMDs) and pixel Color-Color
Diagrams (pCCDs). We de�ne groups of pixels based on their distribution in a pCCD of ( B � 3.6� m)
vs. (FUV � U) colors after extinction correction. In the same pCCD, we trace their locations before
the exinction correction was applied. This shows that selecting pixel groups is not meaningful when
using uncorrected colors. We also trace their spatial distribution on a pixel coordinate map of the
galaxy. We �nd that the pixel-based (two-dimensional) exti nction correction is crucial to reveal the
spatial variations in the dominant stellar population, averaged over each resolution element. Di�erent
types and mixtures of stellar populations, and galaxy structures such as apreviously unrecognizedbar,
become readily discernible in the extinction-corrected pCCD and as coherent spatial structures in the
pixel coordinate map.
Subject headings:dust, extinction | galaxies: individual (NGC 959) | galaxie s: spiral | galaxies:

stellar content | galaxies: structure

1. INTRODUCTION

Analyzing stellar populations in nearby galaxies, espe-
cially in spiral, irregular, and peculiar galaxies, is impor-
tant to understand their structure, as well as the forma-
tion and evolution of galaxies in general. These galaxies
may contain a moderate to large amount of dust, which
can a�ect the observed light from underlying stellar pop-
ulations signi�cantly. However, correcting for dust ex-
tinction, especially in extragalactic objects, has remained
a longstanding problem for nearly a century (e.g., Trum-
pler 1930; Mathis et al. 1977; Viallefond et al. 1982; Ca-
plan & Deharveng 1985; Witt et al. 1992; Roussel et al.
2005; Driver et al. 2008). Dust is not distributed uni-
formly or symmetrically within our own Galaxy, nor in
extragalactic objects. Instead, it is distributed in com-
plicated patterns and structures that roughly follow the
star-forming structure of galaxies (e.g., Waller et al. 1992;
Deo et al. 2006). Elmegreen (1980), Walterbos & Ken-
nicutt (1988), and Calzetti et al. (1994) showed that the
dust extinction depends on the geometry of the dust-
distribution. The amount of light absorbed (and scat-
tered) by dust also depends on the amount, as well as the
physical and chemical properties, of the dust (e.g., Witt
et al. 1992; Whittet et al. 2001, 2004). In our study, we
assume that the dust is mostly distributed in front of the
observed stellar populations as mixtures of a thin layer
and/or dense clumps. Also, while there are some e�ects
of light scattering due to dust (e.g., Witt et al. 1992;
Byun 1992), we assume that the e�ect of dust absorp-
tion is much larger. A more detailed description of our
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assumption about the dust geometry, and its e�ects, is
given in Tamura et al. (2009, hereafter Paper I). Without
correcting for | or taking into account | the e�ects of
dust extinction, stellar population analysis may lead to
incorrect interpretations, and hence to a biased under-
standing of the formation and evolution of galaxies.

Some common measures of dust extinction are: (1) the
ratios of Hydrogen recombination-line 
uxes (e.g., Rudy
1984; H�eraudeau & Simien 1996; Petersen & Gammel-
gaard 1997; Scoville et al. 2001; Calzetti et al. 2005, 2007;
Kennicutt et al. 2009); (2) the 
ux ratio between the far-
IR (FIR) and the UV (e.g., Buat & Xu 1996; Calzetti
et al. 2000; Boissier et al. 2004, 2005); and (3) the UV
spectral slope (e.g., Calzetti et al. 1994; Meurer et al.
1999; Bell 2002; Kong et al. 2004). The �rst method
is limited to lines-of-sight toward H ii regions (e.g.,
H�eraudeau & Simien 1996; Scoville et al. 2001; Calzetti
et al. 2005), and requires moderate-resolution spec-
trophotometry (Boissier et al. 2004). The other meth-
ods, which involve UV wavelengths, are a�ected heav-
ily by the age-dust-metallicity degeneracy (e.g., Worthey
1994; Kaviraj et al. 2007; Li & Han 2007, 2008), which
introduces another complication in the dust-extinction
correction process. Until recently, FIR telescopes had
very coarse spatial resolution (FWHM& 2000{10000, or
even larger; e.g., Xu & Helou 1996; Price et al. 2002;
Rieke et al. 2004; Boissier et al. 2004), and were thus
not suitable to study small-scale dust structures. The
newly launched Herschel Space Observatory(Pilbratt
2004) improves the FIR resolution signi�cantly, yet still
has FWHM = 18{36 00at 250{500� m (Gri�n et al. 2007).
A two-dimensional measurement of dust extinction is
therefore limited to the closest galaxies, where individual
galaxy features of interest are still su�ciently resolved.
For more distant galaxies, however, dust extinction is
still commonly treated as a single, averaged value across
an entire galaxy.
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Fig. 1.| Spatial distribution of the pixel-averaged visual
dust extinction, A V , from Tamura et al. 2009. Extinction
values map onto greyscales from light-grey ( A V = 0) to black
(A V = 0.4 mag arcsec� 2 ; indicated by a white vertical line in the
color bar). The few pixels with 0.4 � A V � 0.8 mag arcsec� 2 are
also rendered as black. Dotted contours trace the Spitzer /IRAC
8.0 � m PAH emission and show good agreement with the visual ex-
tinction estimates, which were inferred from the observed V -band
and 3.6 � m 
uxes only. North is up, and East is to the left.

In recent years, a pixel-based analysis of stellar popu-
lations in nearby galaxies has become increasingly pop-
ular. This method was introduced by Bothun (1986),
who used pixel Color-Magnitude Diagrams (pCMDs) to
study the stellar populations and structure of NGC 4449.
Since then, this technique has become an important tool
to analyze the properties of stellar populations and their
distribution within galaxies (e.g., Abraham et al. 1999;
Eskridge et al. 2003; Lanyon-Foster et al. 2007; Welikala
et al. 2008). To perform a pixel-based stellar popula-
tion analysis properly, dust extinction would have to be
measured and corrected for each pixel individually. In
Paper I (see also Fig. 1), we demonstrated that we could
map the spatial distribution of dust extinction in a late-
type spiral galaxy, NGC 959, using the 
ux ratio of op-
tical V and mid-IR 3.6 � m images. In this paper, we
present the results of a multi-wavelength study, with im-
ages observed in �lters ranging from the far-UV (FUV)
to mid-IR (8.0 � m), of the e�ect of our pixel-based two-
dimensional extinction correction (Paper I) on the pixel
distributions in color composite images, a (B � 3.6� m)
vs. (FUV � U) pixel Color{Color Diagram (pCCD), and
a pixel coordinate map of NGC 959. These results show
that a detailed pixel-based extinction correction is es-
sential to reveal the nature and distribution of stellar
populations in galaxies.

2. DATA-SET AND PREPARATION

The galaxy selected for this pilot study, NGC 959, is a
late-type spiral galaxy (Sdm; de Vaucouleurs et al. 1991)
at a distance of D = 9.9 � 0.7 Mpc (Mould et al. 2000)
with an inclination of � 50� (Esipov et al. 1991). This

galaxy has been observed withGALEX (Martin et al.
2005; Morrissey et al. 2007) in the FUV and near-UV
(NUV), with the Vatican Advanced Technology Tele-
scope (VATT) in UBVR from the ground (Taylor et al.
2005), and with Spitzer/IRAC in the 3.6, 4.5, 5.8, and
8.0� m �lters (Fazio et al. 2004). Near-IR JHK s images
are also available from the Two Micron All Sky Survey
(2MASS; Skrutskie et al. 2006), but these images are too
shallow for our purpose, and therefore excluded from the
analysis. All displayed images and pixel-maps are ro-
tated such that North is up and East is to the left. The
surface brightness and colors are in units of mag arcsec� 2

and mag, respectively, and are on the AB magnitude sys-
tem (Oke 1974; Oke & Gunn 1983).

To perform the pixel-based analysis, all images are
convolved and re-sampled to a matching point spread
function (PSF) and pixel scale. Among all images from
the di�erent telescopes and instruments of interest, the
coarsest pixel scale and PSF are 1:005 pixel� 1 and � 5:003
FWHM, respectively, for the GALEX NUV image. IDL 4

and IRAF 5 routines are used to match the pixel scale
and PSF at all wavelengths. Only pixels with a signal-
to-noise (S=N) � 3.0 in all images are then selected for
further analysis, ensuring reliable pixel surface brightness
measurements and colors. Below, we brie
y describe the
data used in this analysis. For the details of the data
preparation and the method of extinction correction we
refer the reader to Paper I.

2.1. GALEX Images

The GALEX FUV and NUV images are obtained from
the Multi-Mission Archive at the Space Telescope Sci-
ence Institute6 (MAST). NGC 959 was observed in the
GALEX All-sky Imaging Survey (AIS; Martin et al.
2005) and theGALEX Nearby Galaxy Survey (NGS; Gil
de Paz et al. 2007). Since the galaxy is barely visible in
the AIS images, we will use only the deeper (� 1695 sec)
NGS data for our analysis, focusing only on a 7:05� 7:05
image section centered on NGC 959. Since the average
FWHM of stars near NGC 959 is larger in the NUV im-
age (e.g., Martin et al. 2005), we convolve the FUV image
to match the PSF in the NUV.

2.2. Ground-based Images

Ground-based UBVR images were obtained by Tay-
lor et al. (2005) with the direct imager at the VATT at
Mt. Graham International Observatory (MGIO) in Ari-
zona. These 
ux calibrated images are available through
the NASA/IPAC Extragalactic Database 7 (NED). For a
detailed description of this data-set, we refer the reader
to Taylor et al. (2005), and references therein. The e�ec-
tive exposure times inU, B, V, and R are 1200, 600, 480,
and 360 sec, respectively. The native resolution and pixel

4 IDL is distributed by ITT Visual Information Solutions (Re-
search System Inc.), Boulder, Colorado:
http://rsinc.com/idl/

5 IRAF is distributed by National Optical Astronomy Observa-
tory (NOAO), which is operated by the Association of Univers ities
for Research in Astronomy (AURA), Inc., under cooperative a gree-
ment with National Science Foundation (NSF):
http://iraf.net/

6 Galaxy Evolution Explorer, GR4 Data Release (May 1, 2009):
http://galex.stsci.edu/GR4/

7 NASA/IPAC Extragalactic Database:
http://nedwww.ipac.caltech.edu/
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scale are� 1:003 (FWHM) and 0 :0037 pixel� 1. These images
are registered, convolved and resampled to match the
orientation, PSF, and pixel scale of the GALEX NUV
image.

2.3. Spitzer/IRAC Images

The Spitzer/IRAC 3.6{8.0 � m pipeline-product images
were obtained from the Spitzer Archive8 via Leopard.
For each �lter, the mosaiced image was created with
an e�ective exposure time of 26.8 sec. The native pixel
scale is 1:002 pixel� 1, and the e�ective resolution (FWHM)
ranges from� 2:002 at 3.6� m to � 2:003 at 8.0� m. Like for
the VATT images, we match the orientations, PSF, and
pixel scale of the IRAC images to those of theGALEX
NUV image.

3. PIXEL-BASED DUST-EXTINCTION MEASUREMENTS

In Paper I, we estimated the visual dust extinction
(AV in mag arcsec� 2) measured over each 1:005� 1:005 '
72� 72pc2 pixel for NGC 959. We reproduce our ex-
tinction map in Fig. 1, where darker grayscales corre-
spond to higher values ofAV . The grayscales saturate
for AV � 0.4 mag arcsec� 2 (indicated by the white ver-
tical line in the color bar) to enhance the visibility of
the lower AV values in the galaxy. The maximum ex-
tinction measured in this galaxy, averaged over a pixel,
is AV;max ' 0.8 mag arcsec� 2. Using histograms of the
observed visual to 3.6� m 
ux ratio ( f V / f 3.6� m ) in each
pixel, we estimated the intrinsic extinction-free 
ux ra-
tios (� V;0) for two groups of pixels | pixels apparently
dominated by the light from either younger or older stel-
lar populations | which are separated based on their
distribution pattern and (FUV � U) color in a pCMD of
� V vs. (FUV � U) before the extinction correction was
applied. Since the mid-IR 3.6� m 
ux is assumed to
be minimally a�ected by the dust, and hence usually
treated as extinction-free (e.g., Fazio et al. 2004; Will-
ner et al. 2004),AV in each pixel is calculated from the
di�erence between the amount of observed(f V;obs) and
estimated extinction-free (i.e., f V;0 = � V;0 � f 3:6� m;obs)
V -band 
uxes. The extinctions in other passbands
(GALEX NUV and FUV, and optical U, B, and R bands)
are scaled fromAV , adopting the Large Magellanic Cloud
extinction curve of Gordon et al. (2003). For further de-
tails of this method, we refer the reader to Paper I.

4. LIFTING THE VEIL OF DUST FROM NGC 959

4.1. Color Composite Images

To visually (qualitatively) investigate the e�ect of
our pixel-based extinction correction on an image of
NGC 959, we �rst construct two color composites of
the galaxy, composed of theSpitzer/IRAC 3.6 � m (red
channel), the ground-basedV (green channel), and the
GALEX FUV (blue channel) images. Figs. 2a and 2b
show the color compositesbefore and after extinction
correction. The image resolutions are matched to that
of the GALEX NUV image. For easy comparison, both
images were created using thesame color stretch, and
with the IRAC 8.0 � m contours over-plotted.

In Fig. 2a, there are several regions in the galaxy
that appear much redder than other parts of the galaxy.

8 Spitzer Science Center (SCC) Data Archives/Analysis:
http://ssc.spitzer.caltech.edu/archanaly

These regions include: (a) the southern half of the galaxy,
especially along the southern \edge" of the galaxy disk
(as de�ned by our S=Nmin = 3.0 requirement in each of
the �lters); (b) the strong 8.0 � m emission region that
is running from NW to SE of the galaxy through its
center, appearing especially redder at its northern end
point; and (c) some localized regions at the north-western
and eastern edge of the galaxy disk. Since dust features
are not resolved at GALEX resolution, we cannot tell
whether these pixels in Fig. 2a are red due to extinction,
or are dominated by intrinsically red stellar populations.
From the distribution of the estimated visual dust ex-
tinction AV in Fig. 1, however, we infer that these red
pixels are indeed red due to intervening dust at these
locations.

After applying our extinction correction, Fig. 2 b shows
that many of the strikingly red pixels in Fig. 2 a indeed
have become bluer. Especially regions (b) and (c) have
become much bluer than before, while some of the regions
(a) still seem to have relatively red colors compared to
other parts of NGC 959's disk. There are some other re-
gions which have become much bluer as well | mostly
located in the SW region and northern regions of the
galaxy. These regions already had a relatively blue hue
in Fig. 2a but become much bluer and brighter after ex-
tinction correction. They likely are actively star-formin g
regions.

To see whether these red and blue regions in Fig. 2
actually correspond to dust features and SF-regions, we
created a third color composite image with a higher spa-
tial resolution from the ground-based UVR images at
their native resolution and pixel scale of FWHM ' 1:003
(matched acrossUVR ) and 0:0037 pixel� 1. Fig. 3 shows
that the blue regions that become bluer and brighter are
indeed likely SF-regions. It also shows that the redder
pixels in region (b) described above seem to be caused
by thick dust lanes running from the NW to SE in the
galaxy. It is hard to see whether regions (a) and (c) are
caused by a dust lane or not, but regions (a) seems to be
distributed around bluer clumps in Fig. 3. The localized
regions (c) do not appear to be unrelated background or
foreground objects. Such objects usually have colors suf-
�ciently di�erent from those of the genuine galaxy pixels,
that they would appear as a distinct and seperate branch
or grouping of pixels in pCMDs and pCCDs. Since we
found no such feature in the examined pCMDs and pC-
CDs for NGC 959 (e.g., Fig. 4), we treat these regions as
parts of the galaxy.

4.2. A ( B � 3.6 � m) vs. (FUV � U) pCCD

To study the e�ect of our pixel-based extinction cor-
rection in a more quantitative way, we examined pCMDs
and pCCDs using various combinations of images from
FUV through 8.0 � m for signi�cant features or groupings
in the pixel-distribution. A distinct grouping of pixels in
these diagrams should indicate that those pixels are dom-
inated by the same or similar mix of stellar populations.
Among di�erent diagrams plotted (not shown here), a
pCCD of (B � 3.6� m) vs. (FUV � U) color after extinc-
tion correction (Fig. 4a) was selected, because it clearly
shows distinct tracks and groupings of pixels. In partic-
ular, distinct red and blue sequences can be identi�ed.

The uncertainties in the colors at the 25th and 75th

percentiles are � 0.01 and � 0.02 mag in (FUV � U),
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(a)

BEFORE Dust Corr.30"

Red: 3.6 micron
Green: V
Blue: FUV

NGC 959
(b)

AFTER Dust Corr.30"

Red: 3.6 micron
Green: V
Blue: FUV

NGC 959

Fig. 2.| Color composite images of NGC 959 using images from Spitzer /IRAC 3.6 � m (red), VATT V (green), and GALEX FUV (blue)
at GALEX resolution ( a) before and (b) after application of our pixel-based dust-extinction correctio n (Paper I). The Spitzer /IRAC 8.0 � m
emission is over-plotted as green contours. Both color comp osites are created using the same color stretch. Regions cor responding to high
A V values in Fig. 1 clearly become much bluer after extinction c orrection (panel b). This is especially clear in the blue star-forming knots
which generally coincide with peaks in the Spitzer 8.0 � m emission.

30"

0.37"/pix
VATT: UVRNGC 959

Fig. 3.| Color composite image of NGC 959 using VATT
U, V , and R images at their native ground-based resolution
(FWHM ' 1:003) and pixel scale (0 :0037 pixel � 1 ) and without any
extinction correction. Some dust features and blue star for ming
regions are readily discernible.

and � 0.05 and� 0.08 mag in (B � 3.6� m), respectively.
Since the gap of� 0.2 mag at the bluer end of (FUV� U)
color between the two sequences in Fig. 4a is much larger
than the photometric uncertainties in the colors, this
separation of pixels is not a random e�ect. The se-
quences are also not the result of di�erences in resid-
ual reddening, as can be seen by comparing the direc-
tions of the sequences with that of the reddening vector
drawn in Fig. 4a. The red and blue sequences are con-
nected in the 1.15. (FUV � U) . 1.65 mag color range
by pixels with intermediate colors. At colors redder than

(FUV � U) ' 1.65 mag, the pixels again somewhat sepa-
rate into sequences with redder and bluer (B � 3.6� m)
colors.

As can be seen in various SED models (e.g., Bruzual
& Charlot 2003; Anders & Fritze-von Alvensleben 2003;
Maraston 2005; Kotulla et al. 2009), the (FUV � U) color
is very sensitive to age for the youngest stellar popula-
tions. Since most of the FUV 
ux is emitted by young,
massive OB-stars, combining aGALEX and an optical
broad-band �lter provides strong age constraints (e.g.,
Kaviraj et al. 2007). The (B � 3.6� m) color was selected
empirically, while examining di�erent combinations of
colors. The IRAC 3.6� m passband is commonly used
as a stellar mass distribution tracer (e.g., Willner et al.
2004), because it is associated more with the distribu-
tion of redder and older stars. Since the opticalB -band
is generally sensitive to younger stars, the (B � 3.6� m)
color can be used to distinguish mixtures of stellar pop-
ulations with and without signi�cant recent high-mass
star formation. The combination of (FUV � U) and
(B � 3.6� m) colors in Fig. 4a, therefore, provides a pow-
erful diagnostic of the recent star formation history av-
eraged over a pixel.

4.3. De�nition of Pixel Groups

Based on the distinct red and blue sequences, as well
as transition regions identi�ed in Fig. 4 a, we separated
pixels into six di�erent groups (color-coded in Fig. 4a).
The group boundaries (selection criteria) are summarized
in Table 1. The exact location of the boundaries between
some of these pixel groups is somewhat arbitrary, but is
motivated by the following considerations.

The Group I pixels (color-coded purple) reside on the
blue part of the blue sequence, and have blue colors in
both (B � 3.6� m) and (FUV � U). The dominant stellar
populations are very young and massive OB-stars, while
older stellar populations contribute little to the total 
u x
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Fig. 4.| Pixel Color-Color Diagrams (pCCDs) of ( B � 3.6 � m) vs. (FUV � U) color for NGC 959. Panel ( a) shows the pCCD after
our extinction correction (see Paper I) has been applied, wh ile panel ( b) shows the pCCD using the observed pixel colors. The 25 th and
75th percentile uncertainties in color are � 0.05 and � 0.08 mag in (B � 3.6 � m), and � 0.01 and � 0.02 mag in (FUV � U), respectively.
Reddening vectors corresponding to A V = 0.2 mag arcsec� 2 are drawn in the bottom right corners. Pixel groups were sele cted in panel
(a) and retain their group assignment and color-coding in pane l ( b). Small insets show the pCCDs, plotted over the same color ra nges as
the main panels, but omitting the color coding that might gui de the reader's eye. While the pCCD before extinction correc tion shows no
prominent well-separated features in color-color space, d istinct sequences and pixel groupings appear after application of our extinction
correction (panel a).

TABLE 1
Group Boundaries in the ( B � 3.6 � m) vs. (FUV � U) pCCD of Fig. 4 a

Pixel Group Color Code Group Boundary De�nition

Group I Purple (FUV � U) < 1.15
(B � 3.6 � m) < 0.188�(FUV � U) � 0.118

Group II Blue (FUV � U) < 1.15
(B � 3.6 � m) � 0.188�(FUV � U) � 0.118

Group III Green 1.15 � (FUV � U) < 1.65
(B � 3.6 � m) < 0.188�(FUV � U) � 0.118

Group IV Yellow 1.15 � (FUV � U) < 1.65
(B � 3.6 � m) � 0.188�(FUV � U) � 0.118

Group V Orange (FUV � U) � 1.65
(B � 3.6 � m) < 0.22 and (B � 3.6 � m) < 0.188�(FUV � U) � 0.118

Group VI Red (FUV � U) � 1.65
(B � 3.6 � m) � 0.22 or (B � 3.6 � m) � 0.188�(FUV � U) � 0.118

in these pixels. The (B � 3.6� m) and (FUV � U) colors
become redder as these young stellar populations age and
the number of remaining OB-stars decreases.

On the other extreme, the Group VI pixels (color-
coded red) have red colors in both (B � 3.6� m) and
(FUV � U). These pixels are therefore dominated by old,
quiescent, \red-and-dead" stellar populations and do not
contain a detectable fraction of young, massive stars.

The Group II pixels (color-coded blue) have the same
blue (FUV � U) color range as Group I, but redder

(B � 3.6� m) colors. The blue (FUV � U) color implies
the presence of OB-stars. The redder (B � 3.6� m) color
indicates that Group II pixels have a non-negligible con-
tribution to the total light from older (underlying or su-
perposed along the line-of-sight) stellar populations.

Group V pixels (color-coded orange) cover the same,
red, (FUV � U) color range as Group VI, indicating that
they too lack a detectable fraction of young, massive OB-
stars. Yet, their bluer ( B � 3.6� m) color suggests that
the 
ux in these pixels is dominated by light from inter-
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mediate age stellar populations.
The Group III and Group IV pixels (color-coded green

and yellow, respectively) are located between these ex-
treme cases. The light in these pixels is likely dominated
by stellar populations in transition between the extreme
groups along either blue or red sequences, or between
the blue and the red sequence, or represents a mixture of
stellar populations (from unresolved adjacent regions or
regions superposed along the line of sight) with di�erent
star formation histories.

4.4. E�ect of Pixel-Based Extinction Correction

Fig. 4b shows the pCCD of (B � 3.6� m) vs. (FUV � U)
color before the application of the extinction correction.
For each pixel, the color coding was preserved from that
in Fig. 4a. This allows us to track the e�ect of applying
the extinction correction in this color{color space. Inter-
estingly, as shown in the inset of Fig. 4b, once the color
coding is removed, obvious features like the blue and
red sequences of Fig. 4a are no longer discernible. The
Group I and II pixels, for example, which were clearly
separated in Fig. 4a, have blended to form a contin-
uous distribution in Fig. 4 b. The main di�erence be-
tween Groups I and II, which both are characterized by
the presence of OB-stars, is the fraction of light con-
tributed by older stellar populations. Group III and IV
pixels, de�ned as having 1.15� (FUV � U) < 1.65 mag
after extinction correction, are a�ected di�erently by the
extinction correction (as a comparison of Figs. 4a and
4b shows). Like Group I and II pixels, Group IV pixels
are found scattered out to much redder (B � 3.6� m) col-
ors before extinction correction. Most of the Group III
pixels, on the other hand, can be located in the same
color{color space in both panels of Fig. 4. The same
di�erence is seen between pixel groups V and VI. This
indicates that Group III and V pixels have almost no
measurable dust extinction, while Group IV and VI pix-
els are signi�cantly obscured by dust. As a side note,
the reduction of the scatter going from the observed to
the extinction-corrected version of the (B � 3.6� m) vs.
(FUV � U) pCCD is only possible if the extinction cor-
rection applied to each individual pixel was appropriate,
at least to �rst order.

As shown in Fig. 1, the pixel-averaged dust extinc-
tion estimated by our method in NGC 959 indeed varies
from AV = 0.0 to AV ' 0.8 mag arcsec� 2. In Paper I,
we also measured the average visual dust extinction
across the entire galaxy,AV = 0.064 +0 :086

� 0:049 mag arcsec� 2,
and the azimuthally averaged radial extinction pro�le,
AV (R), which has a central value of AV (R = 0) ' 0.25
mag arcsec� 2, but quickly drops to below AV = 0.1
mag arcsec� 2 beyond a radius of � 0.2 R25, where
R25 denotes the major axis radius at the � B = 25.0
mag arcsec� 2 isophote (RC3; de Vaucouleurs et al. 1991).
These averageAV values are much smaller than the peak
pixel-based AV estimate. Also, while the AV and ra-
dial pro�le do not become zero at any radius, with our
method (see Paper I) about� 55% of the analyzed pix-
els in NGC 959 haveAV = 0.0 mag arcsec� 2 to within the
photometric uncertainties.

Before we proceed to the next section, let us consider
what might cause the di�erence in dust extinction be-
tween Groups I and III on the blue sequence. Dust and
gas are easily removed by starburst heating (e.g., Mihos

& Hernquist 1994, 1996) and stellar winds (e.g, Murray
et al. 2005), and both mechanisms become stronger as
the size of an OB association becomes larger. Therefore,
if the dominant stellar populations in Group III pixels
are indeed evolved Group I populations wherein OB-stars
have died o�, we would expect them to su�er less extinc-
tion, unless some mechanism for rapid reformation and
pervasive distribution of dust were at play. Figs. 4a and
4b show that, once dust-free, these populations donot
become signi�cantly dustier evolving from Group III to
Group V, apparently ruling out such rapid reformation.
Since we do not observe a similar strong drop in extinc-
tion going from Group II to Group IV, we conclude that
most of the extinction in those pixels is not physically as-
sociated with the OB-associations themselves, although
they could still represent star formation \blisters" on the
far side of large molecular cloud complexes.

4.5. Is NGC 959 Unique? Application to Other Galaxies

To determine whether our pixel-based extinction cor-
rection can be used as a general method, or whether
NGC 959 is a special case, we applied the same
method to NGC 7320 (SA(s)d at D = 14.0 � 1.0 Mpc,
sampling 102� 102 pc2 pixel� 1) and UGC 10445 (SBc
at D = 20.0 � 1.4 Mpc, 146� 146 pc2 pixel� 1), which, al-
though more distant, are selected from our larger sample
of 45 galaxies with FUV through mid-IR imagery as rel-
atively close analogs. A more detailed analysis of the
distribution of extinction and the intrinsic stellar pop-
ulations of these galaxies will be performed in Tamura
et al. (2010; Paper III, in preparation). Here we simply
compare their (B � 3.6� m) vs. (FUV � U) pCCDs be-
fore and after the application of our pixel-based extinc-
tion correction, to help validate the results for NGC 959.

Fig. 5 shows the distribution of the pixels of NGC 7320
and UGC 10445 that meet ourS=N criteria in the same
color{color space as Fig. 4. The main panels show
the distributions after, the insets show the distribu-
tions before extinction correction. For each galaxy, both
the main panel and inset show the same ranges in
color. The vertical dotted lines in the insets represent
(FUV � U) = 0.0 mag. Reddening vectors corresponding
to AV = 0.2 mag arcsec� 2 are drawn in the lower right
corners of the main panels. Since the area subtended by
a single pixel is larger than was the case for NGC 959, the
blending of light from distinct stellar populations within
a single pixel becomes more signi�cant, resulting in less
clear separation of blue and red sequences. Yet, di�er-
ent groupings of pixels, analogous to those de�ned in
Fig. 4a for NGC 959, are still recognizable in Fig. 5 for
both galaxies.

4.6. A Pixel Coordinate Map of Stellar Populations
within NGC 959

Having shown that application of our pixel-based ex-
tinction correction reveals signi�cant groupings of pixels
| dominated by di�erent types or mixtures of stellar
populations | in the ( B � 3.6� m) vs. (FUV � U) pCCD,
our next question becomes whether the spatial distri-
bution of pixels belonging to these pixel groups will re-
veal meaningful large- and small-scale physical structures
within NGC 959. To address this question and study how
each pixel group relates to the visual and physical prop-
erties of stellar populations, we plot the pixel groups de-
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Fig. 5.| Extinction corrected pCCDs for NGC 7320 (SA(s)d, D = 14.0 � 1.0 Mpc) and UGC 10445 (SBc, D = 20.0 � 1.4 Mpc), two more
distant analogs of NGC 959 ( D = 9.9 � 0.7 Mpc). Since the area subtended by a single pixel is (much) larger in these galaxies, the e�ects
of light blending are more severe, resulting in smaller and f uzzier separations of red and blue sequences than for NGC 959 . Of course,
their star formation histories may also di�er. Yet, groupin gs of pixels that are qualitatively similar to those in NGC 95 9 are recognizable
in both pCCDs. The insets, plotted over the same color ranges as the main panels for each galaxy, show the distribution of p ixels before
dust correction. The vertical dotted lines in the inset pane ls indicate the locations of (FUV � U) = 0.0 mag, for comparison with the main
panels.

Fig. 6.| Pixel coordinate map of NGC 959, showing the spa-
tial distribution of pixels belonging to the di�erent pixel groups
selected in Fig. 4a, i.e., after application of our pixel-based extinc-
tion correction. Each square represents a single 1 :005� 1:005 pixel.
The black dotted contours trace the Spitzer /IRAC 8.0 � m emis-
sion. Group I (purple) and Group II (blue) pixels appear to de �ne
some large-scale structure in the galactic disk, highlight ed by OB-
associations. Especially, Group II pixels reveal a previously un-
recognized bar-like structure, running from NW to SE across the
galaxy center.

�ned in Fig. 4 a onto a two-dimensional pixel coordinate
map. Each square in Fig. 6 represents a 1:005� 1:005 pixel,
color-coded according to the pixel group it is a member
of. Black dotted contours again trace theSpitzer/IRAC
8.0� m PAH emission. We emphasize that each pixel
group was de�ned without using any pixel coordinate in-
formation. In other words, this is the �rst time that
the spatial distribution of pixels belonging to each of the
selected pixel groups is revealed.

First and foremost, Fig. 6 demonstrates that the dif-
ferent pixels groups arenot distributed randomly across
the face of NGC 959's galactic disk, but cluster in well-
de�ned regions. No systematics in the data process-
ing and process of de�ning the pixel groups would be
expected to result in spatial artifacts larger than 3� 3
pixels. Since most regions cover much larger contigu-
ous areas, we conclude that also the smallest spatial
groupings must be genuine. Since de�ning the di�erent
pixel groups was possible only in the extinction corrected
(B � 3.6� m) vs. (FUV � U) pCCD, a two-dimensional
extinction correction is crucial to reveal regions with sys-
tematically di�erent star-formation histories.

Group I pixels (purple) are found in and around some
of the bluest regions in the extinction-corrected color
composite of FUV, V , and 3.6� m images (Fig. 2b), most
of which are recognizable as such in the uncorrected,
higher resolution, ground-basedUVR color composite
(Fig. 3) as well. Since the stellar populations dominat-
ing these pixels are much brighter than those in other
regions (Fig. 3), these regions must indeed be vigorously
star-forming.

Group II pixels (blue) are generally distributed in re-
gions adjacent to the Group I pixels. Each of the re-



8 Tamura et al.

gions (b) and (c) of x4.1 are found to belong to this pixel
group, as well. In particular, much of a more or less lin-
ear structure that runs from the NW to SE of the galaxy
through its center, with high 8.0 � m surface brightness
(PAH emission) and signs of higher than average obscu-
ration (Figs. 1 and 3), consists of pixels that belong to
Group II. These regions have the blue (FUV� U) col-
ors characteristic of OB associations but are redder in
(B � 3.6� m), because a larger fraction of the light is
contributed by older stellar populations. These obser-
vations are consistent with the presence of a stellar bar.
Although NGC 959 has been studied before (e.g., Esipov
et al. 1991; Taylor et al. 2005), to our knowledge this bar
has not previously been reported. The dust-corrected
color composite in Fig. 2b also suggests that NGC 959
has a non-negligible bulge or central condensation that
is partially obscured by dust in Figs. 2a and 3. We sug-
gest, therefore, that its morphological classi�cation be
changed from Sdm (RC3; de Vaucouleurs et al. 1991) or
Sc/Irr (UGC; Nilson 1973) to SBcd.

An interesting contrast in average stellar population
age is revealed by comparing the spatial distributions
of Group III (green), Group IV (yellow) and Group V
and VI (orange and red) pixels. Whereas Group III
pixels are mostly found in the northwestern half of the
galaxy, Group V and VI pixels are distributed predom-
inantly toward the eastern and southeastern perifery of
the galaxy (although a smaller region of Group V pixels
appears along the northern rim). The regions occupied
by Group III pixels appear neither particularly blue (ac-
tively star-forming) nor red (quiescent) in Fig. 2b, con-
sistent with the idea that intermediate age (a few 100
Myr) stellar populations are the dominant contributors
to the 
ux in these pixels. The extinction map of Fig. 1
shows that these pixels su�er no, or at most minimal ex-
tinction by dust. The Group V regions correspond to
regions that have a smooth appearance without abrupt
changes in surface brightness in Figs. 2 and 3, and lack-
ing any signatures of dust (Figs. 1 and 3). Their red
(FUV � U) colors and neutral (B � 3.6� m) colors indi-
cate that these must be regions with intermediate age
(� 1{2 Gyr), largely unattenuated stellar populations in
the outskirts of the galaxy. The Group VI pixels (red)
in the southern half of the galaxy disk su�er some ex-
tinction (Fig. 1), but the low surface brightness in these
regions does not allow one to easily discern dust features
in Figs. 2 and 3. Even though these regions su�er some
extinction, Fig. 4a demonstrates that these pixels are
red mostly because the light is dominated by older (likely
older than a few Gyr) stellar populations. The Group IV
pixels are distributed throughout the galaxy between the
other populations, but perhaps mostly surrounding the
Group II pixels. Like Group III, their (FUV � U) col-
ors indicate the presence of relatively young stars and
absence of OB-stars, but the redder (B � 3.6� m) colors
of Group IV pixels show that a larger fraction of the

ux is contributed by older populations. Fig. 1 shows
that these pixels tend to su�er somewhat less attenua-
tion than Group I and II pixels. The overall impression
is that of a large-scale past star formation episode that
started in the south or southeast and propagated toward
the northwest, and that is unrelated to the ongoing mas-
sive star formation traced by Group I and II pixels, which
presently is concentrated more toward the western half

of NGC 959.
The apparent ridge of somewhat higher extinction

along the southeastern edge (as de�ned by ourS=N � 3
criterion) of NGC 959, so striking in Fig. 1, might hint
at the presence of either a warp in the galactic disk or
an outer spiral arm delineated by a dust lane. In either
case, no signi�cant star formation must have been asso-
ciated with that portion of the galactic disk for the past
few Gyr.

5. SUMMARY AND CONCLUSIONS

We have presented the results of a study of NGC 959
using color composite images, a pCCD, and a pixel coor-
dinate map, and demonstrated the importance and po-
tential of a pixel-based extinction correction. Our study
combined ground- and space-based surface photome-
try, ranging in wavelength from the far-UV ( GALEX )
through mid-IR ( Spitzer/IRAC). Among the possible
combinations of color-magnitude and color-color dia-
grams examined, we found that the (B � 3.6� m) vs.
(FUV � U) pCCD proved the most powerful diagnostic
of di�erences in the stellar populations contributing to
the 
ux in a pixel. After applying the pixel-based, two-
dimensional extinction correction described in Paper I,
we de�ned six di�erent pixel groups in this diagnostic
diagram, ranging from pixels for which both (FUV � U)
and (B � 3.6� m) colors indicate that their 
uxes are
dominated by very young, massive stellar populations,
to pixels that appear to sample only light from evolved
stellar populations. We demonstrated that it was not
possible to meaningfully de�ne such pixel groups before
extinction correction. We then showed that pixels that
belong to a given pixel group form well-de�ned, contigu-
ous regions in a pixel coordinate map, revealing system-
atic spatial variations in the dominant stellar popula-
tions that would not be readily discernable without a
two-dimensional correction for extinction. We were able
to report the presence of a previously unrecognized stel-
lar bar, for example.

Our pixel-based two-dimensional method to correct for
extinction, based on only 3.6� m and V -band images
(adding U improves �delity), has the advantage that it
is applicable to any galaxy that is signi�cantly resolved
at rest-frame � 3.6� m and that it is not restricted to a
few individual sightlines within a galaxy, nor to the very
nearest galaxies. Although seemingly simple and crude,
we have demonstrated that application of this method
allowed us to uncover relatively detailed spatial infor-
mation on the nature of stellar populations and on the
star formation history within NGC 959, despite signi�-
cant spatial variations in the attenuation by intervening
dust.

While the spatial resolution in the present study was
limited by the GALEX NUV PSF of 5:003 (FWHM) to lin-
ear scales of� 250 pc, in the near future, combination of
HST /WFC3 and JWST would provide much higher res-
olution (FWHM ' 0:0006{0:0011) at rest-frame UV through
mid-IR wavelengths. These instruments will thus allow
us to study the distribution of dust extinction and the un-
derlying stellar populations at high �delity and at much
�ner spatial resolution within nearby galaxies, as well as
at similar scales of a few hundred pc within more distant
galaxies. Since galaxies atz & 1 are important build-
ing blocks of the galaxies that we see today atz = 0,
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studying these higher redshift objects with proper two-
dimensional extinction estimates will be of signi�cant im-
portance to reveal the nature of galaxy assembly, and to
better understand any e�ects that cosmology may have
had on these processes.
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