View metadata, citation and similar papers at core.ac.uk brought to you by iCORE

provided by Caltech Authors - Main

THE ASTROPHYSICAL JOURNAL, 647:293-302, 2006 August 10
© 2006. The American Astronomical Society. All rights reserved. Printed in U.S.A.

WARM DUST AND SPATIALLY VARIABLE POLYCYCLIC AROMATIC HYDROCARBON
EMISSION IN THE DWARF STARBURST GALAXY NGC 1705

Joun M. Cannon,! Joun-Davip T. SMITH,2 FaBian WALTER,3 GEORGE J. BENDO,4 DanieLa CALZETTL,
DaNIEL A. DALE,6 Bruce T. DRAINE,7 CHARLES W. ENGELBRACHT,8 KarL D. GORDON,9 GEORGE HELOU,10
RoBerT C. KENNICUTT, JR.,11 CLAUs LEITHERER,12 LEE ARMUs,13 BrenT A. BUCKALEW,14
Davip J. HOLLENBACH,15 Tromas H. JARRETT,16 AIGEN LI,17 MARTIN J. MEYER,18
Eric J. MURPHY,19 MicHAEL W. REGAN,20 GEORGE H. RIEKE,21
Marcia J. RIEKE,22 HELENE ROUSSEL,23 KarTIK SHETH,24
AND MICHELE D. THORNLEY?

Received 2005 October 12; accepted 2006 April 24

ABSTRACT

We present Spitzer observations of the nearby dwarf starburst galaxy NGC 1705 obtained as part of the Spitzer
Infrared Nearby Galaxies Survey. The galaxy morphology is very different shortward and longward of ~5 pm: optical
and short-wavelength IRAC imaging shows an underlying red stellar population, with the central super star cluster
(SSC) dominating the luminosity; longer wavelength IRAC and MIPS imaging reveals warm dust emission arising
from two off-nuclear regions that are offset by ~250 pc from the SSC and that dominate the far-IR flux of the system.
These regions show little extinction at optical wavelengths. The galaxy has a relatively low global dust mass (~2 x
103 M,,, implying a global dust-to-gas mass ratio ~2—4 times lower than the Milky Way average, roughly consistent
with the metallicity decrease). The off-nuclear dust emission appears to be powered by photons from the same stellar
population responsible for the excitation of the observed Ha emission; these photons are unassociated with the SSC
(although a contribution from embedded sources to the IR luminosity of the off-nuclear regions cannot be ruled out).
Low-resolution IRS spectroscopy shows moderate-strength PAH emission in the 11.3 4m band in the more luminous
eastern peak; no PAH emission is detected in the SSC or the western dust emission complex. There is significant
diffuse emission in the IRAC 8 sm band after starlight has been removed by scaling shorter wavelength data; the fact
that IRS spectroscopy shows spatially variable PAH emission strengths compared to the local continuum within this
diffuse gas suggests caution in the interpretation of IRAC diffuse 8 ym emission as arising from PAH carriers alone.
The nebular metallicity of NGC 1705 falls at the transition level of ~0.35 Z, found by Engelbracht and collaborators,
below which PAH emission is difficult to detect; the fact that a system at this metallicity shows spatially variable PAH
emission demonstrates the complexity of interpreting diffuse 8 um emission in galaxies. NGC 1705 deviates
significantly from the canonical far-infrared versus radio correlation, having significant far-infrared emission but no
detected radio continuum.

Subject headings: galaxies: dwarf — galaxies: individual (NGC 1705) — galaxies: irregular —
galaxies: ISM — infrared: galaxies
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1. INTRODUCTION

Local dwarf galaxies serve as potential examples of young
galaxies in formation. Due in part to their typically low metal
abundances, the characteristics of the interstellar medium (ISM)
differ markedly from those in larger, more metal-rich systems.
In cases in which spatially and temporally concentrated star for-
mation occurs, “dwarf starburst” galaxies inject energies into
the ISM that can be a substantial fraction of their system binding
energies; these bursts overwhelm the shallow potential wells of
the parent galaxy and result in spectacular galactic winds (e.g.,
Heckman et al. 2001; Martin et al. 2002; Ott et al. 2003). Star-
bursts in low-mass dwarfs represent the low-luminosity end of
the starburst superwind spectrum; outflows increase in strength
up to the ultraluminous infrared galaxies (Heckman et al. 1990).

In extreme cases, single star clusters may input sufficient ki-
netic energy to drive galactic winds in dwarf galaxies. The re-
sponsible “super star clusters” (SSCs) have typical ages <1 Gyr
and dynamical masses ~10°—10% A, ; the most massive may be
globular cluster progenitors. While many massive starburst and
interacting systems are able to attain the densities and pressures
requisite for SSC formation (i.e., ny ~10° cm™3, P/k 2 108—
10 cm~3 K, radii <5 pc; see O’Connell [2004] for a recent
review), the formation rate and maximum luminosity of SSCs
appear to generally scale with the total star formation rate; typ-
ically these clusters form a power-law mass distribution. Hence,
massive, interacting galaxies such as the “Antennae” (NGC
4038/4039) are able to produce hundreds of massive young clus-
ters (Whitmore & Schweizer 1995). Dwarf galaxies, on the other
hand, produce relatively few massive SSCs, and their formation
may follow a different track than those of massive clusters in
larger galaxies; the cluster luminosity functions appear to be dis-
continuous in dwarfs, with SSCs being much more massive than
other clusters (although this may be a statistical effect; see Whitmore
2004).

Atadistance of 5.1 4= 0.6 Mpc (Tosi et al. 2001), NGC 1705 is
one of the best-studied dwarf starburst galaxies. The optical emis-
sion is dominated by the super star cluster NGC 1705-1 (Meurer
et al. 1995), a compact (effective radius ~1.5 pc; Smith &
Gallagher 2001), massive (dynamical mass ~105 M,; Ho &
Filippenko 1996) cluster of age <12 Myr (Vazquez et al. 2004).
The age of the cluster and the amount of ionized gas relative to
the UV luminosity are consistent with most of the O stars having
died out, so the system may be more correctly deemed a “post-
starburst” galaxy (Heckman & Leitherer 1997). Dominant SSCs
are comparatively rare in dwarf starburst galaxies, and NGC 1705
is one of the few systems in which the luminosity of a single
cluster dominates the galaxy’s UV light. The recent star forma-
tion is driving a multiphase outflow from the disk, seen in the
neutral, ionized, coronal, and X-ray—emitting gas phases (Heckman
& Leitherer 1997; Hensler et al. 1998; Heckman etal. 2001). The
H 1 dynamics show normal solid-body rotation, although extra-
planar gas may also be involved with the outflow (Meurer et al.
1998).

NGC 1705 has undergone strong recent star formation; Annibali
et al. (2003) compare synthetic color-magnitude diagrams to optical
and near-infrared photometry to estimate a rate of 0.3 M, yr~!;
combining with the total H 1 mass of 1.04 x 10% M, (using the
integrated flux from Meurer et al. 1998 scaled to our adopted
distance) implies a gas depletion timescale of only ~0.35 Gyr.
Given the galaxy’s recent starburst, its subsolar nebular metal-
licity (Z ~35% Z; [using the solar oxygen abundance of
Asplund et al. 2004]; Lee & Skillman 2004), its gas-rich central
disk (Vg > 10?! ecm™2; Meurer et al. 1998), and the presence of a
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SSC, it presents an ideal example of a starbursting dwarf galaxy
with an extreme star-forming ISM. We present Spitzer imaging
and spectroscopy of this system, obtained as part of the Spitzer
Infrared Nearby Galaxies Survey (SINGS; Kennicutt et al. 2003),
with the aim of characterizing the nature of warm dust and PAH
emission in the metal-poor, active ISM. This system has one of the
highest current star formation rates of any dwarfs in the SINGS
sample and is the only dwarf in the survey that contains a known
SSC.

2. OBSERVATIONS AND DATA REDUCTION

For a complete overview of the SINGS observational strate-
gies, see Kennicutt et al. (2003). NGC 1705 was observed in
standard IRAC imaging mode (producing two 5/2 x 5/2 fields,
offset by ~1’) and in MIPS scan mapping mode (covering ~0.5°,
with foreground and background sources dominating the emis-
sion at 21.5D;s and beyond). IRS spectral mapping was per-
formed using all four modules; the resulting maps cover an area
larger than the optical body in all modules. IRS and IRAC data
were obtained in 2004 July (62.4 minutes in IRS long-low and
short-low modules, and 18.5 minutes in IRAC imaging); MIPS
data were obtained in 2004 September (58.6 minutes in all three
modules).

All data were processed by the SINGS pipelines. The IRAC
pipeline reduces basic calibrated data images; flux levels are
uncertain at the ~10% level due to systematics (see discussion
of aperture correction effects in § 3). The MIPS Instrument Team
Data Analysis Tool (Gordon et al. 2005) was used to process the
MIPS data, while the Cubism tool (J. D. Smith et al. 2006, in
preparation) was used for spectral extraction and analysis of the
IRS data. Systematic uncertainties limit the absolute flux cali-
bration to ~10% in the MIPS 24 ym band and to ~20% in the
MIPS 70 and 160 pm bands; the flux uncertainty of the IRS data
is ~20%. The FWHMs of the MIPS PSFs are 6”, 18", and 38" at
24,70, and 160 pm, respectively. Global fluxes were measured
after foreground/background source removal and background
subtraction, using matched 105" radius circular apertures, cen-
tered on the SSC, in all MIPS and IRAC wave bands; this radius
is slightly larger than the fields of view shown in Figure 1. No
emission associated with NGC 1705 is present outside the area
shown in Figure 1. Since our measured global flux densities agree
within the errors with those published in Dale et al. (2005), we
adopt their values as our final global flux density measurements.
The 11 ym PAH map was created from the full spectral data cube
by averaging the flux density over the wavelength region 11.115—
11.860 pm, and subtracting the average continuum in the flank-
ing regions (10.805—11.115 pym and 11.860—12.357 pm).

The Ha image analyzed here was taken from the public ar-
chive of the Palomar/Las Campanas Imaging Atlas of Blue
Compact Dwarf Galaxies (Gil de Paz et al. 2003). These images
were obtained with the du Pont 100 inch telescope of the Las
Campanas Observatory. The total flux of the galaxy was matched
to the value presented in Gil de Paz et al. (2003); note that the
SSC has been removed from the Ha image used in this paper.

3. WARM DUST AND PAH EMISSION IN NGC 1705

Figure 1 shows images of NGC 1705 at eight different wave-
lengths. Figure 1a shows the near-UV (4 ~ 380 nm) continuum,
where the SSC is the brightest single UV source in the galaxy
(producing more than ~40% of the UV photons; Vazquez et al.
2004). There is an underlying stellar continuum containing a size-
able fraction of intermediate-mass stars: in the Planetary Camera
field of view shown in Figure la, Tosi et al. (2001) find that
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Fic. 1.—Images of NGC 1705 at eight different wavelengths: (¢) HST WFPC2 F380W image (observed for program GO-7506, PI M. Tosi); (b) continuum-
subtracted Ho image from the survey of Gil de Paz et al. (2003; note that the SSC and some surrounding regions have been blanked; cf. Fig. 5b); (c—f) IRAC 3.6, 4.5,
5.8, and 8 um images; (g—#) MIPS 24 and 70 ;zm images. The white circles in ( g) denote the apertures used to extract flux densities at 10” resolution (see text and Table 1);
FWHM sizes of the MIPS bands are shown as boxed circles in ( g) and (%). Note the striking morphological differences between the dust and stellar continuum longward

and shortward of ~5 ym.

~50% of the detected stars have masses 23 Mg, (corresponding
to an age of <500 Myr), while ~10% have masses 27 M, (ages
<60 Myr). Ha emission is present throughout the optical body
of the system (see Fig. 1b; note that the SSC has been blanked
in this image); the highest-surface brightness emission is offset
from the SSC by ~250 pc, coincident with the morphology of
dust observed in the longer wavelength Spitzer bands (see below).

Moving into the near- and mid-infrared (IR), the IRAC 3.6 and
4.5 um images (see Figs. 1¢ and 1d) are sensitive to the under-
lying red stellar population (typically consisting of young red
supergiants and an older stellar population). The 3.6 pm band is
also known to contain some PAH emission bands (Helou et al.
2000, 2004; Lu et al. 2003) as well as emission from H 1 gas pro-
cesses (e.g., Wang et al. 2004). The IRAC 5.8 and 8 um bands (see
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TABLE 1
OBsERVED EMissioN PropPErTIES oF NGC 1705

Parameter NGC 1705 D1 NGC 1705 D2 SSC NGC 1705-1 NGC 1705 Total Galaxy
@ (J2000.0) ..o 04 54 14.59 04 54 12.42 04 54 13.48 04 54 13.5
6 (J2000.0) ..o —53 21 36.20 —53 21 45.07 —53 21 38.95 —53 21 40
Ha fux® o 1.8 +0.3 22403 0.92 £+ 0.14 253 £3.8
IRAC 3.5 um flux density® 1.8 £0.2 0.8 £ 0.08 6.6 £0.7 28 £3
IRAC 4.5 ym flux density® 12 4+0.2 0.7 £ 0.07 46 £ 0.5 19+ 2
IRAC 5.7 um flux density® 1.9 £0.2 0.9 £ 0.09 41+05 12+2
IRAC 7.9 pm flux density® 34+04 1.7+0.2 45+05 22 +2
MIPS 24 pm flux density®...... . 6.0 £ 0.6 48 £ 0.5 39+£04 52+5
MIPS 70 pm flux density®......ccccocverrererennee 126 + 63° 109 + 55° N/A 1090 + 220
MIPS 160 pum flux density®..........coovvineenee N/A N/A N/A 1200 + 250

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. All

measurements are in units of mJy, unless otherwise noted.

& Spitzer flux densities derived without aperture corrections. Apertures of radius 5”7 are used to measure the flux densities presented, unless

otherwise noted.

® Derived using the Hor image presented in Gil de Paz et al. (2003), assuming their global Ha flux; units of 107'3 ergs s~

1 2

cm .

¢ Fluxes of NGC 1705 D1 and D2 at 70 um are measured using apertures of 9” radius (i.e., the FWHM of the 70 zm beam). Error bars reflect both
systematics and the potential contribution from the SSC (estimated by assuming a flat SED as suggested from the data between 4.5 and 24 pm).

Figs. le and 1f) are primarily sensitive to dust and PAH emission,
although a stellar component is present as well (e.g., Pahre et al.
2004). Note that the SSC retains a high surface brightness in the
near- and mid-IR, although by 24 pm the off-nuclear dust emis-
sion regions contribute the bulk of the global flux density (see
Fig. 1g).

There is a striking difference in the galaxy’s morphology
shortward and longward of ~5 pm. There is a negligible amount
of off-nuclear dust emission in the 4.5 pym band, while longer
wavelengths show two strong mid- and far-IR emission peaks that
are offset from the SSC and coincident with the Ho surface bright-
ness maxima. These dust emission regions, labeled as NGC 1705
D1 and D2 (see Fig. 1f"), are the highest surface brightness regions
in NGC 1705 in the MIPS bands (together contributing ~25% of
the 24 pm global flux density; see below). We discuss the nature
of the off-nuclear emission in more detail in § 3.1.

We measure the flux densities of the three individual dust
emission peaks (NGC 1705 D1, D2, and NGC 1705 SSC-1), ata
resolution slightly larger than that of the MIPS 24 pm band
(FWHM =5"7), in the IRAC, MIPS 24 pm, and Ho images.
Fluxes were extracted using non-overlapping apertures of 10”
diameter, centered on the locations given in Table 1 and shown in
Figure 1. Due to the distance and size of NGC 1705, we lose
sufficient resolution by the 70 um band to distinguish the indi-
vidual emission peaks. No aperture corrections were applied to
the measured flux densities; aperture corrections for extended
sources are estimated to be between ~4% and 25% (e.g., Pahre
et al. 2004). For point sources, the aperture corrections are es-
timated to be of order 5%—7% in the IRAC bands for this ap-
erture size, while at 24 pm the correction may be as large as a
factor of 2; this effect may be important for the discussion in
86 3.1 and 3.2. The values listed in Table 1 demonstrate that the
spectral energy distributions (SEDs) from both NGC 1705 D1
and D2 are beginning to rise toward a far-IR peak characteristic
of dust emission in normal galaxies (see, e.g., Dale et al. 2005).
The SED of the SSC, however, appears to flatten out by the
MIPS 24 pum band, suggesting that it contributes only a small
fraction of the total far-IR luminosity of the system. SED model
fits to each of the emission peaks is not feasible, given the lack of
resolution at the longer MIPS wavelengths (but see Dale et al.
[2005] and § 3.1 for the galaxy’s global SED and model fit).

3.1. The Origin and Characteristics of Nebular
and Dust Emission at DI and D2

As shown in Figures 1 and 2, both the IR and Ha emission
peaks (NGC 1705 D1 and D2) are displaced from the SSC by
2250 pc. Vazquez et al. (2004) use UV spectroscopy to dem-
onstrate that the SSC produces the bulk of the UV luminosity of
NGC 1705, but too few ionizing photons to produce the Ha
emission seen hundreds of parsecs away at the locations of D1
and D2. Thus, young, massive stars (stellar masses in the range
10-30 M., with corresponding main-sequence lifetimes ~5—
30 Myr, depending on stellar evolution models and adopted
metallicity; see Tosi et al. 2001 and Annibali et al. 2003) appear
to be the source of the ionizing photons leading to the observed
off-nuclear Ho emission.

To assess whether the stellar population creating this Ha
emission also powers the observed dust emission at locations D1
and D2, it is instructive to compare the star formation rates derived
from Ha and from the IR. Due to the distance of the system, the
physical resolution at 70 and 160 pm precludes the use of a total
IR-based star formation rate for the individual peaks D1 and D2
(e.g., Dale & Helou 2002). We instead apply the monochromatic
calibration between Ha and 24 pm luminosity derived in M51
by Calzetti et al. (2005):

log Lys = 1.03 log Ly — 0.06945, (1)

where Ly4 and Ly, are the observed luminosities at 24 pm and
Ha, respectively, the intrinsic Ha/Pa ratio is assumed to be
8.734, and we apply the central wavelength of 24.0 ym to
convert the 24 um flux density to a luminosity measurement.
Performing this comparison, we find that the observed 24 um
luminosities of D1 and D2 are factors of 3 and 5 lower than
those predicted from the Ha luminosities alone. Note that ex-
tinction at Ho, while minimal (Lee & Skillman [2004] find only
marginal Ay values of 0.0 and 0.47 mag for D1 and D2, re-
spectively), would make this discrepancy larger; aperture cor-
rections at 24 pm (which may be as large as a factor of 2) will
bring these values into better agreement.

A lower star formation rate derived from the IR compared to
Ha has been found for other dwarf galaxies in the SINGS sample
(Cannon et al. 2005; F. Walter et al. 2006, in preparation). This
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Fic. 2.—Closer view of the optical body of NGC 1705, overlaid with contours of the high surface brightness Ha emission. () HST WFPC2 image displayed in a log

stretch to compress the dynamic range and highlight field stars and clusters. (b)) IRAC 8 ym image. Contours are at Ha flux levels of (1.3,2.6,5.2) x 107 ¢ ergs s~

Uem—2.

Note that there are massive field stars associated with the regions of Ha and dust emission.

effect has been attributed, to first order, to the lower dust contents
found in the metal-poor ISM. In NGC 1705, Ha and 24 pm star
formation rates agree within a factor of a few, suggesting that a
substantial component of the dust emission at D1 and D2 is
powered by reradiation of photons from the same sources that
are responsible for the Ha emission. The offset may be due to
differences in ISM physics between metal-rich and metal-poor
galaxies. While the energetics are comparable, we cannot rule
out a contribution from embedded sources that do not contribute
to the observed Ha emission. In this regard, it is worth noting
that some low-metallicity galaxies harbor heavily embedded star
formation regions (e.g., SBS 0335—052; Houck et al. 2004;
Hunt et al. 2004).

An estimate of the dust mass in each component is not pos-
sible, given our inability to resolve the two peaks at 160 ym. The
total dust mass in NGC 1705 can be very simplistically estimated
by applying the following relation:

D?f,

Mause = P B(T) )

(2)

where D is the distance to the galaxy, £, is the flux density, k,
represents the absorption opacity of the dust at frequency v
(given in Li & Draine 2001), and B(7T) is the Planck function
evaluated at temperature 7, derived by fitting a blackbody mod-
ified by a A% emissivity function to the 70 and 160 um data.
As shown in Figure 3, such a single-temperature solution is
unable to simultaneously fit the observed 24, 70, and 160 um
data; the fit to the 70 and 160 pm flux densities grossly under-
estimates the observed 24 um flux density, implying a two-
component dust grain population (e.g., cool grains at ~28 K,
warmer grains at ~55 K). Similar conclusions are reached
based on Infrared Space Observatory observations of nearby
galaxies (Haas et al. 1998; Popescu et al. 2002; Hippelein et al.
2003).

The inability of a single blackbody function to fit the observed
flux densities suggests that a more sophisticated model of the far-
IR SED is needed. The SED models of Dale et al. (2001) and

e Single-T fit (28 K) i
[ Dale & Helou models ]
r | —— — Li& Draine models b
L — — Stellar component, i
Li & Draine models
z
g i
(=) ks
[ b -
oot B .
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Fic. 3.—Three independent fits to the observed flux densities in NGC 1705.
The solid line shows a single-temperature fit to the 70 and 160 xm data points;
note that it strongly underestimates the observed 24 um flux density. A single-
temperature blackbody is thus unable to simultaneously fit the 24, 70, and 160 ym
data points. The dotted line shows a fit of the Dale & Helou (2002) SED models
to the 24, 70, and 160 pum data, which improves the fit at short wavelengths
compared to the single-temperature fit. The short-dashed line shows a fit of the
Li & Draine models to the observations; this model suite is best able to repro-
duce the observed flux densities. The long-dash line shows the stellar compo-
nent output from the Li & Draine (2001, 2002) model fit. Given the uncertainties
in the long-wavelength MIPS data (~20%), we consider both the Dale & Helou
(2002) and the Li & Draine (2001, 2002) models to provide satisfactory fits to
the observations; we adopt the mean of the dust masses predicted by these two
model suites as our final estimate of the dust mass in NGC 1705 (see discussion
in text).
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Dale & Helou (2002) provide a more robust treatment of the
multiple grain populations that contribute to the far-IR emission
in a galaxy (see Dale et al. [2005] for an application of this
method to the entire SINGS sample). Using the fit parameters for
the global SED of NGC 1705 presented in Dale et al. (2005) and
shown in Figure 3, the models of Dale & Helou (2002) imply that
the dust mass derived using single-temperature fitting (here, to
the observed 70 and 160 pm data) underestimates the true dust
mass by a factor of ~9. This application of the Dale & Helou
(2002) models results in a global dust mass estimate of (3.8 £+
1.9)x 10° M.

A third estimate of the dust mass in the galaxy can be found
using the models of Li & Draine (2001, 2002). Here radiation
field strengths are varied via power-law distributions; PAH, sili-
cate, and graphite grains are illuminated and the resulting SEDs
can be compared to the observations. The fit of these models to
our observations is also shown in Figure 3. The observed SED is
well reproduced by ~2.3 x 107 M, of gas and dust, assuming the
latter is of “LMC2-type” (see Weingartner & Draine 2001). The
dust-to-gas ratio (D) of LMC2-type dust is estimated to be ~0.003,
which implies a total dust mass of ~7 x 10* M, (with an un-
certainty of ~50%) in NGC 1705.

Given the uncertainties, we consider the agreement of the dust
mass estimates using the SED models of Dale et al. (2001) and
Dale & Helou (2002) and the models of Li & Draine (2001,
2002) to be satisfactory. We adopt the mean value of these two
estimates, (2.2 & 1.1) x 10° M, as the global dust mass of NGC
1705. Comparing this total dust mass with the H 1 mass measured
in a matching aperture (8.9 x 10”7 M, ; Meurer et al. 1998) im-
plies a global D of ~2.5 x 1073, uncertain by ~50%. This value
is a factor of ~2—4 lower than the Galactic average values
(Dmw ~ 0.006—0.01; Sodroski et al. 1997; Li 2005) but larger
than values found for the more metal-poor Small Magellanic
Cloud (Z ~ 23% Z; Dufour 1984; average dust-to-gas ratios
~10-30 times < Dyw; Stanimirovic et al. 2000, 2005; Bot et al.
2004). If there is an additional amount of cold dust in NGC 1705
that radiates longward of 160 pm (similar to what is seen in some
dwarf galaxies with very cold SEDs; e.g., Tuffs et al. 2002), then
this value will be a lower limit.

3.2. Quantifying PAH Emission Strengths

Since the IRAC 8 um band samples the 7.7 um PAH emission
complex as well as the underlying warm dust continuum (see
Regan et al. 2004; Engelbracht et al. 2005), it is instructive to
quantify the amount of the diffuse emission at 8 pm that is due to
PAH emission. Using the Short-Low IRS module (4 ~ 6—14 um,
R ~ 100), a summation over the wavelength ranges surrounding
the two brightest PAH bands (7.5-9.1 and 10.7—11.7 pum) yields a
detection of the 11.3 ym PAH complex in NGC 1705 D1 only,
with a nominal rise in the continuum level surrounding the 7.7 um
PAH feature (although of low signal-to-noise ratio [S/N]; see the
spectrum of this region presented in Fig. 4). There are no PAH
bands detected in NGC 1705 D2 or toward the SSC. In the top
panel of Figure 4 we also overlay a typical PAH-dominated spec-
trum from observations of the star-forming spiral galaxy NGC
7331 (Smith et al. 2004); note the agreement of the relative strengths
ofthe 11.3 and 7.7 yum PAH bands in NGC 1705 D1 with those of
the example PAH spectrum.

Figure 5 shows contours of a (continuum-subtracted) IRS
spectral summation of the 11.3 um PAH emission, overlaid on
the Hubble Space Telescope (HST) Wide Field Planetary Cam-
era 2 (WFPC2) F380W and Ha images. PAH emission is asso-
ciated with high surface brightness Ho emission in the eastern
dust emission complex (NGC 1705 D1), suggesting that local
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radiation density is an important parameter that affects the ap-
pearance of emission from these molecules in the ISM (but note
the trend of decreasing PAH emission strength with increasing
radiation field density discussed in Madden 2005). However, ra-
diation field strength alone seems to be insufficient for the emer-
gence of PAH emission: there is high surface brightness Ha
emission associated with NGC 1705 D2, but no associated PAH
emission is seen (see also the relative flux ratios in Table 1). Pre-
vious studies have detected the 7.7 and 11.3 pm PAH bands in the
diffuse ISM of the Milky Way, unassociated with regions of mas-
sive star formation and apparently excited by the local interstellar
radiation field (Lemke et al. 1998). Other factors also likely play
important roles in the production and destruction of PAH emis-
sion, including the local electron and gas densities (Ruiterkamp
et al. 2002) and supernova shocks (O’Halloran et al. 2006).

The extracted flux density in the 11.3 m PAH band in NGC
1705 D1 is found to be 2.4 & 0.8 mJy over a 0.745 pm spectral
region (see discussion in § 2). Given the low S/N of the asso-
ciated 7.7 um PAH feature in the IRS spectrum, its flux density
can be estimated by assuming a uniform surface brightness over
the same aperture size; from Figure 4, a peak value of ~3.5 MJy
sr~! is representative. Scaled to the 10” diameter circular aper-
ture used for IRAC flux extraction, this corresponds to a flux
density of ~2.6 mly. If the continuum intensity of ~1 MJy sr~!
seen between 9 and 10 um is representative of the background
under the 7.7 pum feature, then this value will decrease to
~1.8 mJy. These values can be compared with the residual emis-
sion in the IRAC 8 m band after continuum removal; the exem-
plary value of (IRAC 8 pum)—(0.232)(IRAC 3.5 pum) used by
Helou et al. (2004) yields a diffuse (stellar -subtracted ) 8 pm flux
density of 3.0 4+ 0.5 mJy (although note that a single scaling
factor is likely not applicable to all galaxies). Depending on the
underlying continuum levels, assumptions about the surface bright-
ness distribution of the PAH emission, and the scaling factor
used to remove the stellar continuum, it thus appears that most of
the emission from region D1 in the IRAC 8 ym band arises from
PAH emission. This is also evident from inspection of Figure 4;
the 7.7 um PAH complex is clearly detected in D1, but the spec-
trum of D2 is flat in this region.

These arguments imply that spatially variable PAH strengths
compared to the underlying dust continuum make dissecting PAH
and warm dust emission a complex issue. This is exemplified by
region D2, which shows high surface brightness He, starlight-
subtracted 8 ym and dust emission but no detectable PAH fea-
tures. Since the spectra of photodissociation regions and of H 11
regions are quite different (e.g., Hollenbach & Tielens 1997; Genzel
& Cesarsky 2000), the differences between D1 and D2 may have
to do with how much of a PDR is left in one case versus the other.
IRS spectra should be used to verify the presence and strength of
PAH emission that may constitute an unknown fraction of the
detected diffuse emission at 8§ pm.

While the spectra presented in Figure 4 are of relatively low
S/N, they offer interesting comparisons of the physical condi-
tions in the three regions probed. NGC 1705 D1 shows pro-
nounced [S v] 2 10.51 um emission, while this appears to be
absent in D2 and the SSC. The [Ne 1] 12.81 pm line, which is
blended with the 12.6 um PAH feature, appears in the spectra
of both D1 and D2. The relative strengths of [S 1v] and [Ne n]
in D1 compared to D2 argue for a stronger radiation field in the
former (see discussion in Thornley et al. 2000). The low S/N of
the spectra precludes a detailed treatment of the ionization struc-
ture of the system. The spectrum of the SSC shows a broad peak
around 10 pm that may be suggestive of emission from amor-
phous silicates, either ultra small grains undergoing single-photon
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(c) D2, and (b) the SSC (see also Table 1 and Figure 1). In the top panel, the dotted line shows a representative PAH-dominated spectrum from IRS observations of the
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the strengths of the 11.3 and 7.7 pum features observed in NGC 1705 D1. We detect the 11.3 um PAH feature at the ~5 o level in NGC 1705 D1 only; there is evidence
that the continuum also rises toward the 8 ;zm PAH feature. No PAH emission is associated with NGC 1705 D2 or with the SSC. The 12.6 sm PAH complex is detected at
a modest S/N (~2.5); this feature also has a contribution from [Ne 1] 12.81 pm, which is often strong in starburst or AGN environments.

heating, or larger grains being heated to steady temperatures of
~250 K (e.g., Draine & Li 2001).

3.3. The Empirical PAH Transition Metallicity

Engelbracht et al. (2005) find a pronounced change in the
strength of PAH emission as a function of metallicity in a sample
of 34 star-forming galaxies. Above the level of 12 + log (O/H) =
8.2 (~35% Z), PAH emission is detected via diffuse 8 psm emis-
sion and confirmed with IRS spectroscopy; at lower metallici-
ties, PAH emission is weak or absent in their sample. NGC 1705
has a nebular metallicity equal to this transition point [12 +
log (O/H) = 8.21 % 0.05, measured at various locations through-
out the central disk (including both D1 and D2); see Lee & Skillman
2004]; the variable PAH emission from different regions of the gal-
axy provides an interesting test case for this empirical relation.

Engelbracht et al. (2005) compare the 8/24 pm ratio (R;) to the
4.5/8 um ratio (after the 4.5 ym image has had an estimate of the

underlying stellar continuum removed by scaling and subtract-
ing the IRAC 3.5 pm image; R;). The 8/24 pum ratio clearly
separates star-forming galaxies according to both metallicity and
the relative strengths of stellar and dust emission: metal-rich gal-
axies preferentially show high 8/24 ym ratios and low ratios of
stellar to dust emission at 8 um, while metal-poor galaxies show
opposite trends. These color separations are interpreted to be caused,
to first order, by the decreased emission strengths of PAH mol-
ecules in the low-metallicity ISM.

Computing the diagnostic color ratios as described in
Engelbracht et al. (2005), we find (R, R,) values of (0.05 & 0.005,
0.57 £ 0.09), (0.14 £ 0.009, 0.35 £ 0.044), and (0.14 £+ 0.02,
0.42 + 0.06) for NGC 1705 DI, D2, and the total galaxy, re-
spectively, using the values in Table 1. Note, however, that ap-
erture corrections in the MIPS 24 um band can be significant for
the 10” diameter apertures used here (between ~20% and 50%,
depending on the extent of the source and the contamination
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PAH emission is only detected in the eastern dust emission lobe NGC 1705 D1; see also the spectra of D1, D2, and the SSC in Fig. 4.

from neighboring emission regions). Taken at face value, each of
the R, ratios is consistent with the average values found in the
PAH-emitting galaxies of the Engelbracht et al. (2005) study
(i.e., R, > 0.2). The R, ratio of the PAH emission region, DI,
falls exactly on the color boundary defined by Engelbracht et al.
(2005); the two other regions show higher R; ratios, consistent
with values found for systems with PAH nondetections. If aper-
ture corrections at 24 pm are significant, the R, ratio will decrease
for regions D1 and D2 (but not for the global measurements),
and the Engelbracht et al. (2005) diagnostic color ratios correctly
separate the regions D1 and D2 into PAH-emitting and PAH-
deficient, respectively.

3.4. Deviation from the Radio versus Far-IR Correlation

In normal star-forming galaxies, there is a remarkably tight
correlation between the total IR luminosity and the strength of
radio continuum emission (see, e.g., de Jong et al. 1985, Helou
et al. 1985, Condon 1992, and references therein). The tightness
of the relation (scatter of <0.3 dex over multiple orders of mag-
nitude) is especially remarkable, given that the physical processes
that drive IR (reradiation of absorbed photons by dust grains)
and radio emission (typically nonthermal synchrotron emission,
although a thermal free-free component can also contribute) are
only indirectly associated with one another. Indeed, Bell (2003)
shows that the relation holds for IR- and radio-deficient galaxies,
but that these systems require a complex interplay of star forma-
tion, dust content, and magnetic fields to produce the apparently
linear relation in this regime.

We explore the relation between the global radio and IR lu-
minosities of NGC 1705. The total IR (TIR) flux (derived by ap-
plying eq. [4] from Dale & Helou 2002) and the radio continuum
luminosity appear to be related via a constant value in star-
forming galaxies [commonly denoted by the “g” parameter,
where g o log (Stir/Src); see, e.g., Helou et al. 1985; Bell
2003]. Johnson et al. (2003) find a nondetection of NGC 1705 in
the radio continuum at 6 cm, using data that are sufficiently
sensitive to detect the Galactic W 49 star formation complex at
the assumed distance of 5.1 Mpc (rms = 0.05 mJy beam™!).
Using the global flux densities of NGC 1705 in Table 1, we
derive Spir ~ 8 x 1071 W m~2; assuming that ¢ = 2.64 (Bell
2003) and that the radio emission is a mix of thermal and non-
thermal processes (i.e., « = —0.7, where S, ~ v?) for the ex-

trapolation from 20 to 6 cm flux densities, this would imply an
expected radio continuum flux density of ~2 mly. This is more
than an order of magnitude higher than the Johnson et al. (2003)
upper limit. Reducing the assumed value of ¢ (e.g., ¢ = 2.34;
Yun et al. 2001; but note that this value is derived using only
information on the SED between 42 and 122 pm) will increase
the expected flux density by roughly 50%; assuming a stronger
nonthermal component in the extrapolation from 1.4 to 4.8 GHz
(e.g., « = —1.2, indicative of pure synchrotron emission) re-
duces the expected value by ~50%. Applying a monochromatic
q parameter (e.g., Murphy et al. 2006) yields similar estimates of
the expected radio continuum flux density. Regardless of the
extrapolation, it is clear that the radio continuum of NGC 1705 is
extremely weak compared to the observed far-IR flux densities.

The detection, using these Spitzer data, of strong far-IR
emission shows that there is significant dispersion among indi-
vidual galaxies in the far-IR versus radio correlation. Indeed,
Bell (2003) suggests that this correlation is dependent on nu-
merous factors and on galaxy type, and that both the IR and radio
luminosities of dwarf galaxies are suggested to significantly
underestimate the true star formation rate. It is important to note,
by comparison with the internal scatter in individual galaxies
seen in the larger sample of Murphy et al. (2006), that the tight-
ness of the global radio-IR correlation may depend on averaging
over a significantly large number of emission regions. In dwarf
galaxies, and starbursting dwarf galaxies in particular, the IR and
radio emission are typically dominated by one (or at most a few)
luminous star formation regions, allowing significant deviations
from the relations seen in more massive galaxies. In larger star-
burst galaxies, a deficiency of radio continuum emission com-
pared to the far-IR luminosity has been attributed to a very young
(<few Myr), “nascent” starburst that has occurred after an ex-
tended period (2100 Myr) of quiescence (e.g., Roussel et al.
2003).

In the case of NGC 1705, which is IR-bright but radio-faint,
the aforementioned galactic wind may play an important role in
the lack of radio continuum emission. The young age of the SSC
(=12 Myr; Vazquez et al. 2004) implies that thermal emission
associated with the UV photons of massive stars should still be
strong (see timescale arguments in Condon 1992 and Cannon &
Skillman 2004). Similarly, the post-starburst nature of the sys-
tem (Heckman & Leitherer 1997) and spatially resolved stellar
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photometry (Tosi et al. 2001; Annibali et al. 2003) have shown
that most of the O stars associated with the strong burst of star
formation have exploded as SNe, implying a strong synchrotron
emission component. If the burst has “blown out” of the disk
and is venting hot gas into the halo (as evidenced by UV ab-
sorption line spectroscopy and diffuse Ha and X-ray gas in the
halo; see Hensler et al. 1998; Heckman et al. 2001; Veilleux et al.
2003), the energetic particles that give rise to radio continuum
emission are likely escaping the disk (see also the discussion in
Johnson et al. 2003).

4. CONCLUSIONS

We have presented observations of the nearby dwarf starburst
galaxy NGC 1705 made with all three instruments on board the
Spitzer Space Telescope. This is one of the few local dwarf gal-
axies known to host a SSC, and the only such system in the
SINGS sample. The galaxy underwent a strong starburst some
15 Myr ago that produced the SSC and massive star formation in
the field; this starburst is driving a multiphase outflow from the
SSC region and this has dramatic consequences for the multi-
wavelength properties of the galaxy.

The galaxy morphology changes significantly longward and
shortward of ~5 pm. Optical and short-wavelength IRAC im-
aging shows an underlying red stellar population, with the SSC
dominating the luminosity. Longer wavelength IRAC and MIPS
imaging reveals warm dust emission arising from two off-nuclear
regions that dominate the far-IR morphology of the system.
Stellar and warm dust emission from the SSC is still prominent at
8 pum, but the SED appears to flatten out toward longer wave-
lengths, suggesting that most of the warm dust emission arises
from the off-nuclear regions. There is high surface brightness Ha
emission associated with these dust emission peaks. The energy
source for this off-nuclear nebular and dust emission, some
~250 pc from the SSC, is likely young massive stars in these
regions; some of these stars may be embedded, thus not con-
tributing to the observed Ha: luminosity. The lack of extinction
toward the SSC (Heckman & Leitherer 1997) and the modest
warm dust emission of the SSC in the MIPS bands suggests that
dust near the SSC may have been removed by the multiphase
outflow or evacuated by the high UV flux from the SSC.

We derive a total dust mass of ~(2.2 & 1.1) x 10° M. This
value represents the mean of the dust mass estimates from using
the SED models of Dale et al. (2001) and Dale & Helou (2002)
and the models of Li & Draine (2001, 2002). A single-temperature
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blackbody function is unable to simultaneously fit the observed
24, 70, and 160 um flux densities. Both sets of SED models
predict a higher dust mass than a single-temperature blackbody
fit to the 70 and 160 pm data points. Comparing to the H 1 mass
implies a global dust-to-gas ratio ~2—4 times lower than the Ga-
lactic average.

The strong diffuse emission in the IRAC 8 ym band is dom-
inated by warm dust emission; IRS spectroscopy of the SSC and
both off-nuclear sources shows 11.3 um PAH emission in the more
luminous of the two dust emission peaks only (no PAH emission
is associated with the SSC). This serves as a prudent reminder
that IRAC diffuse 8 um emission traces both dust continuum and
PAH emission, and that spectroscopy is essential for a robust
separation of the two components. The fact that variable PAH
emission strengths are seen in a galaxy with nebular metallicity
equal to the empirical PAH threshold found by Engelbracht et al.
(2005) highlights the complexity in interpreting the nature of
diffuse 8 pm emission.

Finally, we note that NGC 1705 appears to deviate significantly
from the canonical far-IR versus radio correlation, in the sense that
strong far-IR emission is present, but radio continuum emission re-
mains undetected at meaningful sensitivity levels. The galactic out-
flow may play an important role in affecting the radio continuum
emission; if significant numbers of energetic particles are escaping
into the halo, the radio continuum emission will be significantly
suppressed compared to the total IR luminosity. Dwarf starburst
galaxies, typically dominated by one massive star formation region,
appear to be susceptible to strong variations in this ratio; the tight-
ness of the radio-IR correlation may rely on a larger statistical sam-
pling of star formation regions throughout an individual galaxy.
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