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Abstract

A multi-wavelength study from the ultraviolet to the far-infrared, of the nearby galaxy M51 is presented, using a
combination of space-based (Spitzer, GALEX, and Hubble Space Telescope) and ground-based images. The
Spitzer data were obtained as part of the SINGS (Spitzer Infrared Nearby Galaxies Survey) project, and they
include both IRAC and MIPS images. These trace the dust emission from M51, whilethe GALEX far-UV and
near-UV images trace the relatively young stellar populations. The emission from theionized gasis traced by a
combination of ground-based Ha and HST Pa images. The images are used to investigate the local and global
star formation, the impact of dust extinction and the absolute calibration of UV, optical, and infrared star
formation rate estimators. The combination of Spitzer and GALEX data provides an unprecedented spatial detail
over a3-orders-of-magnitude wavelength range. The results from this investigation will be instrumental for
studies of star formation in the intermediate- and high-redshift Universe.

RESULTS

Analysis

Color composite of M51, using the GALEX FUV (blue),
ground-based Ha (green) and Spitzer MIPS 24 /i (red)
images. Northis up.

Examples of photometry apertures used in this
analysis. The diameter of each apertureis 13", or
about 520 pc at the distance of NGC5194. Theregion
shown in thefigure has a diameter of ~6 kpc (~2.5',
the area covered by the HST/NICMOS observations),
where atotal of 54 apertures are displayed.

Galaxy's Characteristics:

M51a (Whirpool Nebula, NGC5194) is anearly face-on
(i~20°) grand-design spiral (SAbc) located about 8.2 Mpc
away, and with recession velocity 463 km/s.

Thespiral galaxy isin close interaction with the early type
galaxy NGC5195, |ocated about 4' to the North (top of
figure on the l€ft), and its nucleus hosts a non-thermal
source (Ford et al. 1985).

M51lais consistent with super-solar metallicity (Z~2-3 Zo)
and shows a weak metallicity gradient as a function of
distance from the nucleus (Zaritsky et al. 1994)

The Data:

The dataused in this analysis are all imaging data from the
following:

Spitzer IRAC (3.6, 4.5, 5.8, and 8.0 mm) and MIPS (24,
70, and 160 nm) mosaics, obtained in May-June 2004 as
part of SINGS, the Spitzer Infrared Nearby Galaxies
Survey, have PSF FWHM ranging from ~2" to ~40".

GALEX far-UV (FUV, ~1530 A) and near-UV (NUV,
~2310 A), obtained as part of the GALEX Nearby
Galaxies Survey (Bianchi et al. 2004), have PSF
FWHM~4.6", closeto the MIPS 24 nm PSF.

HST/NICMOS continuum-subtracted Pa (1.8756 nm)
mosaic of the central ~ 6 kpc of the galaxy (Scoville et al.
2001).

Ground-based, continuum-subtracted Ha image

M easur ements:

* Photometry was performed in 166 apertures of 13"
diameter and centered mainly on peak of emission at 24 mm.
¢ The diameter of the apertures was chosen to include ~60%
of thelight from a point source at 24 nm; at shorter
wavelengths the light fraction is much higher (and the
aperture corrections much lower).

* Local backgrounds were subtracted from all apertures.

¢ Intotal reliable measurements at all wavelengths were
obtained in 142 of the apertures, 43 of which are within the
central region imaged in Pa.

¢ Dust extinction is derived in the central region from the
Ha/Pa lineratio, assuming an intrinsic value of 8.734.

Dust Obscuration

Figure 1: The FIR/UV ratio versus UV color
for the 142 apertures in M51 (red symbols; the
red triangles are data from the central region
also imaged in Pa) compared with the local
starburst galaxies (blue circles, Meurer et
a.1999), and with afew dust models (Milky
Way [MW] or Small Magellanic Cloud [SMC]
extinction curves, both foreground dust and
mixed models) and the starburst reddening
curve of Calzetti et a. (1994). The mean M51
value (tar) and a representative error bar are
aso shown.

Fiqure 2: The same data for M51 as Figure 1.
The data are now compared with models of
instantaneous burst populations (L eitherer et
al. 1999) with ages between 2 and 300 Myr,
reddened with the starburst reddening curve
of Calzetti et . (1994). Dashed lines mark
tracks of constant extinction, Ay, and varizble
age. Most datapoints are contained within the:
locus delimited by the age range 2-300 Myr
and the extinction range A, ~ 0.3-2.8 mag,

Figure 3: The UV colors of the central ~6 kpc
region in M51 (red triangles; this s the region
imaged in Pa), as a function of the measured
extinction of the gas A, The M51 dataare
compared with similar datafor local starburst
galaxies (blue circles, Calzetti et dl. 1994). Dust
reddening models, in a similar fashion as Figure
1, arealso shown, including the case of an SMC
foreground dust model, with

Ay(star)=05 A,(gas) [SMV(0.5+A,)]. The
vertical bar on the left shows the range of
intrinsic UV colors for A,=0, between 2 and
300 Myr.

Fiqure 4: The UV/Pa ratio asa function of
the extinction of the ionized gas, for the
same datapoints as Figure 3. Diagora lines
show the reddening trend for UV/Pa ratios
at the burst ages (in Myr) indicated on the
Ieft hand-side of the plot, using the starburst
reddening curve. On average, the M51
regions tend to be older than the starburst
galaxies, based on the UV/Pa ratio. The Pa
line emission on the vertical axis has been
corrected for dust extinction.

® The extinction curve(s) in M51a, a super-solar
metallicity galaxy, is(are) notably lacking the strong
2200 A feature of the Milky Way (Figures 1 and 3).

® The HIl-emitting regionsin M51a follow a
shallower trend in the FIR/FUV versus UV -colors
plane than local starburst galaxies, and show awider
scatter in FIR/FUV for fixed UV color (Figure 1).
Thisis similar to the findings of Buat et al. (2002) and
Bell (2002) for star-forming versus starburst galaxies.
*® The above difference can be accounted for by a
combination of dust extinction and stellar population
ageing. The Hil-emitting regions of M51a each
contain a combination of stellar populaionsin the age
range 2-300 Myr. The population dominating the UV
emission in each region is generally not the youngest
one (Figures2 and 4).

® Asaresult, the FUV emission in this quiescent
star-forming galaxy (SFR/area< 0.05 M /yr/kpc?) is
an indirect (unreliable?) tracer of current star
formation.

*® These results lend support to the suggestion that the
difference in the FIR/FUV emission between
starbursts and star-forming galaxiesis due to
differencesin their b-parameter’, the ratio of current
over past star formation (Kong et al. 2004).

Star Formation

Fiqure 5: The ratio of the 24 mm to the Pa
luminosities as a function of the extinction-
corrected Pa luminosity for the HIl emitting
regions within the central 6 kpc. The position

Inner
Bkpe

Fiqure 6: The same s Figure 5, for the 8 mm

luminosity (red triangles). The black asterisks show

the same quantities measured in smaller (4"
diameter) apertures to gauge impact of the diffuse

of theintegrated light from the whol ]
region is also shown and marked (as 'Inner 6
kpc'). The horizontal dotted line isthe 1-to-1
correlation between L (24) and L (Pa), while
the continuous lineis the formal fit to the HIl
emitting datapoints. The integrated light of
the central 6 kpc isin agreement with the
extrapolation of the best-fit line (and,
roughly, of the 1-to-1 line)

light on the (Impact of light
into th i

Figure7: The8mmto 24 mm flux ratios

® The 24 mm luminosity appears to follow closely the extinction-corrected
Pa luminosity, with a close-to-unity slope, suggesting that the former is as
reliable a star formation rate tracer as the Pa luminosity is, for the HII
emitting regionsin M51a.
® A calibration of the 24 nm luminosity as a SFR indicator gives (for a
Kroupa 2001 stellar initial mass function):

SFR (M, yr) =3.0x 104 n L,(24 nm) (erg s*)

® Conversely, the 8 nm luminosity does not appear to be as closely related to
the ionized gas emission as the 24 mm luminosity is. In particular, the 8 nm
emission becomes underluminous for increasing nebular line emission.

* Possibly, the carriers contributing to the 8 mm band emission (PAH) are
affected by the intensity of the radiation field in anon-linear fashion; in
addition, PAH can be heated by the UV radiation of non-ionizing stellar

bright sources has also been evaluated and found

negligible). The dotted line isthe 1-to-1 correfation,

the continuous line s the fit to the red points, and

the dotted line is the fit to the black points. The fit to

the deta show thet, athough the 8 mm luminosity
doesfollow the Pa. one, the correlation Sopeis
shallower than urity.

versus the observed Ha luminosity for the HII
emitting regionsin the entire galaxy (see Figure
1 for an explanation of the symbols). A trend
comparable to the one observed in Figure 6
(Inner 6 kpo) is found for the entire galaxy: the
8 appears to

less ionizing regions (lower Ha emission) and
underluminous in more strongly fonizing
regions.

populations, which are not necessarily connected to the current star
formation (see, e.g., Boselli et al. 2004).

® The presence of this secondary parameter makes the dust emission in the 8
mm IRAC band an imprecise tracer of SFR.
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