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ABSTRA CT

We examinefaint infrared emissionfeaturesdetectedin Spitzer Space Tele-
smpe imagesof M51, which are assaiated with atomic hydrogen in the outer
disk and tidal tail at R > Ry5 (4.9°, 14kpc at d=9.6 Mpc). The infrared colors
of thesefeaturesare consisten with the colors of dust assaiated with star for-
mation in the bright disk. Howewer, the star formation e ciency (as a ratio of
star formation rate to neutral gasmass)implied in the outer disk is lower than
that in the bright disk of M51 by an order of magnitude, assuminga similar
relationship betweeninfrared emissionand star formation rate in the inner and
outer disks.

Subjet headings: galaxies:individual(M51,NGC5194)| galaxies:spiral|galaxies:ISM|
galaxies:structure|infrared:galaxies

1. Intro duction

Relatively little is known about the conditionsin the interstellar medium (ISM) in the
outer disksof spiral galaxies,yet an accouring of the ISM in theseregionsis integral to a full
understanding of the galactic star formation process. Studies of the ISM at large radii can
measurethe available resenoir of neutral gasand dust in galaxiesand assesshe e ciency of
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ongoingstar formation. Sensitive atomic hydrogen (HI) obsenations often reveal extended
distributions of the ISM that may support the formation of additional stars or tidal dwarf
galaxies(seeclassicreviewsby van der Kruit & Allen 1978;Haynes, Giovanelli, & Chincarini
1984). Howewer, measuref star formation ass@iated with this extendedneutral componert
are rare, thus hampering e orts to fully characterizethe local star formation process.

Infrared imaging by the Spitzer Space Telesope (Werner et al. 2004) with the IRAC
(Fazio et al. 2004)and MIPS (Rieke et al. 2004) camerasprovides a new opportunity for
mapping out dust in emissionin nearly galaxies. Of particular interest is dust emission
thought to arisefrom stochastically-excitedaromatic molecules,sud asPolycyclic Aromatic
Hydrocarbons (PAHSs, see,e.g.,Leger& Puget 1984;Puget & Leger 1989;Boulangeret al.
1998;Helou et al. 2000;Lu et al. 2003),at 8 m and thermal dust emissionat 24 m.
Studieswith ISO and Spitzer suggesthat 8 and 24 m emissioncanbe usedto measurestar
formation rates on kiloparsecto global scales(e.g., Rousselet al. 2001; Dale et al. 2005;
Calzetti et al. 2005). In this Letter, we examineinfrared dust emissionin the outer disk of
M51, and comparethe star forming environment they represet with that of the bright disk
of M51.

2. Observations and Data Analysis

Figure 1 shavs M51 in HI, infrared (IR), and near-ultraviolet (NUV) emission. The
Spitzer IR images(5.8,8.0 m: IRAC; 24,70 m: MIPS) wereacquiredfrom the SecondEn-
hancedData Releasg2005May 6) of the Spitzer Infrared Nearby GalaxiesSurwey (SINGS,
Kennicutt et al. 2003). The data reduction pipeline is descriked in Reganet al. (2004).
Calibration uncertairties are estimatedto be 10%for the 5.8,8.0,and 24 m bandsand 20%
for the 70 m band. No extended-sourceaperture correctionshave beenappliedto the IRAC
data. The inherert angular resolution is 2°°for the IRAC images, 6°°for the 24 m MIPS
image,and 18°for the 70 m MIPS image.

The GALEX NUV (1750-2750A) image was taken as part of the GALEX Nearhy
GalaxiesSurney (NGS; seeBianchi et al. (2005))and acquiredfrom the Multimission Archive
at SpaceTelescog. The inherert angular resolution of the GALEX NUV imageis 6°° As
an additional ched on the star formation rates in the outer disk, we conducteda parallel
analysis using the H  image of M51 published by Rand (1992), which has an angular
resolution of 2%

The HI data preserned herewerepublishedby Rots et al. (1990). We are usingtheir 21°°
resolution dataset. To highlight the strongestHI featuresin the outer disk, the integrated
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intensity map showvn in Figure 1 was created using the AIPS task MOMNT, with three-
channelHanning smaothing in velocity and v e-pixel (FWHM) Gaussianspatial smoothing.
By comparing with the 34°°resolution imagesshowvn in Rots et al.(1990), it is clear that
the HI imagein Figure 1 shows the high-column-densiy ridgesin the broader HI tail that
extendsaway from the galaxy toward the southeast.

By examination of the HI and IR images, 21 positions were chosento represen the
extendedemission. Thesepositions, listed in Table 1, correspnd to local HI peakswhich lie
at intervals spacedby 1%longthe extendedIR features. Sixteen positions lie outside the
mg =25 mag arcsec ? isophote,and the remaining v e lie at radii  0.7Ry5 (R25=4.9%LEDA
by,

HI spectra at ead of the 21 positions were extracted from the original 21°°datacube.
The typical velocity widths of the HI spectra are relatively small (no more than 3-4 chan-
nels for a typical spectrum, or Viunm 25 km s 1), suggestingthe emissioncomesfrom
relatively cool, denseatomic gas. We measuredthe HI integrated intensities directly from
the spectra, integrating over the obsened spectral line after subtracting o a linear baseline.
The integrated intensitiesfor all positionsare within 17%of the integrated intensitieswhich
comefrom a tted gaussianfunction, and the majority are within 10%. The integrated
intensitieswerethen corverted to HI column densities,assumingthe standard optically-thin
conversion (van de Hulst, Muller, & Oort 1954),and reported in Table 1.

Somefraction of the 5.8 and 8 m uxes is due to starlight (see, e.g., Pahre et al.
2004a,b;Helou et al. 2004). We usedthe starlight-subtraction technique of Pahre et al.
(2004a),to createimagesof the dust emissionin M51 at 5.8 and 8.0 m; thus, the 5.8 and
8.0 m imagesin Figure 1 represen infrared dust emissionat these wavelengths. Starlight
cortributes the majority of the obsened5.8 m ux at somepositions, but is generallywithin
the badkground uncertainty at 8 m. For the 70 m images,the uxes at ead position are
dominated by systematic uncertainties due to residual striping in the image. Due to the
signi cantly increaseduncertainties in measureddust emissionat 5.8and 70 m, we will use
only 8 and 24 m uxes for calculating infrared star formation measureqx4).

The IR, NUV, andH imagesweresmaoothed by gaussiarfunctionsto provide 21% ec-
tive resolution( 1 kpc for an assumeddistanceof 9.6 Mpc), and all uxes are consequetty
reported in units of ux per 21°FWHM gaussianbeamfor consistencywith the information
available in the HI image. To measurethe ux at ead position, the local badkground was
measuredin 20 positions outside the minimum HI cortour shovn in Figure 1, but within
2.5 of the measuredsourceposition. The variance of the local badkground measuremets is

The Lyon/Meudon Extragalactic Database, http:/leda.univ-ly onl.fr/
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usedto represem the uncertainty in the ux at ead sourceposition.

The badground-subtracted uxes for the smoothed8.0 m, 24 m, NUV, andH images
are listed in Table 1. Fluxes smaller than three times the measuredbadkground variance
are reported as upper limits. In addition, we report in Table 1 the value of the total IR
luminosity, L(IR)=L(3-1100 m), asinferred from the 8 and 24 m uxes and the empirical
relation determinedfor M51 by Calzetti et al. (2005Y.

3. Infrared emission in the outer disk

The lowest HI column density shown in Figure 1 (N, =1.6x10?° cm 2) is overlaid asa
singlewhite cortour on the IR and NUV imagesto shaw the spatial relationship of the outer
IR, NUV, and HI morphologies. Most of the IR and NUV imagesshavn in Figure 1 have
beenslightly smoothed (5.8 and 8 m to 5°0 24 m and NUV to 7°) to improve the display
of the faintest features.

Figure 1 shows that some, although not all, of the strongest outer HI features are
assaiated with locally enhancedlR emission.Note particularly the ridge-like featureto the
southwest, which is detectedin the 5.8, 8, and 24 m images,and the southeasternextension,
seenmoststrongly in 8and 24 m emission.The 70 m emissionmorphologyis alsoconsistem
with the southwest ridge, though with relatively large systematic uncertairties. Features
correspnding to the extendedIR featuresare signi cantly lessprominert in the NUV image
with respect to the bright disk, though there is clearly NUV emissionassaiated with the
southeasternIR extension. NUV emissionfrom the southwest ridge may be preferernially
extincted by the morphology of the ISM pulled out by the interaction of NGC 5194 and
NGC 5195, or the weak NUV emissionmay simply indicate relatively little star formation
at thesepositions.

4. Infrared star formation rates

The detectionof IR dust emissionassaiatedwith enhancedHI columndensitiessuggests
that there are localizedHI peaksin the outer disk that are ass@iated with star formation.
Here,we usea calibration from a recer IR study of star formation tracersin the bright disk
of M51 (Calzetti et al. 2005)to self-consistetly examinethe star formation processin the
inner and outer disk of M51.

2log L(IR) = log L(24)+0.908+0.793(log (L (8)/L (24)))
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We have estimated the local IR star formation rate (SFR) on 1 kpc scalesat ead
outer disk position using the total infrared luminosity, L(IR), as calibrated by Calzetti et
al. (2005), and the linear corversionbetweenL(IR) and SFR of Kennicutt (1998). Recen
studies suggestthat 8 m IR emissionis a non-linear tracer of star formation, but the
relationship between L(IR) and SFR is nearly linear (Kewley et al. 2002, Calzetti et al.
2005). For this analysis, we will assumea linear corversion betweenL(IR) and SFR. For
comparison,H uxes at the same21 positions were usedto determineH SFRs. The H
uxes were correctedfor extinction using the measuredHI column densities,assumingthat
the dust assaiated with the gashas Galactic properties and is distributed in a foreground
screen.The conversionfactor from Kennicutt (1998) wasthen usedto obtain an H SFR.

The IR and H SFRsare listed in Table 2, and plotted as a function of HI column
density in Figure 2. There is no discernabletrend in SFR with HI column density, but the
rangeof HI columndensity (and radius) is small. It is clearthat we are detectingrealinfrared
ux, asseenby the correlation between8 and 24 m uxes shown in the inset of Figure 2. In
addition, the 8 m/24 m ux ratios are consistem with valuesmeasuredwithin the optical
disks of M51 and other nearhy spiral galaxies(Reganet al. 2004;Helou et al. 2004;Calzetti
et al. 2005),and are high enoughto suggestthat depletion of metalswill not cortribute to a
dearth of PAH-band emitters at 8 m (Engelbradit et al. 2005). This is particularly true for
M51, wherethere is little or no radial metallicity gradiert (Bresolin, Garnett, & Kennicutt
2004). The H SFRsare characteristically lower, but exceptfor position 3, they are within
a factor of v e of the IR SFRsat the positionswhereboth IR and H SFRsare measured.

The L(IR) SFRsper21°%eamin the outer disk positionsare calculatedto be (2-20)x10 *
M yr ! andthe H SFRslie in the range (1-6)x10 * M yr 1. The correspnding gas
masseger beaminferred from the HI column density (including a factor of 1.36for helium)
are (3-12)x1® M , with a median value of 6x1 M .

Ten positionsin the bright inner disk were chosento represen typical inner disk SFRs.
The SFRsdeterminedfrom H and L(IR) from these positions are also listed in Table 2.
The L(IR) SFRsfor the inner disk positions are typically within a factor of three of the H
SFRs, consisteh with the measuredscatter in the empirical relationship betweenL(IR) and
the 8/24 ratio in the bright inner disk (Calzetti et al. 2005). Again, the inferred H SFRs
are generallylower than SFRsdeterminedfrom L(IR), but both aretwo ordersof magnitude
higher than in the outer disk: we measure(160-770)x104 M yr ! using L(IR), and (130-
660)x10 * M yr ! usingH . The inner disk gasmasseger beamwere (12-25)x16¢ M
as determined from a combination of the HI column density and the H, column density.
N(H,) was measuredfrom the published CO integrated intensity maps published by Helfer
et al. (2003), assumingN(H,)=(3x10%%cm 2(K km s 1) Ylco.
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Taking the ratio of the SFR and the available gasmassin the samebeam,we nd the star
formation e ciency (SFE) for eat position (Table 2). For the outer disk positions of M51,
the L(IR) SFEsare0.04-0.2Gyr !, andthe H SFEsare0.02-0.06Gyr 1. The median SFE
for the 10outer disk positionswheresigni cant emissionwasdetectedin H ,8 m, and24 m
emissionis 0.04and 0.07Gyr ! from H (corrected) and L(IR), respectively. For the inner
disk positions of M51, the L(IR) SFEsare 0.8-4Gyr !, andthe H SFEsare 0.6-3Gyr 1.
The median SFE for the inner disk positionsis 1.3 and 2.8 Gyr ! from extinction-corrected
H andL(IR), respectively.

A comparisonof the median SFEsfor inner and outer disk positions suggestghat star
formation is 30-40times lesse cient in the outer disk than in the bright disk, presuming
that 8 and 24 m emissiontracesstar formation similarly in the inner and outer disk. While
the uncertairties in thesemeasuresare large in consideringboth measuresf low ux values
and signi cant assumptionsin the local star formation calibration, thesecalculationssuggest
that star formation is roughly an order of magnitude lesse cient in the outer disk than in
the bright inner disk.

5. Robustness of infrared star formation e ciencies

To assesghe robustnessof our conclusionof low SFE in the outer disk of M51, we
alsocomparedthe H star formation rates calculated herewith ratesdeterminedfrom NUV
emission,using the NUV-SFR calibration of Kennicutt (1998). The calculated SFRs from
NUV measuresare also listed in Table 2. For the positions where both NUV and H
ux is detected signi cantly, the derived SFRs (without extinction correction) are within
a factor of 2.5 of one another. Given the relatively small extinction correctionsat these
positions, thesemeasuresare expectedto be reasonablyrepresetativ e of the outer disk star
formation rate. This comparison,conbined with the H -IR comparisonabove, suggestshat
the IR measuremets presettied heredo not arti cially underestimatethe SFR (e.g., dueto
potentially lower dust temperaturesand metallicities in the outer disk).

In consideringthe robustnessof our relative SFE measures,we must also assesghe
accuracyof our neutral gasmeasures.Molecular gasis likely presen in the outer disk, but
with a signi cantly lower average column densily (see,e.g., Braine & Herpin 2004) over

1 kpc scales,sudth that the cortribution of molecular massto the total neutral gasmass
shouldbe small. In any case,a cortribution from moleculargasin the outer disk only creates
a larger discrepancybetweenthe SFE in the inner and outer disks of M51. Similarly, if the
CO-to-H; cornversionfactor usedfor the inner disk is too high, the discrepancybetweeninner
and outer disk SFEswould alsoincrease.
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6. Discussion and Conclusions

Measuresof IR, UV, and H emissionassaiated with the extendedneutral gascom-
ponert of M51 suggestthat star formation in the outer disk of M51 is roughly an order of
magnitude lesse cient than at smaller radii. This may be due to slover HI to H, con-
version, possibly becauseof the lower pressuresn the outer disk ISM. Recen CO and UV
obsenations (Braine & Herpin 2004;Ne et al. 2005) have shavn that both moleculargas
and star formation are presei in the outer disks of spiral galaxies,and they appear linked
to the HI. Deeger infrared studies of the outer regionsof spirals will provide a valuable op-
portunity to test the local e ects of the interstellar radiation eld, metallicity, and gasphase
on infrared dust emission,and thus help to better de ne the relationship of star formation
and gasconent.

MDT would like to acknowledgethe warm hospitality of the Obsenatoire de Bordeaux,
wherethis work was carried out. The authors thank S. Vogeland A. Rots for providing the
HI data and R. Rand for providing his publishedH map.
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Fig. 1.| Emissionfrom M51 at the wavelengthslisted in the lower left cornerof ead panel.
Redcircleswith a diameter equalto the 21°resolution are overlaid on the HI image,for eah
of the positionslisted in Table 1. The lowest ux level showvn in the HI map (correspnding
to 1.6 x 10?°° cm ?) is indicated by a single white cortour in the other v e panels. The
bright inner disk in the IR and NUV imageshasbeensaturated herein orderto shaw faint,
outer featuresmore clearly; red cortours shaw the generalstructure in the inner disk at ead
wavelength. The rangeof uxes displayed logarithmically by the color table in ead imageis
asfollows: for 5.8 m: 0.003-0.2MJy sr 1; for 8.0 m: 0.3-2.5MJy sr 1; for 24 m: 0.04-1.0
MJy sr 1; for 70 m: 0.3-10MJy sr 1; for NUV: 1.2x1(?-1.9x13° ergs ! Hz 1.
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Fig. 2.| Star formation rates,from H (triangles) and L(IR) (squares),for the 21 positions
from Table 1, plotted asa function of HI column density. Upper limits areindicated by open
symbols. Inset: 8 m versus24 m ux for the 21 outer disk positions.
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Table 1: MeasuredFluxest

POSitionb Ny S S Swuv Sq L(lR) ¢
(10?°%cm 2) (mJy) (mJy) ( Jy) 10% ergs ' 10 ergs?
1 9.6 2.3 0.2 1.8 0.2 19 2 (7.1 6.5) 2.4
2 4.7 2.7 0.2 2.2 0.2 15 1 (14 6) 2.9
3 6.8 3.7 0.2 3.0 0.2 15 2 13 4 3.9
4 3.6 052 0.16 1.1 0.1 7.3 0.8 25 5 0.66
5 2.9 1.3 0.1 1.3 0.1 12 1 22 5 14
6 4.3 1.2 0.1 0.60 0.08 7.1 0.7 12 3 1.2
7 4.0 1.7 0.2 1.0 0.1 6.1 0.1 22 4 1.7
8 5.1 1.1 0.2 15 0.1 40 1 (10 5) 14
9 5.0 (0.49 0.17) 0.65 0.16 46 1.1 18 2 (0.58)
10 5.7 0.65 0.17 058 0.13 (45 2.1) (4.4 4.6) 0.71
11 6.1 0.53 0.17 (0.15 0.12) (1.3 2.1) 14 3 (0.45)
12 6.2 0.52 0.11 (0.47 0.18) (7.6 4.8) (45 3.0) (0.57)
13 5.0 0.48 0.12 (0.44 0.19) (-0.2 13.2) 24 3 (0.53)
14 10 16 0.1 1.2 0.2 41 1 53 3 1.7
15 4.9 0.43 0.11 0.48 0.14 (3.7 1.4 20 4 0.49
16 5.8 0.40 0.06 (0.09 0.15) 28 1 38 6 (0.33)
17 5.0 0.38 0.10 0.30 0.09 17 2 16 3 0.40
18 3.7 0.26 0.06 (0.78 0.28) 5.8 1.6 15 4 (0.36)
19 5.9 0.52 0.08 1.0 0.2 13 2 17 4 0.66
20 4.5 1.0 0.3 0.83 0.19 23 2 18 3 1.1
21 5.6 3.7 0.2 14 0.2 41 2 (12 5) 3.4

aAll valuespreserted in units of ux per 21%gaussianbeam. Upper limits are enclosedin parentheses.
bPositions in clockwise order, with o sets givenin Table 2.
“Valuesof L(IR) were derived from 8 and 24 m uxes using the calibration of Calzetti et al. (2005).
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Table2. Multiw avelength Star Formation Ratesand E ciencies?

(9 b (99 Mgas® SFR(H ) SFR(H ,corr)d  SFR(NUV) SFR(L(IR)) SFE(H ,corr)  SFE(L(IR))
(%9 (%9 108M 104M yr 1 104M yr 1 104M yr 1 104M yr ! Gyr 1 Gyr 1
Outer Disk
-40.5 2258 11 (0.56) (0.80) 3.1 11 (0.007) 0.097
-63.8 209.3 5.5 (1.2) (1.3) 25 13 (0.024) 0.23
-90.8 162.0 8.0 1.0 1.3 25 18 0.016 0.22
-207.8 1133 4.2 2.0 2.3 1.2 3.0 0.053 0.070
-189.8  65.3 3.4 1.7 1.9 2.0 6.5 0.056 0.19
-2580 -525 5.1 0.95 1.1 1.2 5.2 0.022 0.10
-224.3  -198.8 4.7 1.7 2.0 1.0 7.6 0.043 0.16
-150.8  -254.3 6.0 (0.79) (0.95) 6.5 6.3 (0.016) 0.10
-191.3  -270.8 5.9 1.4 1.7 0.75 (2.6) 0.029 0.044
-153.0  -310.5 6.7 (0.35) (0.43) (0.73) 3.2 (0.006) (0.047)
-1148 3428 7.2 1.1 1.4 (0.21) (2.1) 0.019 (0.028)
71.3 -333.8 7.3 (0.36) (0.45) (1.2) (2.6) (0.006) (0.035)
96.8 -306.8 5.9 1.9 2.3 (0) (2.4) 0.039 (0.040)
102.0 2738 12 4.2 6.0 6.7 7.6 0.051 0.064
141.0 -267.8 5.8 1.6 1.9 (0.60) 2.2 0.033 0.038
221.3 2340 6.8 3.0 3.7 4.6 (1.5) 0.054 (0.022)
177.8 -2258 5.9 1.3 1.5 2.8 1.8 0.026 0.031
192.0 -150.8 4.4 1.2 1.4 0.95 (1.6) 0.031 (0.038)
201.0 -122.3 7.0 1.3 1.7 2.1 3.0 0.024 0.043
208.5 -63.8 5.3 1.4 1.7 3.8 4.8 0.032 0.091
204.8 90.0 6.6 (0.95) 1.2) 6.7 15 (0.018) 0.23
Inner Disk
-8.3 52.5 23.8 288 603 144 772 2.5 3.2
-63.8 375 245 126 269 138 499 1.1 2.0
-66.0 108.0 17.3 183 313 225 366 1.8 2.1
-102.0 -158  11.6 90.1 129 227 321 1.1 2.8
-90.8 -90.8  19.8 354 655 222 756 3.3 3.8
38.3 -645  17.8 132 229 161 672 1.3 3.8
69.8 -38.3 184 122 215 252 609 1.2 3.3
-159.8  -128.3 19.3 68.5 125 58.5 163 0.64 0.84
99.0 -120.8 16.2 284 470 152 451 2.9 2.8
142.5 -143 184 107 189 139 222 1.0 1.2

aValues enclosed in parentheses were derived from ux upper limits; seeTable 1.
b0 sets measured from the center position ( , )(J2000)=13:29:52.6,+47:11:43.8
€Gas massincludes HI for the outer disk and (HI+H 2) for the inner disk. Seex4 for details.

dSFR derived from extinction-corrected H uxes. Seex4 for details.



