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ABSTRACT

We report the discovery of two symmetric spiral arms in the near-infrared (NIR) images of the starburst galaxy
M82. The spiral arms are recovered when an axisymmetric exponential disk is subtracted from the NIR images.
The arms emerge from the ends of the NIR bar and can be traced up to 3 disk scale lengths. The winding of
the arms is consistent with an = 2 logarithmic spiral mode of pitch angle Tllde arms are bluer than the
disk in spite of their detection on the NIR images. If the northern side of the galaxy is nearer to us, as is normally
assumed, the observed sense of rotation implies trailing arms. The nearly edge-on orientation, high disk surface
brightness, and presence of a complex network of dusty filaments in the optical images are responsible for the
lack of detection of the arms in previous studies.

Subject headings. galaxies: individual (M82) — galaxies: starburst — galaxies: structure
Online material: color figures

1. INTRODUCTION In 8§ 2 we describe the observations and the techniques
adopted in their analysis. In 88 3 and 4 we characterize the
properties of the disk and spiral arms. Finalty§i5 we dscuss
nthe morphological type of M82.

M82 is a nearby edge-on galax (= 3.63 Mpc, image
scale 17.6 pc arcset Freedman et al. 1994) that has revealed
interesting phenomena at every spatial scale investigated; o
the largest scale, a bridge of intergalactic gas, spanning over
20 kpc, connects M82 with its neighbor M81 (Gottesman & 2. NEW NIR OBSERVATIONS AND ANALYSIS
Weliachew 1977). The external part of the stellar disk (radius  New NIR imaging of M82 in theJ, H, andK bands was

~5 kpc) is warped in the direction of theitstreamers detected  pptained during 2004 March 30 and 31 with the CAnanea Near

by Yun et al. (1993). The central 500 pc of the galaxy harbors |nfrared CAmera (CANICA) available at the 2.1 m telescope

a starburst, the prototype for the starburst phenomenon (Riekeyf the Observatorio Astréico Guillermo Haro in Cananea,

et al. 1980). Starburst-driven galactic superwinds were detectedsgnora. CANICA hosts 2024 x 1024 format HAWAII array.

up to distances of 10 kpc above the plane of the galaxy (Lehnerttpe image scale and field of view of the camera 482@ixel *

et al. 1999). Surrounding the active starburst region, there aregng ~5'5 x 5'5 respectively. A sequence of object and sky

a molecular ring of 400 pc radius (Shen & Lo 1995) and a jmages was taken, with the final co-added images correspond-

near-infrared (NIR) bar of1 kpc length (Telesco et al. 1991).  jng to integration times on the object of 18, 6, and 12.5 minutes

A network of dusty filaments dominates the optical appearancej,, the J, H, and K bands, respectively. The FWHM of the

of the galaxy. Morphologically, M82 belongs to the Irr Il class  geeing disk was2/5. The galaxy slightly overfills the detector

of galaXIeS (Holmberg 1950), later called 10 by de Vaucouleurs array, and the outermost isophotes in our images Correspond

(1959) and “amorphous” by Sandage & Brucato (1979). M82 o syrface brightness levels d0.5+ 0.1 19.0+ 0.3 , and

is a low-mass galaxy~10"" M), with most of its mass con- 18 5+ 0.2mag arcse@ in theJ, H, andK bands, respectively.

centrated within the central 2 kpc (Sofue 1998). The signal-to-noise ratio is in excess of 50 for the azimuthally
There is overwhelming evidence that M82 has recently un- 5yeraged intensities. Photometric standard stars from Hunt et

dergone close encounters with its massive neighbor M81 andy|, (1998) were observed to calibrate the images. The resulting

the dwarf galaxy NGC 3077 (Yun et al. 1994). Detaildd  pagnitudes for the central 3&perture agree within 0.05 mag

body simulations of interacting systems have shown that the it those extracted over the same aperture from the 2MASS

onset of gaseous infa_II is intima’gely related to the formation of archival images. Further information on the CANICA instru-

global bars and/or spiral arms (i.e2,= 2 mode), which help mentation and the reduction package can be found in L. Car-

drive the gas toward the central regions (Toomre & Toomre (55¢0 et al. (2005, in preparationjve complemented our NIR

1972; Barne & Hernquist 1992; Mihos 1999). The presence of gata withB-band images (Marcum et al. 2001), archived at the
the NIR bar in M82 is in agreement with this general picture. NASA Extragalactic Database (NED).

However, in M82 the bar occupies only 1/10 of the optical
disk, suggesting that there may be hidden components such as
spiral arms extending over the entire disk. Given the large
amount of extinction in the optical bands, a careful analysis of The optical appearance of M82 is dominated by bright star-
NIR images is needed to uncover such features. Ichikawa etforming knots interspersed by the dusty filaments. However,
al. (1995) carried out NIR surface photometry of M82 and in the NIR the light distribution is smooth, rendering the
found distortions in the isophotes outside the central bar, whichimages ideal for studying the properties of the stellar disk.
they assumed to be related to the warp of the external disk. Inichikawa et al. (1995) analyzed NIR images and found var-
this Letter, using new deep NIR images, we comprehensivelyiations of the position angle (P.A.) of the semimajor axis and
show that these isophotal distortions in M82 are due to the

presence of a two-armed logarithmic spiral structure. ! See http://www.inaoep.mxastrofi/cananea/canica.
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axial ratiob/a as a function of radius. In cases like this, the
determination of the inclination of the disk to the line of sight
is highly uncertain. Hence Pierce & Tully (1988) have sug-
gested the use of a characteristia value jointly with an
intrinsic ratio of the scale height to scale length of 0.20. The
range of the observdda ratios provides an estimator of error
for the inclination angle. For M82, we determine a charac-
teristic b/a = 0.30, corresponding to an inclination angle of
77 + 3. The surface photometry was carried out with the
ellipse task in IRAF STSDAS.

We obtained one-dimensional intensity profiles in fheH,
andK bands by azimuthally averaging the intensities in succes-
sive annular regions. The one-dimensional intensity profiles in
the outer parts of the galaxy follow an exponential law as ex-
pected for a stellar disk. A fit to thi-band profile outside a
radius of 60 yields a scale length af7" = 3" 825+ 50 pc),
in good agreement with the values obtained by Ichikawa et al.
(1995). The error on the scale length was estimated by fitting
an exponential function to different one-dimensional profiles,
each profile obtained by varying/a between 0.28 and 0.32
and P.A. between 82and 65. The scale lengths in th&#and
H bands are identical to that in théband within the quoted
errors.

3.1. The AZimuthal Structure and the Spiral Arms

An image of the M82 disk was constructed from the ex-
ponential scale length and the ellipse-fitting parameters. This
was subtracted from the observéldK-band images in order
to obtain three residual images. Nonaxisymmetric structures
such as a bar and spiral arms are expected to stand out on thes
images. A combined image of these residual images is dis-
played in Figure & The most prominent component in this
image is a bright linear structure of 2@ngth centered around
the nucleus, which then extends as arcs out to a radiused'.

The bar discovered by Telesco et al. (1991) occupies only the B
central 60. The rest of the linear structure, along with the arcs,
represents spiral arm structure viewed almost edge-on, as We f. 1.—(a) Gray-scale representation of the NIR residual image, obtained
demonstrate below. ThK-band residual image contours are by subtracting an exponential disk from the obserdidl images. The central

superposed onBrband image in Figurell Note that the spiral bright 60° corresponds to the bar, with the outer structures suggesting the

arms are not seen directly in tBeband. However, all the bright presence of a two-armed spiral moda). The contours of th&-band residual
blue knots lie along our spiral arms ! image are superposed orBeband image. Note that most of tlBeband knots

C . lie on the spiral arms. A prominent dust lane runs along the inner arc of the
The most common technique adopted to characterize thesouthwestern arm. The orientation and the image scale are indicgedhé

properties of the spiral arms is to analyze the azimuthal intensity electronic edition of the Journal for a color version of this figure]
profiles on deprojected images using Fourier analysis. For gal-
axies with large inclinations, as is the case for M82, the face- dependence can be traced even in highly inclined systems. The
on view of the galaxy cannot be recovered by deprojection. observed azimuthal profiles at various radii are very well re-
Hence, we followed an alternative approach of projecting mod- produced by a two-armed spiral mode with & pitch angle.
els of spiral galaxies to the inferred inclination angle for M82  The azimuthal profiles are also useful in quantifying the
and comparing the azimuthal profiles of these images with thosespiral arm contrasts. In thkK band, the arms are brighter by
in theK band. A face-on model of M82 is constructed by adding about0.50 + 0.1 mag with respect to the interarm regions. The
the light of anm = 2 spiral mode of a given pitch angle to corresponding value for thg band is=<1.00 = 0.3 mag. These
that of an exponential disk. Details of this model are given in values translate to contrast paramet&s= 1.6 + 0.15 and
§ 4. A; = 2.5+ 0.7, following the Elmegreen & Elmegreen (1984)
The observed azimuthal profiles are compared with model definition, i.e.,A, = 10%*™ . These quantities in M82 are a
profiles in Figure 2, where azimuthal profiles for radii in the factor of 4 lower than those observed for the grand-design spiral
40" to 160 range are plotted. The largest plotted radius cor- M51.
responds to 3.4 times the disk scale length. The northeastern The azimuthal profiles of thd — K ar8— K  colors are
and southwestern arms are easily noticeable at P.A.’s 0f 65 plotted in Figure B. The arms show up as the bluest regions,
and 245, respectively. As expected for a logarithmic spiral, especially in theB — K color. The southwestern arm is bluer
the azimuthal angles of the arms vary systematically with ra- by 1.0 mag inB — K and 0.2 mag in tle— K color. We also
dius. In our case, the azimuthal angle turns ovesal’ radius. find that the location of the largest disk structures detected in
The plotted profiles for then = 2 model illustrate that this near-ultraviolet (250@ ) images (Marcum et al. 2001) coincide
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TABLE 1

14 PROPERTIES OF GALACTIC SUBCOMPONENTS
— Component Observed Derived
¥ Inclination (deg)................ 77+ 3 76+ 1
8 16 Major-axis P.A. (deg).......... 62-65 64+ 1
8 Disk scale length (arcsec).... 47+ 3 48
< N e (0) (mag arcsec) ........... 141 15.8
T g Bar length (arcsec)............ 60 60
a0 Spiralm =2) ...........oo..0 Triding, logarithmic,
o} pitch angle 14 + 1°
E ContrastAy ......oiiiiiiiiinn. 1.6+ 0.15 1.20
i 20 ® Face-on values.
3

o since we limit our analysis to radii larger than the bar length.

- However, the inclusion of the bar in our model helps us to

v investigate the question of whether or not the spiral arms em-
o ! anate from their tips. The spiral arms are chosen to be loga-
8 1.2 % rithmic in nature and are generated for raeB0’. The intensity
SRR along the arms follows the same exponential law of the disk,

and hence the contrast of the arms remains constant all along
them. Different model galaxies were generated by varying
the pitch angle, the initial phase, and the contrast of the spiral
FiG. 2.—(@) Azimuthal intensity profiles in th&-band image compared to arms. The parameters of th_e mOd_el that_bes_t reproduce the
anm = 2 spiral mode of pitch angle 14t increasing radial distances between ObservedK-band azimuthal intensity profile (i.e., both the
40" and 160 at intervals of 10. The profiles for the model are shifted down-  observed radius-azimuth and radius-contrast relations for the
ward by 4 mag for clarity. The spiral arms are seen at azimuthal angles of arms) are chosen as the final ones. The p|0tS for the model in
~65° (northeastern arm) and245 (southwestern arm). Almost vertical solid - £
curves at the position of the arms on tieband profiles denote the expected Flgure 4 correspond to the best-fit case, whose parameters are
radius-azimuth dependence foran= 2  spiral mode. Similarly, the observed listed in Table 1, along with the observed values an_d errors on
radius-azimuth relation is superposed on the model profilgs ¢ K and them. The errors assigned to model parameters indicate the
B — K (right scale) azimuthal color profiles at three representative radif (90 range over which acceptable fits can be obtained.
110, and 130). Vertical dotted lines denote the mean position of the spiral The face-on and projected views of the best-matched model

0 100 200 300
Position Angle [deg]

arms, where the observed color gradients are the steepest, the arm colors beina | i b . h ial disk disol di
the bluest. See text for details of the spiral modgée[the electronic edition a axy, after subtracting the expone_ntla ISK, are displayed Iin
of the Journal for a color version of this figure] Figure 3. It can be seen that the spiral arms emerge from the

ends of the bat,as is commonly observed in barred galaxies.
Arms wind ~36C before they can be noticed as such on the

southwestern arm, te2— K color increases very sharply. ThisreSiduaI image at80" radius. On the projected image, the arms

is due to the dust lane present on the concave side of the arnf'e almost straight features in the"360" radial zone, ap-
(seen also in Fig.H). The azimuth range 65245 corresponds pearing as an extension of the bar. The spiral arms are not

to the dustier part of the galaxy, also affected by the superwind "°ticéable unless an exponential disk is subtracted.
cone. The expected sense of rotation of stars in trailing spiral arms

is indicated in Figure 3. The observed geometrical and kine-
matical orientations of the galaxy are also shown. These are
4. THE NATURE AND ORIGIN OF THE SPIRAL ARMS based on the scheme adopted by Telesco et al. (1991). This

studies in spite of the galaxy’s high surface brightness and!n nature. The presence of a dust lane on th(_a concave side of
proximity? The factors that play against an easy detection arethe southwestern arm also supports the trailing nature of the
(1) the high inclination angle of the disk, (2) the large optical arms. Bes_ldes, the molecular gas distribution in the disk closely
obscuration, and (3) the low contrast of the spiral arms. This follows this dust lane (Walter et al. 2002). Further out, the
combination prevents the detection of the spiral structures evenMolecular gas warps, connecting smoothly with the off-planar
after the advent of NIR detectors. We now investigate the pos-H 1 streamers reported by Yun et al. (1993). The joint con-
sible nature of the newly discovered arms. Are they trailing in figuration of the bar, spiral arms, molecular gas, and H
nature as in the majority of galaxies (e.g., de Vaucouleurs Streamers suggests that they are part of a global 2 mode
In order to answer these questions, we constructed a modepnd_NGC 3077. The blsymmet.nc structure might be facilitating
galaxy by adding the light of all relevant subcomponents known the infall of gas from the debris surrounding M82 all the way
to exist in M82. The model spiral galaxy contains three main 0 the nuclear region, thus fueling the starburst. In summary,
components: an exponential disk, an= 2 mode spiral, and M82 seems to fit well into the picture of spiral formation pre-
a bar. The 60long bar is tilted with respect to the galaxy major Sented by Toomre & Toomre (1972).
axis by 4 (Telesco et al. 1991). We have adopted such a con-
figuration in our model. A fourth component, a starburst nu- 2 For the best-fit model with constant pitch angle, shown in Fig. 3, there is
L . . _a phase difference 0f20° between the tips of the bar and the beginning of
Clt?,us, modeled as a de VaUCOUIeurS pl’OfIl_e of effectlve I’amusthe arms. However, the arms can be connected to the tips of the bar by allowing
15’, was also added. The assumed intensity proflles of the_ barhe pitch angle to vary smoothly along the arms fror itthe inner part to
and the starburst nucleus do not affect our azimuthal profiles, 15 at a radius of 160

with the location of the spiral arms. On the left side of the
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(a)

Approaching

5. CONCLUDING REMARKS

The discovery of spiral arms in M82 throws new light on
the inhomogeneous class of galaxies known as Irr Il galaxies.
These are disk galaxies that differ from spirals in not showing
an obvious spiral structure. They differ from irregulars (Im,
Sm) by showing a much redder and unresolved disk, and from
lenticulars by having an early-type (i.e., younger) stellar spec-
trum. It is well known that starburst activity, dust obscuration,
and tidal interaction play varying degrees of importance in
shaping different galaxies in this class (Krienke & Hodge
1974). All the three phenomena are present in M82. In fact,
the tidal interaction is responsible for both the chaotic distri-
bution of dust and triggering the starburst activity. This suggests
that tidal interaction may play an important role in other gal-
axies of this class as well. O’Connell & Mangano (1978) have
argued that the gross properties of M82—its mass, luminosity,
size, and mean spectral type—are comparable to those of nor-
mal late-type (Sc/lrr) galaxies. The rather small bulge (mass
~3 x 10" My; Gaffney et al. 1993) and the relatively open
arms inferred in the present work (pitch angle of)lguggest
a late morphological type SBc for M82.
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after subtracting the exponential disk-band residual image contours are

superposed on the latter image. The ellipse with arrows indicates the sense o
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