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Abstract. The fueling of the starburst in M 82 may be related to a stellar bar which pushes gas towards the center
where it forms stars. The observation by McKeith et al. (1993) of the near-IR Call photospheric absorption line
allows a direct velocity measurement of the stars in M 82, and provides by this a confirmation of the predicted z1
and x2-orbits of the bar in M 82. From this and other observations we find that the mass of the z2-orbit stars is
~15% of the mass of the bar, and that the mass of the bar of 2 x 10° M, is 20-40% of M 82’s mass. This mass
concentration of ~1kpc extent at the center of M 82 underlines the dynamic importance of the bar.
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1. Introduction

The starburst in M 82, of approximately 10-50 Myr age,
can possibly be explained by the presence of a stellar bar
which pushes gas towards the center of the galaxy where
it accumulates, is compressed, shocks, and forms stars.
This stellar bar may have formed during the encounter of
M 81 and M 82, several 100 Myr ago. Tidal arms visible in
21 cm-H1 still connect M 81, M 82, and NGC 3077.

In a bar, the stars move on elliptical orbits along the
major axis of the bar, the x;-orbits, and at the center
of the galaxy on perpendicular orbits along the minor
axis of the bar, the xzs-orbits. The consequence for the
gas distribution is motion of gas from the far ends of
the bar towards the center, shocks at the intersection of
the 1 and xs-orbits, accumulation of gas near and in-
side the xs-orbits, and the formation of dust lanes along
the leading z1-orbits (Contopoulos & Mertzanides 1977;
Binney et al. 1991; Athanassoula 1992). Morphological
evidence for the bar in M 82 comes from the box-shaped
distribution of stellar light, in particular measured in the
2.2 pm K-band which emphasizes late-type stars (Telesco
et al. 1991; Larkin et al. 1994), and the indication of dust
lanes from IR extinction measurements of xi-orbit stars
(Larkin et al. 1994). Kinematic evidence of the zj-orbits
comes from position-velocity (p—v) measurements of neu-
tral and ionized gas (CO, Hr1, H,, etc.; Shen & Lo 1995;
Seaquist et al. 1996; Neininger et al. 1998; Wills et al.
2000; McKeith et al. 1993). Kinematic evidence of the
xo-orbits can be seen in the CO and H1 data, however it is
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most clearly present in the p—v diagrams obtained from the
12.8 pm [NelI] emission line (Achtermann & Lacy 1995).
In fact the ionized gas traced out by the [Nell] emission
appears to be largely confined to the zs-orbits only. There
are no direct velocity measurements of the stars of the bar
which may be different from the velocity of the gas, in par-
ticular in regions of shocks, dust lanes, and bubbles. Direct
information on the stars is important since they contain
the dominant mass of the bar and define the gravitational
potential in which the material moves.

Here we show that the earlier single long-slit spec-
troscopic observation by McKeith et al. (1993) of the
near-IR Ca Il photospheric absorption lines (at 8662, 8542,
8498 A), which are strong in late type stars (Jaschek &
Jaschek 1995), provides direct kinematic evidence of the
stellar x1-orbits and x9-orbits of M 82. The observations of
near-IR emission lines of H11 regions, like [SIIT] at 9069 A
and Paschen-10 [Pa(10)] at 9014 A, however do not im-
mediately reveal the xo-orbits, at least at the selected slit
position discussed here. Evidently, the stellar absorption
lines can only be observed where the stellar continuum is
strong, which is along the major axis of the bar and along
the more extended major axis of the galactic disk. We de-
rive from the p—v diagrams the extent and the mass of the
bar.

2. Observation

The observation used in this publication was described
earlier (McKeith et al. 1993) and was made to investigate
the rotation of gas and stars in M 82, which were previ-
ously claimed to be different (Saito et al. 1984). The single
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Fig. 1. Major axis (PA = 65°) p—v diagram of the stellar bar

(0 < 30", i.e. 7 < 500 pe: heavy symbols in the outlined region)

and of the disk component. The extent of 100" corresponds to £1700 pc. Near-IR Call stellar absorption lines: heavy and

small dots; near-IR ionized gas emission lines [SIII]: open circles, Pa(10): open squares. The systemic velocity of 200 kms

—lig

subtracted. ENE is to the left, WSW to the right. 1” is equivalent to 17.5 pc.

long-slit spectroscopic observation, made with the 4.2m
WHT (La Palma, Spain) along the major axis of M 82
(PA = 65°), covered the wavelengths from [OII] 3729 A
to [SIIT] 9069 A with a velocity resolution of ~30kms~!.
The seeing was good and of the order of 0.7”. The veloc-
ity information of the stellar Call photospheric absorp-
tion line at 8542 A (strongest triplet line) and of the ion-
ized gas emission lines [SIII] and Pa(10), taken from the
observation by McKeith et al. (1993), is summarized in
Table 1. The extreme velocities (indicated by the dots
in Table 1), which reveal the zo-orbit stars, are confined
to narrow regions ~2.5” (~45pc) in extent, at approxi-
mately 5" distance on either side of the dynamical center.
These extreme velocities are only detectable under good
(sub—arcsec) seeing conditions.

The investigation by McKeith et al. (1993) revealed
that at the same location in M 82 the rotation of the
gas and stars is globally the same, and that the appar-
ent rotation curve becomes steeper at longer wavelengths
and in smaller regions at the center. McKeith et al. ex-
plained these features as an effect of extinction which hides
at blue wavelengths the rapidly rotating core. They also
found that the velocity measured in the direction of the
center from near-IR ionized gas emission lines and near-
IR stellar absorption lines is close to the velocity of the
12.8 pm [Nell] emission line (Beck et al. 1978), which is
unaffected by extinction and probes the center of M 82.
They concluded therefore that — despite an average visual

extinction of Ay ~ 3-8mag towards the center region®

(Telesco et al. 1991; Larkin et al. 1994) — the near-IR
lines, and in particular the near-IR Call stellar absorp-
tion lines, probe also the center of the galaxy or regions
very close to it. Today we are able to interpret this earlier
observation of the near-IR Call line in the light of the
proposed stellar bar.

The major axis p—v diagram of M 82, based on the
observation by McKeith et al. (1993; including Table 1),
of the region extending to ~£100" (£1700pc) on either
side of the galactic center and containing the bar is shown
in Fig. 1. This figure is mainly constructed from the stellar
Ca Il line and thus shows in essence the motion of stars.
The velocities display the rotation of M 82.

The equivalent widths of the Call triplet lines (see
McKeith et al. 1993, their Fig. 1) are W(8498) ~ 1.3 A,
W (8542) ~ 3.4 A, and W (8662) ~ 2.5 A, indicating pri-
marily G-KIII-V type stars (Jaschek & Jaschek 1995) in
agreement with the fact that the bar consists of late-type
stars which were spatially reshuffled in the encounter with
M 81. Similar stellar types are derived by Forster Schreiber
et al. (2001).

Distances along M 82’s major axis are originally mea-
sured in angular scale (f). For a distance of 3.6 Mpc
(Freedman et al. 1994; Sakai & Madore 1999), 1” is equi-
valent to 17.5 pc linear scale (7).

! Derived from stellar colours, hence relevant to observations
of stars but not necessarily of the gas. For a compilation of
extinction determinations in M 82 see Go6tz et al. (1990).
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Fig. 2. Schematic explanation of “spraying” in M 82 (not drawn to scale): some gas is pulled off the trailing z1-orbits and is
pushed towards the leading x:1-orbits, forming dust lanes (DL). Ma is the major axis, Mi the minor axis of the bar. The region
of the z1 and zz-orbit stars is indicated. The extent of the bar (z1-orbits) is ~1kpc (~60"); w & 22°. The western side of M 82
moves towards the observer, the eastern side away from the observer. M 82 is viewed from the top (North).

3. The orientation of the bar and “spraying”
3.1. Orientation of the bar

Detailed knowledge of the orientation of the bar, as re-
quired to understand the measured p-v diagrams, is not
easily available from a single long-slit spectrogram. We
use, and summarize, the results obtained by Telesco et al.
(1991) and Wills et al. (2000).

The position angle of M 82’s major axis is PA = 70°;
the western side moves towards the observer, the eastern
side away from the observer. In the following we refer to
the axis at PA = 70° as the “galactic plane”. The inclina-
tion of M 82 is 7 =~ 80°, with the southern side being more
distant as for instance suggested by the higher reddening
and polarization (Visvanathan & Sandage 1972; Notni &
Bronkalla 1983; Chesterman & Pallister 1980), the mo-
tion of ionized gas (Go6tz et al. 1990), and the geometry
of the minor axis outflow (McKeith et al. 1995; Shopbell
& Bland-Hawthorn 1998). However, from an observed in-
crease towards the north of free-free absorption due to
ionized gas, Wills et al. (2000) discuss the possibility of
the opposite orientation. Following Telesco et al. (1991,
their Fig. 11), the bar is inclined by ~4° with respect to
M 82’s galactic plane, with the western side of the bar ly-
ing above the galactic plane. As schematically shown in
Fig. 2, the major axis of the bar is turned out of the plane
of the sky by ~22° (w), with the eastern side being more
distant. We are looking at the major axis of the bar at an
angle of ~68° so that the major axis p—v diagram resem-
bles that shown by Binney et al. (1991, their Fig. 1, left

and middle panel; though referring to our Galaxy) and
Achtermann & Lacy (1994, their Fig. 15) for M 82. The
orientation of the bar is inverted when using the orienta-
tion of M 82 suggested by Wills et al.

The x2-orbits are perpendicular to the zi-orbits and
their major axis is rotated to the line-of-sight by w ~ 22°
(Fig. 2). If the southern side of M 82 is more distant, the
xo-orbits extend at the eastern side out of the plane of
the sky towards the observer. Following Figs. 1 and 3,
the xo-orbit stars on the north-eastern side move away
from the observer (red-shifted), at the south-western side
towards the observer (blue-shifted).

The following figures and parameters refer to the geo-
metry and velocities of the bar as seen projected onto the
plane of the sky.

3.2. “Spraying”

For the interpretation of optical and radio observations of
bar galaxies it is important to consider the effect of spray-
ing as predicted from N-body calculations (Athanassoula
1992) and used, for instance, to explain the observations
of NGC 1530 (Downes et al. 1996). Altough the bars of bar
galaxies are massive and several kpc in extent, the 1 kpc—
size bar of M 82 (see below) may produce the same effect
of spraying. The effect is schematically shown in Fig. 2.
When passing the gravitational potential of the xs-orbit
stars, some gas (and perhaps also some stars) is pulled off
the trailing z;-orbits and is pushed towards the leading
x1-orbits. The spraying gas may shock with the gas on
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Table 1. p—v information derived from the near-IR stellar
Call (8542) absorption line and the [SIII] and Pa(10) emission
lines (from McKeith et al. 1993).

Position Stellar Velocities Gas Velocities
Call IR line [SIIT] Pa(10)
(") (kms™1) (kms™!)  (kms™!)
x1-orbits ¥
-34.0 82
-31.0 102
—28.0 82 100
-25.0 92
-22.0 82 102
-19.8 72 105
-18.3 92 123
-16.8 82 125 104
-15.3 62 114
-13.8 61 95
-12.3 72
-11.1 82 88 94
xo—orbits
-10.2 111 102
-9.3 e 141 109
-8.4 o131 109 102
-7.5 0121 101 105
-6.6 102 90 96
-5.7 92 83 92
—4.8 62 79 91
-3.9 52 70 55
-3.0 62 53 11
-2.1 52 36 3
-1.2 32 25 —-13
-0.3 22 6 —18
0.6 -17 -15 -36
1.5 -17 —42 —46
2.4 =77 -69 -73
3.3 o126 —87 -80
3.6 o152
4.2 o—122 -93 -81
4.5 e—151
5.1 -116 -98 -90
6.0 -132 -101 -89
6.3 —142 -106 -90
x1-orbits P
6.9 -107
7.8 —106 -115 —100
8.7 -106 —-122 —100
10.2 -97 -118
11.7 -57 -84 —87
13.2 —47 -77 -69
14.7 -77 -74
16.2 -76 -83
17.7 -57
19.2 —47 -90 —45
20.7 -97
22.2 - 87
23.7 -77 -80
25.9 -57
28.9 -57
31.9 -27
34.9 —67 -96

2) ENE side; ® WSW side of center.
e Extreme x2-orbit velocities.

the leading x1-orbits, and eventually form dust lanes and
stars.

4, The orbits of the bar

Figure 3 shows an overlay? of the observation of the near-
IR stellar Call line, the [SIII] and Pa(10) lines (Table 1),
and the z1-orbits, cusped orbits, and xs-orbits of the bar
predicted by Wills et al. (2000). Their model of the bar is
based on observations of neutral and ionized gas motions
(CO, H1, [Nell]).

4.1. The x-orbits (6 < 5")

As evident from Figs. 1 and 3, the near-IR Call stellar
absorption line clearly traces the xs-orbits which extend
to ~%5” (~+90pc) from the galactic center where the
turn-around velocity is ~£150kms~'. The observation of
the [SIII] and Pa(10) gas emission lines does not show
the extreme turn-around velocity of the stellar zs-orbits.
The gas apparently enters the region of the zs-orbits at
a velocity of ~100kms~' and follows the rotation of the
stellar bar only at the inner ~+3" (~+50pc).

The original kinematic evidence for the xs-orbits
comes from Achtermann & Lacy’s (1995) 12.8 pm [Nell]
emission line observation, which covers a radial distance
of £20” (£350pc). In this observation the zs-orbit gas
is seen confined to the central region of ~5" radius; the
gas motion shows the positive and negative velocities of
the zq9-orbits, on both sides of the galactic center (shown
by Wills et al., their Fig. 9). Figure 4 shows an overlay
of Achtermann & Lacy’s [Nell] line observation and the
Call line observation of Table 1.

The 21 cm-H1 observation published by Wills et al.
(2000, their Fig. 9) does not clearly show the positive ve-
locities of the xo-orbits, and the negative velocities mainly
on the southern side of the galactic plane. The CO ob-
servation by Shen & Lo (1995) (shown by Wills et al.,
their Fig. 9) shows mainly the negative velocities of the
To-orbits on the southern side and in the galactic plane,
and marginally the positive velocities in and on the north-
ern side of the galactic plane. 12CO gas on the western side
xo-orbits is clearly seen in the observation by Weif3 et al.
(2001). However, they interpret this velocity feature as the
eastern part of a super-bubble (see below). *2CO gas on
the eastern side x5-orbits is marginally seen in Weif}’ et al.
observation. The recent determination by Weif et al. of
the Hy distribution in M 82 shows a weak central concen-
tration (~2 x 1022 cm™2 column density) of similar extent
as the xo-orbit region.

The observation by Larkin et al. (1994) shows on the
major axis enhanced Br+y emission at a radial distance

2 In the p—v diagram we had to rotate slightly the data of
Table 1, or the orbits predicted by Wills. et al., in order to
obtain coincidence. This rotation is due to the fact that the
slit was at an ~8° different position angle (65°) than used for
the prediction of the orbits (73°). This must be remembered
when using the data of Table 1.
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Fig. 3. Major axis (PA = 73°) p—v diagram of the stellar bar region (outlined by the dashed line in Fig. 1). The contour lines
show the stellar zs-orbits, cusped orbits (peanut-shaped), and x1-orbits confined to a region of ~+30" (~=+500pc), predicted
by Wills et al. (2000). Solid dots: near-IR Call stellar absorption line; open circles: near-IR ionized gas emission line of [SIII]
and Pa(10) (data of Table 1). ENE is to the left, WSW to the right. 1” is equivalent to 17.5 pc.
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Fig.4. The contour lines show the velocity of the 12.8 um
[Nell] line measured along M 82’s major axis (PA = 70°). The
solid line and the dashed line indicates an ionized gas ring, with
and without expansion (from Achtermann & Lacy 1994). Solid
dots: near-IR stellar Call absorption line (data of Table 1);
heavy dots: z2-orbits, small dots: x1-orbits.

of ~4-5" on either side of the galactic center, i.e. at the
edge of the xo-region, but mainly on the southern side
(0" to —3") of the galactic plane. The bulk velocity of this
material at 4-5" radial distance is ~=(50-100) kms~!
(Larkin et al., their Figs. 5 and 6) while the z3-orbit stars
at this position have a velocity of ~4150kms~!. The dis-
crepancy of the Bry material velocity, as compared to the
stellar velocity discussed here, may be explained, partially,
by the low velocity resolution (90 kms~1) of Larkin’s et al.
observation. On the other hand, the Br~ radiating gas is
approximately located at the edge of the xs-orbits where
the gaseous material may “spray”, shock, and form stars
(Fig. 2), so that some of the gas is at a velocity different
from that of the xs-orbit stars. The difference of ~50—
100kms~! between the stellar velocity and the ionized
gas velocity is of the order of the expected shock velocity.
This dynamical feature may explain, at least partially, the
fact that the ionized gas observed in [SIII] and Pa(10) does
not follow the stellar turn-around velocity at the edge of
the xo-orbit region but a velocity modified by a superim-
posed shock (Fig. 3). Telesco et al. (1991) find 10.8,19.2
and 30 um continuum emission from gas and dust (of a
few arcsec extent) concentrated at the far ends of the
xo-orbits. The Br emitting material and the emission fea-
tures £y and Wi measured by Larkin et al. (1994) coincide
with the continuum emission observed by Telesco et al.
and most likely is the same gas. This gas concentration
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is seen along the tangential line-of-sight of the xs-orbits
and is assumed to form a ring (Achtermann & Lacy 1994;
Larkin et al. 1994).

The light of the zs-orbit stars confined to the radial
distance of ~=+5" is not separately seen in the 2.2 ym ma-
jor axis profile measured by Telesco et al. (1991, their
Fig. 10), but is clearly seen as a central peak in the pro-
file measured by Larkin et al. (1994, their Fig. 2; effective
radius O2 = 2", Ry =~ 35pc, see footnote ¢ in Table 3).

In summary there exists convincing evidence from stel-
lar continuum, stellar absorption line, and gas emission
line observations that M 82 has a family of stellar xo-orbits
which extends to ~=£5" (~x90pc) projected radial dis-
tance. The turn-around velocity, which is approximately
the line-of-sight velocity of the z,-orbits, is ~+150kms~!;
the projected velocity gradient is ~150kms=!/5" =
30kms~! (arcsec) ™! = 1.7kms ! pc1.

4.2. The cusped orbits (5" < 6 < 15")

As evident from Fig. 3, outside the xs-orbits and between
~5" (~100pc) and ~15” (~250pc) radial distance, the
observation does not show stars and ionized gas which fol-
low the predicted z;-orbits. In this region (and for this slit
position) there occurs on the eastern and western side of
the galactic center an apparent transition of stars and gas
from a slower rotation on the “outer” xj-orbits (Sect.4.3)
to the faster rotation on the zs-orbits. This transition
gives the impression that the region is primarily occupied,
though asymmetrically, by stars and gas moving on cusped
orbits.

However, in the cusped orbit region the gas (and per-
haps also some stars) “spray” from the trailing x;-orbits
onto the leading x1-orbits, usually producing shocks and
dust lanes, as seen in other bar galaxies. The cusped orbit
region of M 82 coincides approximately with the dust lanes
proposed by Larkin et al. (1994) and Achtermann & Lacy
(1995), and predicted in simulations of gas flow in stel-
lar bars (Athanassoula 1992). Following Larkin et al., and
Fig. 2, the western dust lane of M 82 lies mainly in front
of the stars of the bar which explains the visual stellar ex-
tinction of Ay ~ 4—6 mag measured in this direction; the
eastern dust lane lies mainly behind the stars of the bar
which explains the measured lower visual stellar extinc-
tion of Ay ~ 1.5—3 mag. However, the observed apparent
asymmetry in the p—v pattern of the cusped orbit region
is only partially due to extinction in the dust lanes. The
reason that in the observation of Fig. 3 mainly a western
negative-velocity branch and an eastern positive-velocity
branch is seen, is probably due to significant spraying of
gas (and some stars) which results in a similar p—v pattern
as the incomplete cusped orbits. To clarify the situation,
a raster of long-slit observations parallel to the major axis
is required.

From the observations published by Wills et al. (2000,
their Fig.9) we notice that the cusped orbit region con-
tains CO on the western side of the galactic center and pri-
marily on the southern side of the galactic plane. H1 and

[Nell] is marginally seen on cusped orbits on the western
side of the galactic center and on the northern side of the
galactic plane. It is important to note that in the cusped
orbit region the velocity of HT absorption features (seen
against continuum sources) however follows the straight
branch of the cusped orits and the x1-orbits (Wills et al.
2000, their Fig. 10).

The prominent (CO) molecular gas lobes are located
between 5”7 < 6 < 20" (90pc < r < 350pc) radial dis-
tance and thus occupy to a large extent the region of the
cusped orbit stars. The effect of spraying may explain the
strong accumulation of the molecular gas in this region.
The CO gas follows the motion of the “outer” z;-orbit
stars (Neininger et al. 1998).

The [Nell] observation by Achtermann & Lacy (1995;
Fig. 4) shows a —70 to —185kms™! velocity compo-
nent (called W3) between approximately —7” (—120pc
west) and —13” (—230pc west) radial distance. The Wa-
component is also seen in CO and H1 (Wills et al. 2000,
their Fig.9) at the western side of the unusual “hole”—
feature, in the galactic plane and on the southern side.
Wills et al. suggest that the eastern side of this “hole”—
feature is gas moving along the zs-orbits and that the
western side, which corresponds to Ws, is produced by gas
moving along the cusped orbits. Since an equivalent com-
ponent has not convincingly been identified on the east-
ern side of the galaxy, Wills et al. suggest that the bar in
M 82 is asymmetric. As an alternative explanation for the
asymmetric orbits of the gas, Weif} et al. (1999, 2001) in-
terpret the “hole”—feature including the Ws-component as
an expanding super-bubble, containing near its center the
SNR 41.94-58, and with molecular gas flowing out into the
halo. In the observation of the stellar Call line we find no
evidence of the Wa-component and of the western “hole”—
feature, suggesting that these components are features of
the gas only.

In the 2.2 yum major axis profile published by Larkin
et al. (1994, their Fig. 2) the cusped orbit region corre-
sponds to the well defined and symmetric “inner plateau”
(effective radius ©, =~ 10", R, =~ 175pc) and the sharp
transition (30pc wide) to the “outer plateau”. The light
distribution and the major axis velocity distribution do
not indicate an asymmetric bar.

4.3. The “outer” xq-orbits (15" < 6 <30”)

As evident from Fig. 3, outside the cusped orbit re-
gion (15" < 6, ie. 250pc < r) the stars and gas
move on xi-orbits which extend to a radial distance
of ~30” (~500pc). The turn-around velocity of the
x1-orbit stars at ~+30” (r = 500pc) radial distance
is ~4125-150 kms~!; the projected velocity gradient of
the xp-orbits is 125kms™!/30” ~ 6kms™! (arcsec) ™! =
0.35kms~tpc1L.

In the 2.2 um major axis profile measured by Larkin
et al. (1994, their Fig. 2) the region of the “outer”
x1-orbits corresponds to the well defined and symmetric
“outer plateau” (effective radius ©; ~ 30", Ry = 500 pc).
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4.4. The disk component

As evident from Fig. 1 and Wills’ et al. (2000) observa-
tions, projected onto the center region of M 82, but in par-
ticular outside the bar, gas and stars are observed which
belong to the galactic disk. Projected onto the center re-
gion, this material is seen in 21 cm-H1 (absorption) with
a projected velocity gradient of ~3kms™! (arcsec)™! =~
0.2kms~!pc=t (Wills et al. 2000, their Figs. 9 and 11).
This foreground disk material is also seen with the same
velocity gradient in blue wavelength emission lines and
the blue stellar CallK line at 3933 A (McKeith et al.
1993, their Fig. 3). At blue wavelengths the average
extinction towards the center is so high that only the
slowly moving material of the outer galactic disk is seen.
Outside the bar (500pc < r), the Call absorption line
of the disk stars indicates a projected velocity gradient of
~1kms~!(arcsec)”t = 0.1kms~!pc~! (Fig. 1).

5. The mass of the stellar bar

In the derivation of masses M(r) ~ rv?/G [with G the
gravitation constant] we assume that the turn-around
velocity v(rz2) of the zg-orbit material determines the
mass M (z3) of the xzo-orbit stars (inside 6,0 ~ 5", i.e.
rz2 & 90pc), and that the turn-around velocity v(ry1) of
the “outer” xj-orbit material determines the mass M (z1)
of the stars and gas concentrated along the bar (inside
©1 = 0,1 =~ 30", i.e. Ry =7,1 =~ 500pc). The correspond-
ing masses are given in Table 2.

We find that the mass of the zy-orbit stars is ~15% of
the mass of the x1-orbit stars (including the cusped orbit
stars), and that the mass of the bar is M (x1) + M (x2) =
Mypay ~ 2 x 10° My. When adopting for the mass of
M 82 inside the radius of ~2kpc the value Myg2(< 2) =
1x 1019 My, determined by Sofue et al. (1992), we find that
the mass concentrated in the bar is ~20% of the galaxy
mass. However, if we use the mass distribution of M 82
derived by Gotz et al. (1990; see also Forster Schreiber
2001), the mass inside the radius of r < 2.7Tkpc is
M(< 2.7) = 4 x 10° M and thus only half of the mass
given by Sofue. When using the mass of M 82 determined
by Gotz et al., the bar contains ~40% of the galaxy mass.
The mass of the gas and dust M (g + d) in the region of
the bar is ~40% of the stellar mass of the bar.

We get similar mass ratios from an analysis of the
2.2 ym major axis profile measured by Larkin et al. (1994).
If the 2.2um radiation is primarily due to (late-type)
stars, and if the observed brightness of the radiation is
proportional to the number of stars, hence the mass along
the line-of-sight, the proportionality of the individual stel-
lar mass components is

M (z;) oc 10%44m©D 5 Ry % M,

with ¢ = 1,2, ¢ for the zi-orbit stars, xo-orbit stars, and
cusped orbit stars. Am(o,i) = I, — I; is the magnitude
difference between the stellar component (I;) and the
stellar background (I,,), measured just outside the bar.

R; is the radial extent of the stellar component; M, is
a scaling factor. When using the parameters of Table 3
we obtain M(z2) ~ 25 x M,, M(xz1) ~ 75 x M,, and
M(z.) = 90 x M,. We find again that ~15% of the mass
is concentrated in wmo-orbit stars, ~50% of the mass in
x1-orbit stars, and ~30% of the mass in cusped orbit stars.

We assume in these estimates that the dominant
amount of stellar mass is concentrated in the late-type
stars of the bar, and not in young massive stars pro-
duced in the starburst. When following McLeod et al.
(1993), the mass of the stars formed in the starburst is
Miips =~ 3 x 108 M), which is approximately 1/10 of the
mass of the bar. The newly formed stars are primarily
located near the molecular ring so that the xs-orbit re-
gion contains only a negligible percentage of young mas-
sive stars. The mass M (z3) (Table 2) is therefore primarily
due to the late-type stars of the bar.

6. Summary

This paper shows the stellar rotation curve of M 82 up
to 1700 pc radial distance, fully traced from the near-IR
Call photospheric absorption line of late-type stars. The
position—velocity analysis of this line gives direct evidence
of the stellar bar in M 82, in particular since the ob-
servation shows the xs-orbit stars at the center of the
galaxy, hidden behind substantial visual extinction but
visible at (near-)IR wavelengths. The observed z; and
xo-orbit structure agrees with the stellar light distribu-
tion (at 2.2 um) of the bar and with gas moving on the
stellar orbits, although local disturbances of the gas mo-
tion do occur. The xs-orbits extend to r < 100pc; the
x1-orbits extend to r ~ 500 pc; the cusped orbits are lo-
cated between 100pc < r < 250pc. The cusped orbits
are not clearly visible in our observation probably be-
cause in this region there exists significant spraying of
gas, and probably also of some stars. The orbital revo-
lution time of the xs-orbit stars is ~2Myr (r ~ 100pc,
v ~ 150kms™1) and of the xj-orbit stars ~10-15Myr
(r ~500pc, v~ 125kms™1).

The mass of the bar is ~2.0 x 10° M. The zp-orbit
stars contain ~15% of the mass of the bar. Dependent of
the adopted mass model, i.e. the one determined by Sofue
et al. (1992) or Gotz et al. (1990), the stellar bar contains
approximately 20-40% of M 82’s mass. This mass has a
dominating influence on the kinematics of the stars and
the gas, at least in the ~1kpc center region. The stellar
bar (at 2.2 pm) defines the kinematic center of M 82 rather
than the center region gas, which constitutes only ~40%
of the stellar mass.

Figure 5 shows, in an idealized way, the location of
the stellar bar superimposed on an HST H, image. The
bar (long side of the box) is roughly aligned to the galac-
tic plane of M 82; the stars move roughly in this plane.
The thickness of the bar, in this image, is taken to extent
~+£10" (=150 pc) above the galactic plane. This value is
taken from the K—image published by Telesco et al. (1991);
the image shows late—type stars which are the major
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Table 2. Mass of M 82’s stellar bar (inside r < 500 pc).
Region Radius Velocity v at r  Velocity Gradient Mass Ref.
0—r (kms™!) (kms™'/") (Mg)
Stellar Bar Components
To-Tegion 5"-90 pc 150 30 M(z2) = 2.9 x 108
xrregiona) 30"”"-500 pc 125 6 M(z1) = 1.75 x 10°
Total (1 + x2 region) M (21 + x2) = 2.0 x 10°
Mass Model (Gétz et al.) 30”-500 pc M =19 x 10° 1
Mass Model (Férster-S. et al.). 30”500 pc M = 1.6 x 10° 2
Molecular Gas & Dust
~30"-500 pc M(Hz) = 2.3 x 10® 3
~40"-700 pc M(g+d) =8 x 10® 4
~40"-700 pc M(d) =8 x 10° 3,4
Young starburst stars ~30"-500 pc Mipps ~ 3 x 108 5
Galaxy Mass
~120"-2kpc Myse = 1 x 101° 6
~150"-2.7kpc Mnga ~ 4 x 10° 1

) Including the cusped orbit stars.

D From G6tz et al. (1990) mass model.
2 From Forster Schreiber et al. (2001) mass model.

3) Weis et al. (2001): Ha mass.

4 230 GHz continuum observations (Kriigel et al. 1990) and Thuma et al. (2000): gas and dust mass (Mg &~ Mg /100).

%) McLeod et al. (1993).
% Sofue et al. (1992).

40
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Fig.5. H, image of M 82 taken with the HST. The box shows an idealized stellar bar, aligned roughly along the major axis.
The region of the xs-orbit stars, the cusped orbit stars (z1(co)), and the “outer” wzi-orbit stars is indicated (see Fig. 3). The
thickness of the bar is ~410" (~+150pc) as evident from the K-image taken by Telesco et al. (1991). For more detail and
designation of the objects see the image published by O’Connell et al. (1995). East is to the left, North at the top.
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Table 3. Stellar brightness of the bar (along major axis).

Stellar Component 2.2 ym Profile® Radius™ Brightness® 100-44m(0,)
i — R I; [mag(") ]

Background (o) - 14.5 1

x1 stars (1) Outer Plateau 30”500 pc 13.5 2.5

Cusped orbit stars (c) Inner Plateau 10”-175 pc 12.1 8.7

x2 stars (2) [Peak] 2”35 pc®) 11.7 12.6

) From Larkin et al. (1994), their Fig. 2.
b) See Sect. 4. The full extent of the component is 2 x R;.
©) Weighted by the exponential spatial light distribution.

constituents of the bar. Figure 5 shows the region of the
x9-orbit stars (| 6 |< 5”), the region to which the cusped
orbit stars extent (z1(co): 5” | 6 |< 15”), and the full ex-
tent of the x1-orbit stars (| 0 |< 30”). Because of the large
visual extinction, the H, image shows mainly the pheriph-
eral parts of M 82 and the outflow along the minor axis,
especially on the SE side (Shopbell & Bland-Hawthorn
1998). The image shows heavy extinction on the NE side
in the region of the xj-orbits. This is foreground extinc-
tion and not the dust lane assumed to be produced by
sprays (see Fig. 2); at this side of the center (NE) the
dust lane lies on the far side of the galaxy. The minor axis
outflow, which breaks out of the galactic disk at a height
of ~+150pc (McKeith et al. 1995), is confined to the in-
ner region of the bar, i.e. approximately the region of the
cusped orbits where the molecular ring is located. This is
the main area of the starburst.
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