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ABSTRACT

Context. NGC 7538 IRS1 is a high-mass (80 ) protostar with a CO out ow, an associated ultracompact kefion, and a linear methanol
maser structure, which might trace a Keplerian-rotatimgucnstellar disk. The directions of the various associatezs are misaligned with
each other.

Aims. We investigate the near-infrared morphology of the souraddrify the relations among the various axes.

Methods. K'-band bispectrum speckle interferometry was performedvat@-meter-class telescopes—the BTA 6m telescope and Sine 6.
MMT. Complementary IRAC images from ti&pitzerSpace Telescope Archive were used to relate the structatestdd with the out ow at
larger scales.

Results. High-dynamic range images show fan-shaped out ow strgctumvhich we detect 18 stars and several blobs of diffusesamisWe
interpret the misalignment of various out ow axes in the @xt of a disk precession model, including numerical hygirainic simulations
of the molecular emission. The precession period 280 years and its half-opening angle i€l0 . A possible triggering mechanism is non-
coplanar tidal interaction of an (undiscovered) close canign with the circumbinary protostellar disk. Our obséprs resolve the nearby
massive protostar NGC 7538 IRS2 as a close binary with sépauaf 195 mas. We nd indications for shock interactionween the out ow
activities in IRS1 and IRS2. Finally, we nd prominent sitefsstar formation at the interface between two bubble-likectures in NGC 7538,
suggestive of a triggered star formation scenario.

Conclusions. Indications of out ow precession have been discovered te daa number of massive protostars, all with large preoessi
angles ( 20-45). This might explain the difference between the out ow wisltin low- and high-mass stars and add support to a common
collimation mechanism.

Key words. stars: formation — stars: individual: NGC 7538 IRS1, NGC&HS2 — techniques: bispectrum speckle interferomettgrfier-
ometric

1. Introduction How out ows are collimated is a matter of ongoing de-

. . ) bate and may depend on the stellar mass of the out ow-driving
Protostellar disks and outows are essential constitu@its soyrce. One of the arguments in support of this conclusion is
the star formation process. For high-mass protostella&ai®j tnat out ows from high-mass stars appear less collimateah th
(HMPOs), direct evidence for the presence of compact Ciffe out ows and jets from their low-mass counterparts (Wu
cumstellar disks is still rare, whereas out ows seem to be orgt a1, 2004). Therefore, it has been suggested that out ows
nipresent in the high-mass star forming regions. Out ows rgom HMPOs might be driven by strong stellar winds, lack-
move not only angular momentum from the infalling mattefng 4 recollimation mechanism. Since HMPOs typically form
but also help to overcome the radiation pressure limit to prg, gense clusters, another possibility is confusion by thesp
tostellar accretion, by carving out optically thin cavitiglong  ence of multiple collimated out ows.
which the radiation pressure can escape (Krumholz et ab200 However, since there is evidence that the binary frequency

is signi cantly higher for high-mass than for low-mass star
Send offprint requests tekraus@mpifr-bonn.mpg.de (e.g., Preibisch et al. 1999), another possibility is that- o
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ows from HMPOs simply appear wider, assuming they unt5 GHz CO continuum, Campbell 1984). The spectral type was
dertake precession. A few cases where out ow precessiestimated to be O7 (Akabane & Kuno 2005), which implies a
have been proposed for HMPO out ows (e.g. Shepherd et Alminosity 9:6 10*L . VLA observations with a resolu-
2000; Weigelt et al. 2002, 2005) show precession anglestioin down to 8% (=180 AU) also revealed a double-peaked
20 to 45; considerably wider than the jet precession amstructure of ionized gas within the UC core (peaks separated
gles of typically just a few degrees observed towards lovgsnaby  (#2), which was interpreted as a disk collimating a north-
stars (Terquem et al. 1999). This is in agreement with tlseuth-oriented out ow (Campbell 1984; Gaume et al. 1995).
general picture that high-mass stars form at high stellar dérhis interpretation is also supported by the detection ohel
sity sites and therefore experience strong tidal intesadtiom gation of the dust-emitting region at mid-infrared (MIR)wea
close companions and stellar encounters. lengths (5 m: Hackwell et al. 1982; 11.7m and 18.3 m: De

The detection of precessing jet-driven outows fronBuizer & Minier 2005) and imaging studies performed in the
HMPOs adds support to the hypothesis of a common fornfétb-millimeter continuum (350m, 450 m, 800 m, 850 m,
tion mechanism for outows from low to high-mass starsl.3 mm: Sandell & Sievers 2004, showing an elliptical source
Furthermore, jet precession carries information about tWéth a size of 116 7% along PA  80) and CO line
accretion properties of the driving source and, simultasgp €mission (Scoville et al. 1986, showing a disk-like struetu

about the kinematics and stellar population within its eks extending 22%°in the east-west direction). Also, polariza-
vicinity, yielding a unique insight into the crowded place§on measurements of the infrared emission around IRS1 can

where high-mass star formation occurs. be construed in favor of the disk interpretation (Dyck & Capp
1978; Tamura et al. 1991). Kawabe et al. (1992) carried cut in

In this paper, we report another potential case of out ofgrferometric CS (J=2 1) observations and found a ring-like

precession concerning the out ow from the high-massN80, st_ructure, which they interpret as a nearly face-on prettast
Pestalozzi et al. 2004) protostellar object NGC 7538 [RS1. disk of dense molecular gas.

We obtained bispectrum speckle interferometry of IRS1 Further evidence for out ow activity was found by Gaume

and IRS2, which provides us with the spatial resolution & al. (1995), who measured the pro le of the H6fcombi-

study the inner parts of the out ow, detecting ligreed r]enation line and derived high velocities of 250 knt sindicat-
' ing a strong stellar out ow from IRS1. CO (J=L 0) spec-

structure within the ow. Information about even smallet"d @ : . ;
| line mapping showed a bipolar ow (Fischer et al. 1985).

scales is provided by the intriguing methanol maser featuF? a1 ; IRS1 X dob
which was detected at the position of this infrared sour € mass 2Ut ow ralt outow 1fOM was estimate _to c
SK5:4 10 ° M yr - (Davis et al. 1998). Interferometric ob-

and which was modeled successfully as a protostellar di ) _ .
in Keplerian rotation (Pestalozzi et al. 2004). To searah f ervations by SCOV'".e et al. (1986, beam siZ§ ghow that
outow tracers on larger scales, we also present archi _plue and red-shifted lobes are separated W‘th a
SpitzefIRAC images. In addition, this allows us to relate th osition angle of 45, and IRS1 is located on this aX'SlJUSt
sources studied with bispectrum speckle interferometit wi etween the lobes of_th|s hlgh-velocn_y16 to_ 37 k_m s)

O out ow. In comparing the data obtained with various beam

the overall star forming region and we nd new hints for~ -
triggered star formation in this region. sizes (Campbe_ll 1984; Kgmeya et al. 1989), thege seem to |_nd|
cate a change in the position angle of the ow direction at dif
ferent spatial scales, ranging from PAO at @B, PA 25
atP?PA 35 atto PA 40 at 16°
1.1. Previous studies of NGC 7538 Within the immediate ( %) vicinity of IRS1, a large
. ) variety of masers has been discovered, including OH (Dickel
The NGC 7538 molecular cloud is located in the Cas OB2 asggq—. 1982), HCO (formaldehyde, Rots et al. 1981; Hoffman
ciation in the Perseus spiral arm at a distance 28 kpc (Blitz ¢ 4. 2003), NH (ammonia, Madden et al. 1986), GBIH
et al. 1982). Several authors noted that NGC 7538 mig@ﬁethanol, ve features A, B, C, D, E were detected at 6.7
present a case of triggered or induced star formation siC&jq 13 2 GHz: Menten et al. 1986; Minier et al. 1998, 2000),
shows ongoing star formation at various evolutionary siag&s,\”_|3 (Johnston et al. 1989), and8 (Kameya et al. 1990).
apparently arranged in a northwest (most developed) thsout e of the masers show only vague signs for a system-
east (youngest evolutionary stage) gradient (McCaughregp. alignment within linear NH3, PA 60) or ring-

etal. 1991). like structures (HO, methanol-maser feature E). However, the

At optical wavelengths, the appearance of the region fgsethanol-maser feature A represents one of the most convinc
dominated by diffuse H Il emission, which extends several ahg cases of systematic alignment, in both linear spatial ar
cminutes from the southeast to the northwest (Lynds & O'Neathngement (PA 62 ) and well-de ned velocity gradient, ob-
1986). In 1974, Wynn-Williams, Becklin, & Neugebauer deserved to date in any maser source. The qualitative interpre
tected eleven infrared sources (IRS1-11) in the NGC 7538 ¥fn of this structure as an edge-on circumstellar disk {#&tin
gion, wherein IRS1-3 are located on the southeast-cornerepfal. 1998) was later con rmed by the detailed modeling of
the fan-shaped H 1l emission in a small cluster of OB-stansestalozzi et al. (2004), which showed that the alignmethtan
IRS1 is the brightest NIR source within this cluster and is em
bedded within an ultracompact (UC) H I region whose size! Following the convention, we measure the position angle) (PA
was estimated to be % (ne  10° cm 3, measured in 5 and from north to east.
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position—line-of-sight (LOS) velocity diagram of maseafiere All observations were carried out usingka-band lter cen-
A can be modeled accurately assuming a protostellar digk wiered on the wavelength 2.12n with a bandwidth of 0.21m.
Keplerian rotation. During the BTA observation run, we recorded 420 speckle in-
Aiming for a more complete picture, several authors (e.tgrferograms on NGC 7538 IRS1 and 400 interferograms on
Minier et al. 1998; De Buizer & Minier 2005) also tried tothe unresolved star BSD 19-901 in order to compensate for
incorporate the presence of methanol maser features B, C{li atmospheric speckle transfer function. The speckks-int
and E in the circumstellar disk model for feature A and inteferograms of both objects were taken with an exposure time
preted them as part of an out ow which is oriented perpedicof 360 ms per frame. For the MMT observations, the star
lar to feature A. Since these maser features are southward2MASS 23134580+6124049 was used for the calibration and
the putative circumstellar disk, it remains unclear whyytap- 120 (200) frames were recorded on the target (calibratah) wi
pear blue-shifted with respect to feature A (Minier et a98p an 800 ms exposure time. The modulus of the Fourier trans-
whereas the southern lobe of the CO-out ow is red-shifted. form of the object (visibility) was obtained with the speekl
Besides the circumstellar disk interpretation for the ioriginterferometry method (Labeyrie 1970). For image recarstr
of the maser feature A mentioned above, an alternative scendion we used the bispectrum speckle interferometry method
was proposed by De Buizer & Minier (2005), who suggestdbiVeigelt 1977, Weigelt & Wirnitzer 1983, Lohmann et al.
that feature A might trace the walls of an out ow cavity. 1983, Hofmann & Weigelt 1986). With pixel sizes of 27.0 mas
The region was also intensively observed in the infrare@BTA) and 28.7 mas (MMT) on the sky, the reconstructed im-
Survey images of the infrared continuum emission were prages possess elds of views of #8(BTA) and 181 (MMT),
sented by Campbell & Persson (1988, K) and Ojha et al. respectively.

(2004, J, H, Ks) and showed diffuse emission, which ex- Wwe found that the BTA data allows the highest spatial res-
tends from the IRS1-3 cluster in a fan-shaped structure #lution (and is therefore perfectly suited for the idenétion
wards the northeast and north, approximately tracing the @i point-sources within the eld), whereas the image recon-
tical H 11 region. The northeast border of this NIR emittirg r structed from the MMT data allows a high dynamic range in
gion also appears very pronounced in the continuum-subttache diffuse emission. Therefore, we show the diffuse emissi
Hz 2.122 m maps by Davis et al. (1998), possibly tracingyithin an image of moderate resolution (reconstructed from
the illuminated surfaces of nearby molecular clouds or the iIMMT data, see Figured) and perform point-source identi -
ner walls of a vast out ow cavity. Furthermore, Davis et alcations within the higher resolution image reconstructedf
(1998) discovered two bowshock-shaped structures, ehteBTA data (Figure b). In order to distinguish point-sources and
roughly on the IRS1-3 cluster and orientated again along Wigfuse structures reliably, we reconstructed images dbus
northwest—southeast direction (PA 30 ) in Hz 21122 m. resolutions (146 mas, 97 mas, 72 mas) and carefully exam-
With imaging at arcsecond resolution and the use of s&ied changes in the peak brightness of the detected features
eral spectral Iters §, H, K, [Fell] 1:65 m, Br 2.165 m, Whereas for point-sources the peak brightness increases sy
Hz 2:122 m, and 3.29 m), Bloomer et al. (1998) attemptediematically, it stays constant or decreases for diffusessires.

to identify the source and mechanism of the out ow. Based To perform an absolute calibration of the astrometry in our

onda EOT?Lary?shap%d morghology |i_|n thed E%”] (Ijine ri]mag%ages, we measured the position of IRS1 and IRS2 in the Two
an hs eli-like 1ings o ﬁerve_ (Ijnt;thb h arll -daln' S, th_eie Micron All Sky Survey (2MASSX; Atlas images and use the
authors propose a stellar wind bowshock model in whic trEzl‘fetermined absolute positions as reference for our astrgme

(rjnf(?tion of IRSZ_ rglativg :10 ﬂ;]e m.olle_culafr EIOUd produ<|:es ”We estimate that the accuracy reached in the relative astrgm
iffuse NIR emission within t gwcmlty ofthe IR_S]'_?’ ClBst i (P9, The absolute calibration introduces further errors (
The rst K-band speckle images, taken with the 3.5 Mpe).

telescope on Calar Alto were presented by Alvarez et al.4p00

and showed substructure in the vicinity of IRS1; namely, two

strong blobsA, PA 45;B,PA  70), adiffuse emission 2.2. Spitzer/IRAC Archive data

feature C, PA 0 ) as well as several faint point-like sources

(a-f). In order to relate our high-resolution images with the mor-

phology of the NGC 7538 molecular cloud at large scales,

) we examined archival 3.6, 4.5, 5.8, and 81& images (PI:

2. Observations G. G. Fazio), taken with the Infrared Array Camera (IRAC,

Fazio et al. 2004) on th&pitzerSpace Telescope. The four

bands are recorded simultaneously using two InSb (816

The rst set of observations was performed on 2002-09-245 m) and two Si:As (5.8 m, 8.0 m) detectors. The central

using the 6.0 m BTA (Big Telescope Alt-azimuthal) telewavelengths and bandwidths of the IRAC bands (Hora et al.

scope of the Special Astrophysical Observatory located tn 004) are 3.56m ( = 0:75 m), 452 m( =1.01 m),

Pastukhov in Russia. Additional data were gathered 2004-5273 m ( = 142 m),and 791 m ( = 293 m).

20 with the MMT (Multiple Mirror Telescope) on Mt. Hopkins Each image consists of 256 256 pixels, corresponding to

in Arizona, which harbors a 6.5 m primary mirror. As dea 5° 5° eld-of-view on the sky. The data used include

tector, we used at both telescopes one W12 pixel quad- 48 Spitzerpointings taken on 2003 December 23 in the High

rant of the Rockwell HAWAII array in our speckle cameraDynamic Range (HDR) mode. In HDR mode, for each point-

2.1. Bispectrum speckle interferometry
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2"

a) MMT speckle image (334 mas resolution, 2004-12-20)

b) BTA speckle image (146 mas resolution, 2002-09-24)

E

Fig. 1. Bispectrum speckle imagek%
band) reconstructed from data taken
with a) the 6.5m MMT andb) the 6m
BTA telescope. To show the weak emis-
sion features, the intensity of IRS1 was
clipped to 2% of the total ux. Within
the high-resolution imageb), speckle-
noise artifacts appear around IRS1
(marked with a circle). These weak fea-
tures represent small distortions of the
point-spread-function (PSF) on the 1%-
level and do not in uence the reliabil-
ity of the identi cation of point sources
within the image. The absolute coordi-
nates of IRS1 are = 23" 13" 4535
and = +61 281084 (J2000, deter-
mined from 2MASS, accuracy 0?5).
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. . . . iected Di
ing, images are taken with two exposure times (0.6 sand 12s) con oo e DA A 2500

in order to record both bright and faint structures. However 1! T T T T y
the two brightest sources, IRS1 and IRS9, are saturated even
within the 0.6 s exposure.

We used thenopexsoftware (2005-09-05 version), released
by the Spitzer Science Center (SSC), to process both the longo.
and short exposure images. Beside the basic calibratips stg
applied by the Basic Calibrated Data (BCD) pipeline (S12),0.
we performed Radhit detection, artifact masking, and frognt
re nement. Finally we generated a mosaic in which the satu- ,, |
rated pixels of the long exposure image were replaced by the o
corresponding pixels of the 0.6 s exposure. The opticabdesi Binarly allowed 16
of IRAC induces a shift of 68 between the 3.6/5.8m and
4.5/8.0 m pointings, leaving an overlap ofBbetween all four

Binarity excluded (3s)

ntensity r:

Magnitude difference

bands. O 0 200 300 400 500 600 700 800 900 1000
In Figure 2, color composites of the 3.6/4.5/5.8 and Apparent Separation [mas]
4.5/5.8/8.0 m band images are shown. Fig. 4. By measuring the speckle noise around the PSF of IRS1, we

The diffuse emission in three of the four IRAC bandsan rule out binarity of IRS1 on a 3level as a function of apparent

is dominated by Polycyclic Aromatic Hydrocarbons (PAHsseparation and intensity ratio.

Churchwell et al. 2004), which trace the border of regions

excited by the UV photons from HMPOs particularly well.

Contributions are also expected from several vibratioeed | The directions, which were reported for various out ow trac

els of H, (Smith & Rosen 2005b), atomic lines, CO vibrationag's, are also listed in this table and illustrated in Figure 5

bands, and thermal dust grain emission. Our featuresA, B + B% andC appear to coincide with the
featuredA, B, andC identi ed by Alvarez et al. (2004). A com-
parison suggests that featuks B + B C, D correspond to

3. Results the peaks W, 1N, and NWin Tamura et al. (1991).
3.1. Bispectrum speckle interferometry: Small-scale
structures around IRS1/2 3.1.2. Binarity of NGC 7538 IRS2
3.1.1. IRS1 Airy disk elongation and diffuse IRS2 appears resolved as a close binary system. Using an im-
emission age reconstructed from BTA data with a spatial resolution of

. . ) ) 80 mas (see inset in the upper-left corner of Figure 3), we de-
In our speckle images, the Airy disk of IRS1 itself appeakgmined the separation to be 195 mas and found a PA.28
asymmetric, being more extended towards the northwest g the 9 fainter companion (2002-09-24). We designate the

rection (PA 70, see Figure fi and inset in the lower left prighter component in thig' -band as IRS2and the fainter as
of Figure 3). In the same direction (PA 60), we nd two |RS2.

strong blobs A, B + BY) of diffuse emission at separations of
1%nd 2° These blobs and additional diffuse emission seem _ )
to form a conical (fan-shaped) region with a @pening angle 3-1.3. Detection of fainter cluster members

extending from le_l tqwards the northwest. Besides IRS1 and IR%2b, we were able to identify 18 ad-
A careful examination of the power spectrum of IRS1 hagiona| fainter point-like sourcesar) within the BTA image,

shown that the detected asymmetry of IRS1 is not caused byg,so positions ankl’' -band magnitudes are listed in Table 2.

companion, but seems to re_presentd|ffuse emission. T(brer,ef In order to test whether these sources are physically re-
we can rule out a close plnary_ system of similar-brightnegge o NG 7538, one can compare the stellar number density
components down to the diffraction limit of 70 mas. For the or the brightness range 0 to 12'0 in our speckle image
case of a binary system with components of signi cantly diff— '

N = 18128 arcset 2:1 10°=ded, with the num-
ferent brightnesses, we can put upper limits on the brigistn%SpeCK'e g, wi "

. ) ) _ r expected from the cumulatikeband luminosity function
of the hypothetical companion as a function of the prOJect?ﬁLF) ofthe NGC 7538 eld N 1:8 10°=ded. Although
binary separation (see Figure 4). ea '

; o these number densities were obtained with different spata

The,PA of the elongatlgn of the Airy disk is similar to they ijon, the clear over-density of stars in our speckle ieneg
PA of K" blobsA, B, andB". Another strong featured) can gjonj cant and we conclude that most of the detected staes ar
be seen towards PAO . The blobs seem to be connected kaer members of the NGC 7538 star forming region. When

a bridge of diffuse emission extending from featldo C. | sing the KLF for the IRS 1-3 region instead of the whole
Overall, the diffuse emission seems to form a fan-shaped re-

gion which is extending from IRS1 towards the northwest with2 The K-pand luminosity function by Balog et al. (2004) for the
an opening angle of nearly 90We identi ed some further fea- whole NGC 7538 region, corrected with the on-cluster KLF an-
tures and list their position angles and separations ineTabl mulated for the magnitude range™ito 12"0 was used.
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Table 1.NGC 7538 IRS1 out ow directions reported for various tracer

Tracer Structure Beam Size Scale PA of Dynamical Ref. Consnen
9 [%9 out ow Agef (Velocities in [km s])
direction [ ] [108 yrs]
Methanol masers 0.03 +19d - [8] seeFig.3
1.0 cm cont. inner core 5 0.13 0.4 +0 <003 [9] te=015yr$
1.3 cm cont. inner core % 0.11 0.4 +0 <002 [5]
6.0 cm cont. inner core %5 0.35 0.4 +0 <004 [1)
1.0 cm cont. outer coré 0’5 0.13 1.0 -25 >003 [9] te=03yrs
1.3 cm cont. outer coré 0°% 0.11 1.0 -25 >0.02 [5]
6.0 cm cont. outer cor& ?%75 0.35 1.0 -15...-20 > 004 [1)
6.0 cm cont. outer coré 05 0.4 1.0 -28 >0.03 [9]
MIR 11:7 m IRS1 Elongation 0.43 3 -45 6 [10] seeFig.B
MIR 18:3 m IRS1 Elongation 0.54 4 -45 6 [10] seeFig.b
NIR K'-band IRS1 Elongation 0.3 0.6 -78 03 - see Fig. 3
NIR K'-band feature A 0.3 1.6 -65 :@ - see Fig. 3
NIR K'-band feature F 0.3 2.1 -33 aa - see Fig. 3
NIR K'-band feature B 0.3 3.0 -39 15 - see Fig. 3
NIR K'-band feature B' 0.3 3.3 -57 .08 - see Fig. 3
NIR K'-band feature C 0.3 4.8 +6 25 - see Fig. 3
NIR K'-band feature E 0.3 6.2 -20 3B - see Fig. 3
NIR K'-band feature D 0.3 7.4 +10 3D - see Fig. 3
NIR K'-band eastern wall 0.3 - +25 - - see Fig. 3
NIR K'-band western wall 0.3 - -65 - - see Fig. 3
[Fell]1:65 m 1 15 N-S? 0:8 [7] aroundIRS2; see Figi6
H> northern bow 30 N-S 15 [6]
H, 1 27 -25° 1:4 [7] shell-like structure; see Figi 6
H> southern bow 15 155 2.3 [6] seeFig.6
IRAC bands southern bow 1 40 145 22 - see Fig. &...e
Cco low velocities 7 5p E-W 09 [3] 11<Vy< 6;2<V, <9;seeFig. §
co high velocities 7 15 -35 15 [3] 17<Vy< 11;9<V, < 15; see Fig. §
co 34 18 50 15  [2] 24<Vp< 8,9<V, <22
co 16 13H -40 14 [4] 14<Vy< 9;11<V, < 16; see Fig. 6
co 45 1b 50 10 [3] 24<Vp< 8,9<V, <22

Note —V, andV, are measured relative to the velocity of methanol maseufe# (V = V. 56:25 km s?)

a Estimated from gures presented within the reference paperefore, with limited accuracy.

b The half-separation between the red- and blue-shifted ®@imgiven.

¢ For VLBI observations, we give the estimated error on thehite position of the measured maser spots.

4 The expected out ow direction is given; i.e., perpendicutathe measured orientation of maser feature A.

€ Electron recombination time given in the reference paper.

f Assuming an out ow velocity of 250 km &, which was measured by Gaume et al. (1995) within the H&8ombination line. For the
CO emission, we also use the measured CO out ow velocity aodige the corresponding dynamical age in brackets. Sitheelacities are
measured along LOS, this timescale can only provide uppetsli
References: [1] Campbell (1984); [2] Fischer et al. (1988) Scoville et al. (1986); [4] Kameya et al. (1989); [5] Gaeret al. (1995);

[6] Davis et al. (1998); [7] Bloomer et al. (1998); [8] Miniet al. (2000); [9] Franco-Hernandez & Rodr'guez (2004p][De Buizer &
Minier (2005)

NGC 7538 eld, the stellar over-density in our speckle imagB, BY, no stars were found, whereas embedded in Glahree
becomes even more evideMigs1 scuster  1:4  10°=dedf). stars could be detected.

Since these stars are about 5 to 6 magnitudes fainter thdn IRS

they are likely to be part of the associated intermediatesmas

stellar population. 3.2. Spitzer/IRAC: Morphology at large spatial
scales

The arrangement of the stars within the fan-shaped nebula
does not appear to be random, but follows$hstructure of the Imaging of NGC 7538 at optical wavelengths showed that
diffuse blobs (see Figure 3). Most remarkable, more thah hdlffuse emission can mainly be found in the vicinity of
of the stars seem to be aligned in a chain reaching from feattRS5 (Lynds & O'Neil 1986). At near-infrared (NIR) wave-
BtoC (PA 45). Within the diffuse blobs close to IRSA( lengths (Ojha et al. 2004), a diffuse structure can be fouad e
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Table 2. Point sources identi ed in our speckle images. For detditsua IRS1 and the binary system IR#2, we refer to the text. We identify
componentsito f with the stars already discovered in the image by Alvarez. ¢2804).

Name RA(J200®) DEC (J2000) K' Magnitud® Comment

a 23 13" 4533 61 28 21°02 1094
b 4481 18%3 1129
c 4495 12%R3 1146
d 4511 09%9 1173
e 4537 1592 1177 embedded in featu@
f 4534 15893 1173 embedded in featu@
g 4536 1480 1773 embedded in featu@
h 4531 14%2 11'86
i 45329 13%4 11771
j 4527 13%5 1173
k 4525 1305 1181
| 4524 1398 1183
m 4522 1271 11771
n 4536 1299 1175
0 4550 18%0 1760
p 4529 18%2 1173
q 4516 19%9 1177
r 4533 08us 11771

2 For the astrometry, the relative errors are of the ordef%f The absolute calibration using the reference positidR6fl in 2MASS
introduces further errors ).

b The photometry was done relative to IRS1 with an uncertash@f'3. For the conversion to absolute photometry, we assume&a IR
magnitude of 89 (Ojha et al. 2004).

tending from the IRS1-3 cluster towards the northwest with t NGC 7538S). However, as can be seen in Figure 2, for four
strongest emission around IRS5. locations of HO masers, no MIR counterpart can be found in
The Spitzer/IRAC images reveal a more complex, bubbldie IRAC images (the detection limits for point sources i@ th
like structure (see Figureb2 c), whose western border isfour IRAC bands are roughly 3.6, 5.3, 31, and 3% for the
formed by a pronounced ridge-like lament connecting IRSIRAC bands at 3.6, 4.5, 5.8, and & assuming medium sky
3 with IRS4 and reaching up to IRS5 (see Figued. 2t the background).
western border of the bubble a wide conical structure is lo-
cated, with a vertex on 2MASS 23135808+6130484. Another
conical structure can be detected close to the northern bgr—
der of the bubble. Several other outow structures can bé
found in the IRAC image; most noteworthy, the unidirecy 1 Nature of the observed K'-band emission
tional re ection nebula around 2MASS 23144651+6129397,
2MASS 23131691+6129076, and 2MASS 23130929+612818dthe wavelength range of tH€ -band Iter ( o = 2:12 m,
(see Figure @). The sources 2MASS 23131660+6128017and = 0:21 m), we record not only continuum radiation
2MASS 23133184+6125161 appear to be embedded in a sh@llg. scattered light, thermal dust emission, stellar inent
like cloud. uum emission), but also line emission (e.gz) HHowever,
Besides the position of the strongest near-infrared ssurcieoth Bloomer et al. (1998, see Figure 6) and Davis et al. (1998
Figure 2 shows also the position of the submillimeter (460 did not detect signi cant amounts ofi&mission around IRS1.
850 m) clumps reported by Reid & Wilson (2005). Thes&urthermore, deep optical imaging by Elsaesser et al. (1982
clumps trace the laments and knots of the bubble, whicind Campbell & Persson (1988) reveal a weak optical source
can be seen in the IRAC images, very well. Besides thisifset 22 north of the radio source IRS1. The latter authors
the submillimeter clumps suggest another bubble-likecstruargue that the strong extinctiod( = 13) derived for IRS1
ture to the southwest of IRS4 (see also the images in Reithkes it highly unlikely that this optical emission is con-
& Wilson 2005). This bubble seems to be invisible atected to IRS1 itself but that it most likely represents scat
near- and mid-infrared wavelengths, although several NtBred light. The measured offset suggests that the faimtalpt
sources are located on its border (2MASS 23130929+6128184urce should be associated with bl@bandB in our images,
2MASS 23133184+6125161). making scattering the most likely radiation mechanism ffier t
As already pointed out by Reid & Wilson (2005), it is in-detectedK'-band emission. This conclusion is also supported
teresting to compare the position of the detecte@hhasers by polarization measurements (Dyck & Lonsdale 1979) which
with the position of the centers of high-mass star formaiion show a strong polarization of the 2n emission, tracing ei-
the region and to nd agreementin many cases (IRS1-3, IRSBer scattered light or light transmitted through aligneaiis.

Discussion
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Henceforth we presume continuum to be the most importgec. 4.4), incorporating the large amounts of evidence col
contributor to the detected emission. lected by various authors over the last three decades.

4.2. Methanol maser feature A: Protostellar disk or ~ 4.3. Scenario A: Out ow cavity model

out ow? . . . . L )
Since the intensity of the diffuse emission in our imagessee

We note that the 2MASS position of IRS1to decrease with distance from IRS1 and the vertex of the fan-

( = 231374535, = +61 28°1(B, J2000) and the po- shaped region appears centered on IRS1, we cannot support

sition of the methanol maser feature A & 23" 13™ 45364, the hypothesis by Bloomer et al. (1998), who identi ed IRS2

= +61 28°1d%5, J2000) reported by Minier et al. (2000)gs the likely source of the diffuse NIR emission. Instead, th

coincide within the errofs Therefore, the methanol masersbserved fan-shaped region can be interpreted as a casity th

and the out ow driving source are likely causually conneigte was formed by out ow activity from IRS1. Because the walls

however a random coincidental alignment cannot be ruled oof the fan-shaped structure are well-de ned, we can measure
the opening angle of the proposed out ow cavity from the east

Since methanol masers can trace both protostellar digks wall (PA 25) to blobA (PA 65 ), obtaining a wide total
and out ows, it is not a priori clear how the linear alignmenopening angle of 90
of the methanol maser feature A and the observed velocity The unidirectional asymmetry of IRS1 in the NIR and MIR
gradient should be interpreted. For IRS1, both claims hawveages (see Figure 6) is naturally explained in this cordsxt
been made (Pestalozzi et al. 2004; De Buizer & Miniescattered light from the innex (1500 AU) walls of the cavity.
2005). However, detailed modeling has provided stroridhis scenario is also consistent with the southeast—neghw
quantitative support for the disk interpretation but idl stiorientation of the CO out ow, aligned roughly parallel toeth
missing for the out ow interpretation. Furthermore, a studmethanol masers (PA  62). Blobs A, B, B? are located
by Pestallozi et al. (in prep.) suggests that simple out owithin the same direction and might resemble either clumps i
geometries cannot explain the observed properties offeatu the cavity or recent ejecta from the out ow. The various ldob

might also indicate the presence of several out ows.

A major difference between these two scenarios is the ori- In order to resolve the misalignment of the radio-continuum
entation of the disk associated with the out ow driving soeir core with respect to the other out ow tracers, it was progbse
Whereas in the disk scenario the methanol masers are litleat the radio-continuum emission might arise from a photoe
up within the disk plane (PA 62 ), the out ow scenario vaporated disk wind (Lugo et al. 2004).
suggests an orientation of the disk plane perpendiculatdo t However, as noted above, the methanol maser feature A
maser alignment (PA +28 ). The observed asymmetry in oulacks a quantitative modeling up to now.

NIR speckle images, as well as the elongation of the emission
observed in the 11.7 and 18.3n images by De Buizer &

Minier (2005), can be explained within both scenarios: 4.4. Scenario B: Precessing jet model

S . . 4.4.1. Constraints from the methanol maser disk
cenario A: If maser feature A traces asut ow cavity , the
detected asymmetry might simply re ect the innermost wallshe circumstellar-disk modeling presented by Pestalozai.e
of this cavity (oriented northwest), whereas the soutlegast (2004) reproduces the observational data for maser feature
cavity of a presumably bipolar out ow might be hidden due teninute detail. Assuming a central mass o380 and Keplerian
inclination effects. rotation, this model con nes the inner;( 290 AU) and

. . . outer o 750 AU) radii of the disk (these radii scale as
Scenario B: Alternatively, if the masers trace an edge'oﬂ\A:SOM ) 1= with the central masM). The model does not

circumstellar disk, the asymmetry of the mfrgred_ EMISSIONLet strict constraints on the inclination and orientatidrhe
could trace the western wall of an out ow cavity with a Wldeaisk on the sky

half-opening angle. The asymmetry cannot be attributeteo t
disk itself because the detection of stellar radiationtscadi
off the disk surface at such a large distance is highly uhlike

An uncertainty in the disk inclination arises from the as-

sumption that methanol is formed within a surface layer ef th

disk from photoevaporation of #. The midplane of the disk

. . .might therefore be inclined within certain limits. A distinn-
For completeness, we also T“e”“"” the InterpretatiQin 5tion is suggested by the fact that the NIR/MIR contimuu

by Kameya et al. (1989), who attributed the change betweg ission, as well as thesb$hock tracer line emission, appears

Lhehdirelctiqn gboservedpiar\w tgg UCHI rdegion_(PA)(_hrr]\d tge more pronounced towards the north than towards to south (see
igh-velocity ow ( ) to ow de ection, either by Figures 1 and I6). An inclination of the northern out ow to-

large-scale magnetic elds or due to density gradients. wards us is also indicated by CO out ow observations (e.g.

we prqceed now fo discuss both scenar_ios _within meya et al. 1989), which show the blueshifted CO lobe of
out ow-cavity model (Sec. 4.3) and a precessing jet mod S1 towards the northwest (see Figurdss6g).

3 The astrometric accuracy of the 2MASS catalogue was repte 1 he disk orientation on the sky can only be constrained by
be %5 (see http:/fipac.caltech.edu/2mass/releases/alitstdexpl- the maser observations with a limited accuracy since thersas
sup.html). only trace a narrow latitudinal arc of the disk, missing moied
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disk warping. Nevertheless, it is still reasonable to idgithe The fainter stars might therefore be detectable only inghos
disk orientation with the linearly-aligned feature A. regions where the precessing jet reduces the extinction suf
ciently. Within the blobs closest to IRS1, stars may be unde-
tectable because of either inclination effects or confusiih
the signi cantly higher surface brightness of blobs IR&1B,
Assuming that the alignment of the masers is representativeand B° (limiting the sensitivity to detect point sources), or be-
the orientation of the disk midplane (i.e. assuming diskpivay  cause of the high density of the out owing material itsetfop
is negligiblé), it is evident that the direction perpendicular tyiding intrinsic extinction.
the disk plane (PA 19 , the expected out ow direction) is sig- ~ The out ow tracers observed at rather large scales (CQ, H
ni cantly misaligned from the axes of the bipolar CO out owsee Figure 6) are oriented roughly in the same directiones th
and the NIR fan-shaped region (PA 20 ; illustrated within NIR fan-shaped structure. The CO channel maps by Scoville
Figure 3). Also, the observed bending (Campbell 1984; Gau®leal- (1986, Figure@ suggest a change in the orientation of
et al. 1995) in the radio continuum could indicate a changetife CO out ow lobes for low and high velocities. Whereas the
the out ow direction. Whereas the inner core (°%) is orien- 10w velocity CO out ow is oriented along the east-west direc
tated along PA 0 , the outer core & — D) bends slightly tion, the high velocity lobes are oriented along PA 35 . As
towards the west (PA 25 ). This might indicate that the CO traces material swept-up by the out ow and has a relativel
out ow changed its direction by this amount within the time4ong cooling time (of the order of 2/rs), the different orien-
needed by the jet to propagate the appropriate projected dagions observed at low- and high velocities are more ditcu
tances ( 25and 50 years). to interpret.

The bending detectable in the UC H 11 region on scales of Finally, we speculate that the precession model might also

199 seems to continue at larger scales within the morpholo@yPlain why the velocities of the methanol maser features,B,
observed in our Speck'e imagesy Suggestin@ah]aped ne- D, and E are in the same range as the velocities of the CO out-
structure of the diffuse emission extending from IRS1 atigi oW (De Buizer & Minier 2005), but show opposite signs for
towards the northwest and further out towards north. Theslothe LOS velocity with respect to feature A (maser features B,
A, B, andB° observed close to IRS1 (PA 60 ) might rep- C. D, and E are blue-shifted, whereas the southern CO lobe is
resent the most recent ejecta, whereas the weak featurel wkd-shifted). Assuming precession, the CO out ow wouldéra
appear further away in our |mag£'(D) m|ght trace earlier the average out ow direction around the pl‘eceSSion axig'(Wi
epochs of the history of the out ow. the southern axis oriented away from the observer), whéhneas

Based on these indications, we suggest a disk and jet Im;a_thanol masers might trace clumps very close to the source,
cession model. The fan-shaped diffuse emission in which tH8ich were excited more recently when the southern parteof th
S-structure is embedded can be explained as scattered ligHt oW was pointing towards the observer

from the walls of an out ow cavity, which was cleared by the N general, precession can explain the change in the ow
proposed wandering jet. orientation, but potential alternative explanationsiid den-

The western wall of this wide, carved-out out ow cavitys_ity gradientsin the surrouno!ings of IRS1, the presenceubf m
might appear within our NIR and the MIR images as an eloffP/é out ows, and ow de ection.
gation of IRS1. Since this elongation extends mainly toward

the northwest, there must be an additional reason why the weg 4.3, Analytic precession model
ern wall of this cavity appears more prominent than the east-

ern wall. A possible explanation might be shock excitation " order to get a rough estimate for the precession parasjeter
the western wall, which would cool through emission in shocke €mploy a simple analytical model with constant radiat out

tracer lines like H, which is contributing to the recordé¢- OW speed v. On the radial motion we superpose a precession
band. with periodPpec, leading to the wave number

4.4.2. Indications for disk and jet precession

Assuming the precession period derived in Sec. 4.4.3,the 2 1
out ow (which currently points towards PA 19 ) would have ™~ VPprec’ ()

excited the western wall of this cavity 140 years ago, which . . . .
corresponds roughly to theshadiative cooling time. by the time that e;ected ma_ltenal_ travels a distané@m the
The arrangement of the fainter cluster members embed&ggrce’ the direction of the jet axis changes by the akgle
ithin th d'ﬁg . b derstood in this cant To describe the jet propagation in three dimensions we in-
Wi .|n € diliuse emission can be Understood In this Calex. ;o 4 cartesian coordinate system centered on IRSlewhos
too: Taking into account that IRS1 is still deeply embedded b axis is along the line of sight (see Figure 7, top). The mece
its natal circumstellar cloud, the jet would have clearedeh- ’ :

. . . sion axisisinthg zplaneinclined by angle to the plane of
velope along its wandering path. The decreasing column d‘ﬁﬁ‘é skyf, and the jet axis makes an anglavith it. For counter-
sity results in lower extinction along the jet's path, relireg ' '

the fainter stars which likely formed in the vicinity of IRS1 ° This is consistent with the precession parameters detedrim
Sect. 4.4.3, where we nd that the half-opening angle of tleepssion

4 Interestingly, the converse assumption (that disk warsngpn- is larger than the inclination of the precession axis witpeet to
negligible) implies disk precession as well, as the jet wobke the plane of the sky.
launched perpendicular to the warped surface of the inmeropshe 6 Positive values of indicate an inclination out of the plane of the
disk. sky towards the observer.
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clockwis€ precession, the coordinates of material at distance We use the version of the ZEUS-3D code as modi ed

from the origin are by Smith & Rosen (2003), which includes some molecular
cooling and chemistry, as well as the ability to follow the
X sin  cos molecular (R) fraction. The large precession envisioned for
= 0S cos +sin sin sin (2) the ow associated with NGC 7538 IRS1 requires that the sim-
cos sin +sin sin cos ulation be performed on a very wide computational grid. Que t
computational limits, we were restrained to use for thisudan
where = o+ kris the jet's azimuthal angle from the  tion a 3D Cartesian grid of 275 zones in each direction, where

axis. The initial phaseo can be taken as Gince the direction each zone spans 210 cm in each direction. This grid bal-
perpendicular to the methanol feature A seems to coincitte wances the desire for some spatial resolution of the ow with
the eastern wall of the out ow cavity. The PAof they-axis  the ability to simulate a suf ciently large part of the obged

can be set from the average angle of the fan-shaped regioroi associated with NGC 7538 IRS1. Still, the total grid size
the speckle images as= 30 . Using v= 250 kms', as ( 0:018 pc)is smaller than the projected distance between IRS
measured by Gaume et al. (1995) within the H86combina- 1 andK'-band feature.

tion line, leaves as free parametéige, , , and the sense  oying to the rather small physical size of the grid, we have
of rotation. Trying to t the orientation of the maser disket 1osen a nominal speed of 150 kni,sreduced from the in-

orientation of the UC H 11 region, and the position of the NIRg red value of 250 km ¢ for this source. The ow is pre-

blobs with these parameters gimultaneou_sly, we nd reasqisssed with a nearly 3(recession angle, with the amplitude
able agreementwith a precession peipc = 280 10Yrs, a8 ot the radial components of the velocity 0.55 of that of thiaax
precessionangle= 40 3, acounter-clockwise sense of rogomponent. The precession has a period of 120 years, which

tation, and small inclination = 0 10 . Atlarger inclination |ea4s to 1.25 cycles during a grid crossing time. The ow is
angles & 10 ) loops start to appear, signi cantly degrading thesq pulsed, with a 30% amplitude and a 30 year period. This

agreement. In Figure 7, we show the projected trajectorief sjyort period assists in the reproduction of the multiplet&no
proposed wandering jet with the thick line, whereas the thif k: -hand emission near NGC 7538 IRS1. The jet ow also
lines give the path obtained with a variation & in - and , s sheared at the inlet, with the velocity at the jet radiu 0.
resembling the nite width of the ow. that of the jet center. We have chosen a jet number density of
The analytic model presented in this section might suf c@g® hydrogenic nuclei cn, while the ambient density is 10
in order to get a rough estimate of the precession parametgiige simulated jet radius is@ 105 cm (20 zones). Thus, the
although it does not take into account the interaction ofdhe  tjme-averaged mass uxis:@ 10 6M yr 1, which is three
with the ambient medium nor the excitation and cooling of thgders of magnitude lower than the value as determined éor th
ambient material. CO out ow (Davis et al. 1998). Similar calculations of the mo
These parameters can be used to predict how the orieft@ntum ux and kinetic energy ux, or mechanical luminosity
tion of the methanol maser disk changes with time. Using thgeld values of 38 10 “kms®M yr Yand4.7L , respec-
PA at the phaseo = 0 as reference, one expects that the Phvely.

changes only marginally (less than) Within 10 yrs. Amuch — agter the convolution with a PSF resembling the resolution
more signi cant change of 10(20 ) would be expected after giained in real observations the ldmission in our simula-
36 yrs (50 yrs), which would be detectable with future VLBfjon shows a morphology which is similar to the one seen in

observations. theK'-band speckle image. In particular, the simulations might
also explain featureB andE as associated with the proposed

4.4.4. Numerical molecular hydrodynamic precessing jet (compare Figura@ith Figurg 3). The simula-

simulations tions also show that the CO emission, which can be expected

for a precessing jet at larger distances from the drivingsau

A large number of studies about the structure and evolutionappears very smooth, which is also in accordance with the CO

precessing protostellar jets can be found in literatuige @aga observations made for NGC 7538 IRS1.

& Biro 1993; Volker et al. 1999; Raga et al. 2004; Rosen & e note that the fainter staesto n reported in Sec. 3.1.3

Smith 2004; Smith & Rosen 2005a), although most of thegge |ocated in the region where the column density in our pre-

studies focus on jetS from low-mass stars with rather narr@gssing Jet simulation appears particu|ar|y low (See Fﬂ@r

precession angles. As the number of simulations carrietbout eft column), supporting the scenario proposed in Sec24.4.
wide precession angles is much more limited (e.g. Cliffel.et a

1996), we performed a new hydrodynamic simulation. Besides _ _ _
the general morphology, we aim for comparing the position 8£4.5. Possible precession mechanisms

the newly discovered fainter stars with the column density-v

ations caused by a precessing jet, which was beyond the chggeral _mecha_nisms have_ been proposed which can cause
of earlier studies. jet bending or jet precession, although most of them were

established for low- and intermediate stars and can cause
7 For the sense of rotation, we follow the convention that ¢ewn precessilon angles of only a few degrees (Fendt &.Zinnecker
clockwise rotation (as measured from the source along eepsion 1998; Eisloffel & Mundt 1997). For the case of high-mass
axis) corresponds to a positive sign of the phase stars and larger precession angles ( 40 ), Shepherd et al.
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(2000) summarized the three most promising concepts tipatcession rate of 4 10° yrs (Bate et al. 2000). Assuming
could induce precession into circumstellar disks. We discuan extreme eccentricity might yield a short precessionogleri
how well these mechanisms can explain the observationsobthe order of 18 yrs but implies strong, periodic interactions
IRS1. For all cases, it is assumed that the out ow is launcheétween the companion and the disk during each perihelion
close to the center of the disk and that a precession of th@ssage. As this would quickly distort and truncate the, digk
inner parts of the disk will translate into a precession & ttsee this assumption contradicts the methanol maser steuctu
collimated ow (Bate et al. 2000). which suggests a smooth extension of the methanol layer from
o ) . ) 290 AU to 750 AU.
1. Radiative-induced warping: Armitage & Pringle (1997) 3b) circumbinary disk (a < ri): Smoothed particle hy-
suggested that geometrically thin, optically thick adert qrodynamic simulations by Larwood & Papaloizou (1997)
disks can become unstaple to warping if the incident ra“'ﬁ'at.ishowed that a binary on a non-coplanar orbit with large
from the stellar source is strong enough. As this warpingciination i could cause strong quasi-rigid body precession
instability is expected to occur only at disk radii largeatha o he circumbinary disk (fog > 10) and strong warping,
critical radiusR.i;, we can estimate whether radiative—inducelggispecim|y on the inner edge of the digk ( 1). The same
disk warping is expected at the inner part of the IRS1 diskythors report that the disk precession frequengy. should
Using a stellar mass df ~ 30M (Pestalozzi et al. 2004), pe |ower than the orbital frequency of the binarginary.
a mass accretion rate of the order of the mass outow raf§ make an order-of-magnitude estimation for the orbital
Macc  Moutow 54 10 *M yr *(Davis et a|-1998)’andaperiod that would be expected for this hypothetical IRS1
luminosityL  9:6 10*L (Akabane & Kuno 2005), we USepinary system, one can assUM@ec ! binary=20 (Bate
equation 5 by Armitage & Pringle (1997) and the assumptiogs 5| 2000) to obtaiPynay 14 yrs for the binary period,
listed in Shephe_rd et a_l. _(2000) and obtair_1 a critical rad"é%rresponding to a separation @fnay 19 AU (7 mas).
Rerit 200 pc. Since th!s |s.far !Jeyond the inner edge Of thlfhis binary separation then puts a lower limit on the radius
disk where the jet collimation is expected to happen, it 5 the inner edge of the circumstellar disk. As this scenario
very unlikely that the radiation emitted by the star or due {9, rigger the fast disk precession without truncating the
accretion causes any noticeable warping within the disk.  gxtended disk structure traced by the methanol masers, we

2. Anisotropic accretion events: The impact/merging of consider a circumbinary disk as the most plausible expiamat

(low mass) condensations can change the orientation of the

disk angular momentum vector. In such a dramatic event,

angular momentum can be transferred from the impactor ) ) ) )

onto the accretion disk, potentially resulting in a net tarq 4-°- The IRS2 companion and ow interaction with

in the rotation of the disk. To estimate the precession angle the IRS2 UC H I region

which could result from anisotropic accretion, very detail

assumptions about the disk, the impacting condensatiah, dre spectral type of IRS2 was estimated to be 04.5 (Akabane
their kinematics must be made. Since no data is available&duno 2005), correspondingto a luminosity of6:4 10°L .
estimate these quantities, we refer to the example computéging the measure®band ux ratio, one can make rough
by Shepherd et al. (2000) and note that in extreme cases, sestimates for the spectral type of the two components regort
an accretion event could cause a suf ciently large preoessiin Sec. 3.1.2. By assuming the total luminosity is attribute
angle in the case of NGC 7538 IRS1 as well. However, in thigly to the two components, we obtain a spectral type of O5
scenario one would expect rather sudden changes in thef@gtlRS2a and O9 for IRSP (using the OB star luminosities
direction rather than a smooth precession. from Vacca et al. 1996).

3. Tidal interactions with a companion: Warping and pre-

cession of the disk could be caused by tidal interactions wit Within our images, the wide-opening angle out ow cone
one or more companions on non-coplanar orbits. We assuffém IRS1 seems to extend well out to IRS2. This offers an
the simplest case of a binary: with stellar masgggprimary) explanation for the shock tracer line emitting region thasw
andMjs (secondary), an orbit with inclinatiorwith respect to imaged around IRS2 (Bloomer et al. 1998, see FiguyeTte

the disk plane, and a semimajor axisThe mass ratio shall bowshock-like morphology of the [Fe I1] andi¢mission sug-

be denotedy = Mp=Ms and will be assumed as unity. Ourgests that the shock is excited from the south (which is riyugh
observations place an upper limit on the separation of sucthg direction towards IRS1). In the direction opposite IRS1
companion (see Figure 4). Two cases can be considered: the [Fell] and H emission even shows a cavity-like structure,
3a) circumprimary disk (a > ro): Because tidal torqueswhich also appears in the 6 cm-radio continuum. Bloomer.et al
would truncate the disk at about 0.3 times the binary sepat4998) suggested a stellar wind bowshock scenario, in which
tion (Lubow & Ogilvie 2000), we obtain a lower limit for the IRS2 moves with a speed of10 kms* towards the south-
binary separation (for a circular orbit), namedy> 2500 AU. Wwest through the ambient molecular cloud. We note that the
However, a binary with such a large separation would be noerphology could also be explained by interaction betwaen t
suited to explain the observations since the orbital periddS1 out ow and IRS2 out ows. Based on its young age, IRS2

would be> 2 10% yrs (Mp+ Mg = 30M ), implying a disk might also launch a powerful wind itself, causing the distin
shock zone which appears within the shock tracer emissan (s
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Figure 8) and which is also detectable in okf-band image observed chain of infrared sources.
(arc-like morphology between featur@sandH).

Ojha et al. (2004) suggested that IRS6, the most lumi-
nous source in the NGC 7538 region, might be the main ex-
citing source responsible for the optical H |1 region. Insjireg
the IRAC color composites, this scenario is supported by the
Figure @& to d shows mosaics of the vicinity of IRS1 in themorphology of the bright, curved structure west of IRS6. In
four IRAC bands. Although IRS1 and IRS2 appear saturatedtire IRAC 8 m band (red in Figure @, this structure ap-
these images (shown in logarithmic scaling) and bandingi¢ve pears particularly prominent. As it is known that emission
cal and horizontal stripes produced by IRS1 and IRS9) agpetr this IRAC band is often associated with PAHs, this sug-
especially in the 5.8 and® m images, structures potentiallygests that this region is illuminated by strong UV radia-
related to IRS1 can be observed. About46wards the south- tion from IRS6. Other features, such as the conical strectur
east of IRS1, a bowshock structure can be seen, which is esound 2MASS 23135808+6130484 and the structure northeast
present in the blimage by Davis et al. (1998). This bowshoclof IRS7, also show a symmetry towards IRS6.
points in the same direction as the redshifted lobe of the CO
out ow (see Figure 6) and just opposite to the out ow direc-
tion identi ed in our speckle image at small scales. Thuss it 6. Summary and Conclusions

possible that this bow traces the southeastern part of t8& IR _. _ -
out ow. In our speckle image, the inner part of this southea?'Sp?Ctrum speckle _mterferometry and archiggiitzefIRAC .
ern out ow is not visible; likely a result of strong interviery Mading of the massive protostars NGC 7538 IRS1/2 and their

extinction. vicinity are presented. We summarize our results as fotlows

Furthermore, it is interesting to note that the “ridge” con-
necting the IRS1-3 cluster with IRS4 and IRS5 follows thd. The clumpy, fan-shaped structure seen in our speckle im-
western wall of the out ow direction identi ed in our speckl ages most likely traces recent out ow activity from IRS1,
image (see top of Figure 6). It is possible that the totalmixte  consistent with the direction of the blue-shifted lobe @ th
of the IRS1 out ow also reaches much further northwest than known CO out ow. A bowshock structure noticeable in
the structure seen in the speckle image, contributing texae  the IRAC images 40" southeast of IRS1 suggests that
citation of the western part of the bubble seen in the IRAC the total extent of the out ow might be several parsecs.

bands and the shocks in the knage by Davis et al. (1998,  The out ow might have also contributed to shaping and
see Figure B). exciting the bubble-like structure, which is prominent in

all four IRAC bands (although contributions from several
other sources, especially IRS6, are also evident).
2. A companion around the high-mass star NGC 7538 IRS2
was discovered. Furthermore, we see indications for inter-
It has been proposed by many authors that star formation actions between the IRS1 ow and out ows or stellar winds
seems to propagate southeastwards throughout the NGC 7538rom IRS2 (nebulosity surrounding IRS2).
complex (Werner et al. 1979; McCaughrean et al. 1991; Ojia A jet precession model seems suitable to describe the fea-
et al. 2004). This is indicated by the spatial arrangement of tures observed within our NIR images, simultaneously ex-
the members of this star forming region, which also seems plaining the misalignment between the putative methanol
to agree with the expected evolutionary sequence: starting maser disk, the UCH Il region, and the out ow tracers de-
about 8 northwest of IRS1, O stars located in the H Il region tected at larger scales (CO). A simple analytic precession
represent the most developed evolutionary state, folloed  model was used to extract order-of-magnitude estimates for
the IRS1-3 cluster and their associated UCH Il regions, with the precession parameters. Using these we estimate tidal in
the compact re ection nebula around IRS9 representing the teraction of a close binary system with a circumbinary disk
youngest member of this star formation site. In agreement as the most plausible gyroscopic mechanism, which is trig-
with this picture, Balog et al. (2004) measured the reddgnin  gering the precession.
of stars throughout NGC 7538 and found a gradient in red. The presented molecular hydrodynamic simulations can re
dening with the most heavily reddened sources in the sosthea produce some of the ne-structure observed in our NIR
images and indicate that the arrangement of the detected
The presented IRAC images can also be interpreted in fainter stars might be explained as a column-density effect
support of this scenario since the "ridge”-like feature wect- caused by the proposed precessing jet.
ing IRS1-3, IRS4, IRS5 seems to trace the interface betwe8&n The prominent sites of ongoing high-mass star formation
the northeastern bubble (visible at NIR/MIR wavelengths) in NGC 7538 seem to be located just at the interface be-
and the submillimeter bubble, which appears in the 460 tween two bubble-like structures — one is visible in the
and 850 m-maps by Reid & Wilson (2005, see Figure 2). presented IRAC images, the other traced by submillimeter
This suggests that in NGC 7538, star formation was triggered observations. The gas compression caused by the expan-
by the compression of gas just at the interface layer of these sion of these bubbles might have triggered star formation
expanding bubbles, sequentially initiating the formatidithe in this region.

4.6. Out ow structures from IRS1 at larger spatial
scales

5. Evidence for triggered star formation in the
NGC 7538 star forming region
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While it is well established that the out ows of HMPOsDavis, C. J., Moriarty-Schieven, G., Eisloffel, J., Hodvke G.,
generally appear less collimated than those of their logama & Ray, T. P. 1998, AJ, 115, 1118
counterparts, the recent discovery of evidence for out @e~p De Buizer, J. M. & Minier, V. 2005, ApJ, 628, L151
cession for an increasing number of massive YSOs might iDickel, H. R., Rots, A. H., Goss, W. M., & Forster, J. R. 1982,
dicate a common launching mechanism for all out ow driving MNRAS, 198, 265
sources of all stellar masses. The observed widening in HMB®ck, H. M. & Capps, R. W. 1978, ApJ, 220, L49
out ows might be due to selection effects (Shepherd 200Byck, H. M. & Lonsdale, C. J. 1979, AJ, 84, 1339
and/or precession of a collimated jet. The large precession Eisloffel, J. & Mundt, R. 1997, AJ, 114, 280
gles reported for IRAS 20126+4104 (Shepherd et al. 200&)saesser, H., Birkle, K., Eiroa, C., & Lenzen, R. 1982, A&A,
S140 IRS1 (Weigelt et al. 2002), IRAS 23151+5912 (Weigelt 108, 274
et al. 2005), and now NGC 7538 IRS1 (this paper) might poiRazio, G. G., Hora, J. L., Allen, L. E., et al. 2004, ApJS, 154,
towards a rather dramatic precession mechanism, maybe th&0
presence of very close, high-mass companions on non-capldfendt, C. & Zinnecker, H. 1998, A&A, 334, 750
orbits. Fischer, J., Sanders, D. B., Simon, M., & Solomon, P. M. 1985,

We strongly encourage further observations of IRS1, es-ApJ, 293, 508
pecially to detect potential companions either by neamaigid Franco-Hernandez, R. & Rodr'guez, L. F. 2004, ApJ, 604,
long-baseline interferometry or radial velocity measuzais. L105
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a)IRAC 4.5 mimage

b) IRAC color composite: 3.64.55.8 m ¢) IRAC color composite: 4.55.88.0 m

Fig. 2. Figure a) shows the Spitzer/IRAC 4.5m image with the position of the infrared sources (IRS1 to &d aMASS sources) and
H,O masers marked. Furthermore, the position of the submatiér (450 m and 850 m) clumps reported by Reid & Wilson (2005)
are shown. The position of the 2MASS sources 2MASS 231358080484, 2MASS 23131660+6128017, 2MASS 23134351+6129372
2MASS 23144651+6129397, 2MASS 23131691+6129076, 2MA33@R9+6128184, and 2MASS 23133184+6125161 are labefdit-ex
itly. Figuresb) andc) show color-composites produced with two triplets of therftRAC bands. The intensity of each image was scaled
logarithmically. North is up and east to the left.
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2800 AU

K'+ 15GHz continuum

| Methanol Masers 6.7 GHz

1"

2800 AU

Fig. 3. Bispectrum speckle image with identi ed point sourcesaftidles) atop marked. The astrometry for the point-sour@sperformed
using the high-resolution BTA image, whereas the image sheas reconstructed from MMT data. The contours trace 0.2Z5%8p, 0.75%,
1.0%, 1.25%, and 1.5% of the peak intensity. The inset on pipeuleft shows a reconstruction of the vicinity of IRS2 gsaresolution of
80 mas (BTA data). In the lower left, IRS1 is shown using aedéht color table, emphasizing the elongation of the IRSY disk (MMT
data) overplotted with the 15 GHz radio continuum (the cargshow -1, 1, 2.5, 5, 10, 20, ..., 90% of the peak ux) and tbsitpn of the
OH (circles) and methanol (crosses) masers (image fromviduitkorn & Cohen 2003 using data from Gaume et al. 1995).draver right
we show the integrated brightness of the methanol masengsasred by Pestalozzi et al. (2004, contour levels of 1, B) 530, 50, 70, and

90% of the peak ux density are shown).
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Fig.5. lllustration showing the out-
ow directions in the various tracers.
The CO contours by Kameya et al.
(1989, red and blue) are overlaid on
the H, map (greyscale) by Davis et al.
(1998). The orientation of the conjec-
tural methanol maser disk (green), the
fan-shaped structure detected in &Ur
band image (orange), and the averaged
direction of H (red arcs) are shown
schematically. The arrows indicate the
direction prependicular to the align-
ment of the methanol masers (green),
the orientation of the inner<( 0:5%
and outer ¥ 0:5°9 core detected in the
1.0, 1.3, and 6.0 cm radio continuum
(white), and the direction along which
the IRS1 Airy disk was found to be
elongated (MIR: De Buizer & Minier
2005; NIR: this paper).
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a)3:6 m (1200 1209 b)4:5 m (12070 1209 €)5:8 m (1200 1200 d)8:0 m(120° 12099

€)3.624.55.8 m+KO(120° 1207 f)3:6 m+ CO (Kams9) (120° 1209 g)3:6 m+ CO (Sco8§ (120° 1209  h)H, (Daves) + K (120 120%9

i) Ha;[Fell] (BIo98) + KOBO®© 607  j) J;H:K (Blo98) + KO(60°° 60°9  k)KC+ 117 m (DeB09 (13° 129 1)K°+ 183 m (DeB0§ (13° 139

Fig. 6. Mosaic showing the IRS1-3 cluster at various wavelengtleside the speckl&’band image (also marked as red box) and IRAC
images, data from Scoville et al. (1986, CO), Kameya et 8891 CO), Bloomer et al. (1998], H, K, Hy, [Fe I1]), Davis et al. (1998, H),
and De Buizer & Minier (2005, 1Z m, 183 m) was incorporated.
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Fig. 7. Left: lllustration of the analytic precession model presenteSen. 4.4.3Right: MMT speckle image overplotted with the trajectory of
ejecta from a precessing out ow projected onto the planehefgky (thick blue line) as described by the analytic preoassiodel. For the
counter-clockwise precession, the parameRyrs = 280 yrs, = 40, = 30, = 0 (precession axis within the plane of the sky), and

o = 0 were used. In order to simulate a nite collimation of the pwe varied both and by 5, yielding the trajectory given by the thin
blue lines. The red contours show the 15 GHz radio continuwap by Hutawarakorn & Cohen 2003 (using data by Gaume et ab)199
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b) Synthetic images( = 90)

Unconvolved Convolved Unconvolved Convolved
T T T T 8 T T T T
o~ 4 o~k o~ E o~ 4
E°[ 1 -g.c'.’ £ 7 g T 12% -t J g
e o i O In| 2 ol i FLINE I + 482
2 < @ N2l S =
>.-I-_ i g >"I_' g }-I-_ 1 g }-I-_ i g
Sk 1 s Tt St + 1R Tt 1
) ) ) ) ) ) ) ) F 18
i * T T _R i * T T N 'R
o~ 4 o~k o~ E o~ 4
5[ 114 s 87l 1 |sd s-f 1] &
'—:gc- + -R\ff Eé::-- _’o§ 590- 4 5 '—:c_,c- 1 _w§
B | g X7t 4 Nl | g <L 1 ]%e
T - T s 1 le T -
1 1 © 1 1 1 1 [ e 1 1
i * N T T i * T T
o~ 4 o | 4 o~ i
-:go- E s ':‘20_ e —go- E e —gc- E =3
S50 | g 37l g Nl | 2 <L J g
Y 1 la T 1y s 1 ls i g 1 Jg
] ) ! ! 3 ) ! !
o~ - o~k IR o ] <L | -g
a8 % I FS 2
5[ T 1’ s | g7l 112 577 1%
Ler 1] 8 %er &| %ol 1] 8 %er 11 &
Bl | g X7l _§3 Nl | 2 <l 1l 1s2
— 4
ol TR il Tt 117 T .
P ¥ 0 7 : 7 ¥ 0 P ¥
x/10'® em x/10"® em x/10"® em x/10'® em
¢) Column densities d) CO channel maps
¢ = 0° ¢ = 90°
o~
o L L I
Y | o
Eal i y
o
- oL | 24.08 23.06
— <~ -
Yol | X 75 26.26 | 2 26.55
>
T  Column density - Column density (‘Q“
© | All gas All gas g IS
| = T (o]
ol L e S e s B B B B "o
<L | ©
c o g 24.02 23.11
ST i —2.5 26.67 | /2 25.98
o o |- I )
\ |
NN |
R
T + Column density  Column density o
M
L‘O,(Hg) ,(HQ) I | | ||
| | | | | | | | | | | |
2 4 6 8 10 12 2 4 6 8 10 12 22 23 24
x/10'% cm x/10"¢ cm log L(CO) erg/s

Fig. 8. a), b): Synthetic images (H1 !

(Bottom).

0, 2!

1; CO R(1), R(5)) from our ZEUS-3D molecular hydrodynamimslation, shown for
two different projections. In Figure) the images are also shown after a convolution with a Gausdiéech roughly resembles the resolution
obtained in our speckle observation (Figure 3). Figghows the total gas column density and theeblumn density for the same projections.
Finally, ind) we show channel maps of the CO out ow for four velocity binsack velocity bin has a width of 5 km sand the central velocity
is given by the number on the left of each image (in ki).sThe two numbers on the right of each image indicate the fabe@maximum
integrated luminosity in any single element in the imafen(in erg s') and the log of the total integrated luminosity in the entietocity bin

The angle gives the angle between ta@xis and the LOS, corresponding to a rotation around theepséan axisX axis). Please see the text
(Sec. 4.4.4) for a description of the complete model pararaet



