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ABSTRACT

0604

Context. NGC 7538 IRS1 is a high-mass (30) protostar with a CO outflow, an associated ultracompacttddion, and a linear methanol
~ Mmaser structure, which might trace a Keplerian-rotatimguchstellar disk. The directions of the various associatezs are misaligned with
-C each other.

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

! Methods. K’-band bispectrum speckle interferometry was performedvat@-meter-class telescopes—the BTA 6m telescope and Sne 6.
9 MMT. Complementary IRAC images from ti&pitzer Space Telescope Archive were used to relate the structatestdd with the outflow at
4= |arger scales.

Results. High-dynamic range images show fan-shaped outflow stredtuwhich we detect 18 stars and several blobs of diffusesamisWe
© interpret the misalignment of various outflow axes in thetexnof a disk precession model, including numerical hyginaimic simulations
= of the molecular emission. The precession period 80 years and its half-opening angle-igl0°. A possible triggering mechanism is non-

'>2 coplanar tidal interaction of an (undiscovered) close camiqn with the circumbinary protostellar disk. Our obséors resolve the nearby
) massive protostar NGC 7538 IRS2 as a close binary with sepauaf 195 mas. We find indications for shock interactionizn the outflow

(0] activities in IRS1 and IRS2. Finally, we find prominent sitéstar formation at the interface between two bubble-likectures in NGC 7538,
suggestive of a triggered star formation scenario.

Conclusions. Indications of outflow precession have been discovered t® idaa number of massive protostars, all with large preoessi
angles ¢ 20-45). This might explain the difference between the outflow Wwidin 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 interferomettgrfiar-
ometric

1. Introduction How outflows are collimated is a matter of ongoing de-
bate and may depend on the stellar mass of the outflow-
driving source. One of the arguments in support of this con-

. . clusion is that outflows from high-mass stars appear less col
(HMPOs), direct evidence for the presence of compact ¢ [mated than the outflows and jets from their low-mass coun-

cumstellar disks is still rare, whereas outflows seem to eerpartslmmM) Therefore, it has been suggesad t
ommpreser;t ml the hlglh-mass sta:r forfmlngtLegl_o?sl.l_Outflovgatﬂows from HMPOs might be driven by strong stellar winds,
remove not only anguiar momentum from the infafing ma‘écking a recollimation mechanism. Since HMPOs typically

ter, but also help to overcome the radiation pressure ”"_‘“ form in dense clusters, another possibility is confusiorirsy

protostell_ar accretl(_)n,_ by carving out optically thin d&s presence of multiple collimated outflows.

along which the radiation pressure can esc eta ) : _ .

m) However, since there is evidence that the binary frequency
' is significantly higher for high-mass than for low-mass star

Send offprint requests to: skraus@mpifr-bonn.mpg.de (e.g., [Preibisch et hl. 1999), another possibility is that- o

Protostellar disks and outflows are essential constituehts
the star formation process. For high-mass protostellazaibj




2 Kraus et al.: Outflows from the high-mass protostars NG@B1851/2

flows from HMPOs simply appear wider, assuming they u®and 15 GHz CO continuummmy The spectral
dertake precession. A few cases where outflow precessigpe was estimated to be O7 (Akabane & Kuino 2005), which
have been proposed for HMPO outflows (m etimplies a luminosity~ 9.6 x 10*Lg. VLA observations with
2000; [Weigelt et 41l 2002, 2005) show precession anglesafesolution down to’0 (=180 AU) also revealed a double-
~ 20 to 45; considerably wider than the jet precession ampeaked structure of ionized gas within the UC core (peaks sep
gles of typically just a few degrees observed towards lowrated by~ 0/2), which was interpreted as a disk collimating
mass stars (Terquem eflal. 1999). This is in agreement veth thnorth-south-oriented outflow (Campbell 1984; Gaumelet al.
general picture that high-mass stars form at high stellar d@). This interpretation is also supported by the detec-
sity sites and therefore experience strong tidal intesadtiom tion of elongation of the dust-emitting region at mid-infre
close companions and stellar encounters. (MIR) wavelengths (@m:m 2; 11.4m and
The detection of precessing jet-driven outflows frorh8.3um:IDe Buizer & Minierl 2005) and imaging studies per-
HMPOs adds support to the hypothesis of a common fornf@rmed in the sub-millimeter continuum (35@m, 450 um,
tion mechanism for outflows from low to high-mass star§00 um, 850um, 1.3 mm: | Sandell & Sieveis 2004, show-
Furthermore, jet precession carries information about ti@ an elliptical source with a size of 11’6 x 7’6 along
accretion properties of the driving source and, simultasgo PA® ~ —80°) and CO line emission (Scoville et/al. 1986, show-
about the kinematics and stellar population within its ekis ing a disk-like structure extending22” in the east-west direc-

vicinity, yielding a unique insight into the crowded placefon). Also, polarization measurements of the infraredssion
where high-mass star formation occurs. around IRS1 can be construed in favor of the disk interpreta-

tion 8. _Tamura etlal. 1991). Kawabe bt al.
In this paper, we report another potential case of outfl ) carried out interferometric CS (J=2 1) observations
precession concerning the outflow from the high-mas$\a0 and found a ring-like structure, which they interpret asarlye
PPestalozzi et Al. 20D4) protostellar object NGC 7538 IRSL. face-on protostellar disk of dense molecular gas.
: : : Further evidence for outflow activity was found
We obtained bispectrum speckle interferometry of IRS1 i
and IRS2, which provides us with the spatial resolution &, \Gaume et al. |(1995), who measured the profile of the
study the inner parts of the outflow, detecting filigreed find®5% rec?mbmatl(_)n line and derived high velocities of
structure within the flow. Information about even smalleg>0 KmS™, indicating a strong stellar outflow from IRS1.

; ; PR O (J=1 — 0) spectral line mapping showed a bipolar
scales is provided by the intriguing methanol maser featu% . :
which was detected at the position of this infrared sour(f:IQW (Eischer et &l 1985). The mass outflow régyiow from

P 3 -1
and which was modeled successfully as a protostellar digkoL Was estimated to be 5.4 x 107 Mg yr (Davis et al.

in Keplerian rotation [(Pestalozzi etial._2004). To search ). Interferometric observations byj_c;md!.l_&dthl_&d,Q
outflow tracers on larger scales, we also present archiP@@m Sizé 7) show that the blue and red-oshlfted lobes are
Spitzer/IRAC images. In addition, this allows us to relate thgeparated by, ZBW'th a position angle o+-45’, qnd _IRS% IS
sources studied with bispectrum speckle interferometit Wilocated on this axis just between the lobes of this highaigfo

1 .
the overall star forming region and we find new hints fo@‘_76 to 737 kr_n s7) CO ou_tflow. In comparing t.he data ob-
triggered star formation in this region. tained with various beam sizés (Camghell 1984; Kameyal et al.

m), these seem to indicate a change in the position angle

of the flow direction at different spatial scales, rangingnir

PA~ 0’ atd’3, PA~ -25°at2’, PA~ -35° at 7/, to PA-40°
1.1. Previous studies of NGC 7538 at1@’.

) ) Within the immediate { 0/5) vicinity of IRS1, a

s e s o S S A s AT of masrs s been discovered. ifling
~ 2.8 kpc [Blitzetal.[1982). Several authors noted th o %? C,iﬂ_('f(c;nr:]nigigyl'
NGC 7538 might present a case of triggered or induced ) CHOH (methanol, ‘five features ’A, B, C, D E
formation since it shows ongoing star formation at varioqﬁere detected at 6.7 and 12.2 GHZ._Menten =f al. 11986:
evolutionary stages, apparently arranged in a northweﬁs(”Mﬂl&l’_eLa.ll.l.JﬁﬂB 2000)!5NH; (Johnston et al_1989), and
developed) to southeast %/oungest evolutionary stagea)i—grar_|20 mnmm. Some of the masers show only
ent 91). vague signs for a systematic alignment within line&NHa,

At optical wavelengths, the appearance of the region @& . _60°) or ring-like structures (RO, methanol-maser fea-
dominated by diffuse H Il emission, which extends several g[jre E). However, the methanol-maser feature A represets o
cminutes from the southeast to the north Neik the most convincing cases of systematic alignment, ih bot
[1986). In 1974 =W/illi ' uer detinear spatial arrangement (RA-62°) and well-defined veloc-
tected eleven infrared sources (IRS1-11) in the NGC 7538 g gradient, observed to date in any maser source. Thetquali
gion, wherein IRS1-3 are located on the southeast-cornetjof interpretation of this structure as an edge-on cirdetiss

the fan-shaped H Il emission in a small cluster of OB-stargisk (Minier et al[1998) was later confirmed by the detailed
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 0’4 (ne ~ 10° cm 3, measured in from north to east.
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modeling ofl Pestalozzi etlal. (2004), which showed that tlgiadrant of the Rockwell HAWAII array in our speckle cam-
alignmentin the position—line-of-sight (LOS) velocityadiram era. All observations were carried out usingkaband fil-
of maser feature A can be modeled accurately assuming a ges- centered on the wavelength 2.xgh with a bandwidth
tostellar disk with Keplerian rotation. of 0.21 um. During the BTA observation run, we recorded
Aiming for a more complete picture, several authors (e.420 speckle interferograms on NGC 7538 IRS1 and 400 in-
IMinier et al.[1998[ De Buizer & Miniér 2005) also tried to in-terferograms on the unresolved star BSD 19-901 in order to
corporate the presence of methanol maser features B, C,cDmpensate for the atmospheric speckle transfer funcTioa.
and E in the circumstellar disk model for feature A and intespeckle interferograms of both objects were taken with an ex
preted them as part of an outflow which is oriented perpediquesure time of 360 ms per frame. For the MMT observa-
lar to feature A. Since these maser features are southwérdgans, the star 2MASS 23134580+6124049 was used for the
the putative circumstellar disk, it remains unclear whytap- calibration and 120 (200) frames were recorded on the target
pear blue-shifted with respect to featurel A (Minier é£ aB&P (calibrator) with an 800 ms exposure time. The modulus of
whereas the southern lobe of the CO-outflow is red-shifted. the Fourier transform of the object (visibility) was obtagh
Besides the circumstellar disk interpretation for the iorigwith the speckle interferometry methdd <E5%ﬁ,{£.é 1970). Fo
of the maser feature A mentioned above, an alternative scendmage reconstruction we used the bispectrum speckle inter-
was proposed by_De Buizer & Minlel (2005), who suggestderometry methodlL(Weigelt 1977, Weigelt & Wirnitzer 1983,
that feature A might trace the walls of an outflow cavity. [Lohmann et &Il 198 igelt 1986). With pixel
The region was also intensively observed in the infraresizes of 27.0 mas (BTA) and 28.7 mas (MMT) on the sky, the
Survey images of the infrared continuum emission were pr@constructed images possess fields of views 6BIBTA)

sented by_Campbell & Pers$dn (1088, K) and[Ojha et dl. and 131 (MMT), respectively.
(2004, J, H, Ko) and showed diffuse emission, which ex- We found that the BTA data allows the highest spatial res-
tends from the IRS1-3 cluster in a fan-shaped structure tution (and is therefore perfectly suited for the idenéfion
wards the northeast and north, approximately tracing the @ point-sources within the field), whereas the image recon-
tical H Il region. The northeast border of this NIR emittireg 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 um maps byl 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 FigurEH) and perform point-source identifi-
ner walls of a vast outflow cavity. Furthermote. Davis ét agations within the higher resolution image reconstructechf

) discovered two bowshock-shaped structures, @shteBTA data (Figur&h). In order to distinguish point-sources and
roughly on the IRS1-3 cluster and orientated again along Wigfuse structures reliably, we reconstructed images abus
northwest-southeast direction (RA—-30") in Hz 2.122um.  resolutions (146 mas, 97 mas, 72 mas) and carefully exam-
With imaging at arcsecond resolution and the use of séuied changes in the peak brightness of the detected features
eral spectral filtersJ, H, K, [Fell] 1.65um, Bry 2.165um, Whereas for point-sources the peak brightness increases sy
Hz 2.1224m, and 3.29um), [Bloomer et &l. [(1998) attemptedtematically, it stays constant or decreases for diffusecsires.
to identify the source and mechanism of the outflow. Based To perform an absolute calibration of the astrometry in our

onda EOT?Lary_-shapebd morgh_ology in thed[Fil 1 (Ijine ri]mag‘ﬁﬁages, we measured the position of IRS1 and IRS2 in the Two
ana shell-like rings observed in the H, andK- andas, 1 €S€ Micron All Sky Survey (2MASSXK; Atlas images and use the
authors propose a stellar wind bowshock model in which tr&%termined absolute positions as reference for our astrgme

motion of IRSZ_ “?'a“"e, t9 the m.olle_cular cloud produces trWe estimate that the accuracy reached in the relative astrgm
diffuse NIR emission within the vicinity of the IRS1-3 clBst 5 _ /1 The apsolute calibration introduces further errers (
The first K-band speckle images, taken with the 3.5 My:2).

telescope on Calar Alto were presented hy Alvarezlet al.4p00
and showed substructure in the vicinity of IRS1; namely, two
strong blobs A4, PA~ -45°; B, PA~ -7(r), a diffuse 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 &1 images (PI:
2. Observations G. G. Fazio), taken with the Infrared Array Camera (IRAC,
4) on th&pitzer Space Telescope. The four
bands are recorded simultaneously using two InSb (816
The first set of observations was performed on 2002-09-24%6 um) and two Si:As (5.8&m, 8.0um) detectors. The central
using the 6.0 m BTA (Big Telescope Alt-azimuthal) telewavelengths and bandwidths of the IRAC bar‘Met al.
scope of the Special Astrophysical Observatory located @004) are 3.5¢m (A1 = 0.75um), 4.52um (A1 = 1.01um),
Mt. Pastukhov in Russia. Additional data were gathered 2073 um (A2 = 1.42 um), and 7.91um (Ad1 = 2.93 um).
12-20 with the MMT (Multiple Mirror Telescope) on Mt. Each image consists of 256 256 pixels, corresponding to
Hopkins in Arizona, which harbors a 6.5 m primary mirrora ~ 5 x 5’ field-of-view on the sky. The data used include
As detector, we used at both telescopes onex512 pixel 48 Spitzer pointings taken on 2003 December 23 in the High

2.1. Bispectrum speckle interferometry
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al NIAMT \pnrk!p lmags {334 mas redaluiion, 2004-12- 2065

2"

et

) BTA speckle linage (146 mmas ivealition, 20020924

Fig. 1. Bispectrum speckle images
(K’-band) reconstructed from data
taken witha) the 6.5m MMT and
b) the 6m BTA telescope. To show
the weak emission features, the in-
tensity of IRS1 was clipped to
2% of the total flux. Within the
high-resolution imageh], speckle-
noise artifacts appear around IRS1
(marked with a circle). These weak
features represent small distortions
of the point-spread-function (PSF)
on the 1%-level and do not influ-
ence the reliability of the identifi-
cation of point sources within the
image. The absolute coordinates of
IRS1 area = 23" 13" 4535 and

6 = +61° 28 10'84 (J2000, de-
termined from 2MASS, accuracy
0’5).
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Dynamic Range (HDR) mode. In HDR mode, for each poin Regsied itiance [Al]
. . . . - 0 500 1000 1600 2000 2500
ing, images are taken with two exposure times (0.6 s and 1z 1 RS LI KIRILR 0
in order to record both bright and faint structures. Howgve \ eSS ettt e e St e S e te e Sate e duto e te et tetetoleteboles
the two brightest sources, IRS1 and IRS9, are saturated e |ssiatotetens : AR KIS 17
within the 0.6 s exposure. B I RNH LRI

We used thenopex software (2005-09-05 version), release o1 | \ SRR RRICRIHRAIRXHAXAIIRRRAKAIKAIRARARIA] 8
by the Spitzer Science Center (SSC), to process both the lcg & SRS 43 E
and short exposure images. Beside the basic calibratips 31% s
applied by the Basic Calibrated Data (BCD) pipeline (S22,0. & 4 g
we performed Radhit detection, artifact masking, and goint ~ ,, | & XRRRXXXLRILA] « &
refinement. Finally we generated a mosaic in which the sa o

. . Binarity allowed

rated pixels of the long exposure image were replaced by 16
corresponding pixels of the 0.6 s exposure. The opticabdes
of IRAC induces a shift of- 68 between the 3.6/5gmand | . . . ‘ . ‘ . ki
4.5/8.0um pointings, leaving an overlap ofbbetween all four ' 100 200 300 400 500 600 700 8OO 900 1000
bands. Apparent Separation [mas]

In Figurel2, color composites of the 3.6/4.5/8 and i 4. By measuring the speckle noise around the PSF of IRS1,
4.5/5.8/8.Qum band images are shown. we can rule out binarity of IRS1 on ar3level as a function of

The diffuse emission in three of the four IRAC bandgpparent separation and intensity ratio.
is dominated by Polycyclic Aromatic Hydrocarbons (PAHSs,
IChurchwell et al| 2004), which trace the border of regions
excited by the UV photons from HMPOs particularly welltures and list their position angles and separations inef@bl
Contributions are also expected from several vibratioeal | The directions, which were reported for various outflow trac
els of H, (Smith & Rosen 2005b), atomic lines, CO vibrationaérs, are also listed in this table and illustrated in Figlire 5
bands, and thermal dust grain emission. Our featuresA, B + B’, andC appear to coincide with the

featuresA, B, andC identified byl Alvarez et all (2004). A com-

parison suggests that featurds B + B’, C, D correspond to

3. Results the peaks W, 1N, and NW in Tamura et dl1(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

830 mas (see inset in the upper-left corner of Fidure 3), we de-
t rmined the separation to be 195 mas and found a PA28
or the 1"9 fainter companion (2002-09-24). We designate the

In our speckle images, the Airy disk of IRS1 itself appea
asymmetric, being more extended towards the northwest
rect|_0n (PA~ —70, see F|g_ur£l‘_1 and inset in the Ipwer left brighter component in th’-band as IRS2 and the fainter as
of Figure[3). In the same direction (PA —60°), we find two RS%
strong blobs A, B + B’) of diffuse emission at separations o* '
~1” and 2’. These blobs and additional diffuse emission seem
to form a conical (fan-shaped) region with & @pening angle 3.1.3. Detection of fainter cluster members
extending from IRS1 towards the northwest. . . .

A careful examination of the power spectrum of IRS1 h egdes ”.?Sl an_d IR.SZb’ we were a.ble. 0 |dent|fy 18 ad-
shown that the detected asymmetry of IRS1 is not caused b '%Onal famt_er pomt-!lke sourcesa{r) within thg BTA. 'mage,
companion, but seems to represent diffuse emission. Toreyef hose positions and’-band magnitudes are listed in Table 2.

we can rule out a close binary system of similar-brightness ' Order to test whether these sources are physically re-
components down to the diffraction limit ef 70 mas. For the lated to N_GC 7538, one can compare_the stellar numl_:)er density
case of a binary system with components of significantly diflQr the brightness range 10 to 12°0 in our speckle image,
ferent brightnesses, we can put upper limits on the brigfstngsF’eCk'e = 18/128 arcset ~ 2.1 x 10°/ded, with the num-

of the hvpbothetical companion as a function of the proiect@§" expected from the cumulatiteband luminosity function
¥P P PrOJECIRLF) of the NGC 7538 field Nigig ~ 1.8x16%/ded. Although

binary separation (see Figute 4). " . o :
The PA of the elongation of the Airy disk is similar to thethese number densities were obtained with different Spata

PA of K’ blobsA, B, andB'. Another strong featureQ) can olution, the clear over-density of stars in our speckle ieig
be seen towards’ Fl/,\0° Thé blobs seem to be connected pSignificant and we conclude that most of the detected stars ar

a bridge of diffuse emission extending from featiBd¢o C. tkely members of the NGC 7538 star forming region. When

Overall, the diffuse emission seems to form a fan-shaped re- The K-band Iluminosity function by_Balog etlal_(2004) for the
gion which is extending from IRS1 towards the northwest withhole NGC 7538 region, corrected with the on-cluster KLF an-

an opening angle of nearly 90We identified some further fea- mulated for the magnitude range™dito 12"0 was used.
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Table 1.NGC 7538 IRS1 outflow directions reported for various tracer

Tracer Structure Beam Size Scale PA of Dynamical Ref. Contsnen
[ [ outflow Agef (Velocities in [km s1])
direction [] [108 yrs]
Methanol masers 0.03 +197d — [8] seeFig[B
1.0 cm cont. inner corg 05 0.13 0.4 +0 <003 [9] t.=015yrg
1.3 cm cont. inner corg 074 0.11 0.4 +0 <0.02 [5]
6.0 cm cont. inner corg 075 0.35 0.4 +0 <0.04 [1]
1.0 cm cont. outer corg 0'5 0.13 1.0 -25 >003 [9] t.=03yrs
1.3 cm cont. outer corg 04 0.11 1.0 -25% >0.02 [5]
6.0 cm cont. outer corg 0/75 0.35 1.0 -15...-20 >0.04 [1]
6.0 cm cont. outer corg 0'5 0.4 1.0 -28 >0.03 [9]
MIR 11.7um IRS1 Elongation 0.43 3 -45 .06 [10] see Fidk
MIR 18.3um IRS1 Elongation 0.54 4 -45 .6 [10] seeFidp
NIR K’-band IRS1 Elongation 0.3 0.6 -78 .03 - see Fidl3
NIR K’-band feature A 0.3 1.6 -65 @B - seeFidl3
NIR K’-band feature F 0.3 2.1 -33 Ja - seeFidlI3
NIR K’-band feature B 0.3 3.0 -39 156 - see Fidl3
NIR K’-band feature B’ 0.3 3.3 -57 B -  seeFidlI3
NIR K’-band feature C 0.3 4.8 +6 A5 - seeFidlI3
NIR K’-band feature E 0.3 6.2 -20 ] - see Fidl3
NIR K’-band feature D 0.3 7.4 +10 3 - seeFidI3
NIR K’-band eastern wall 0.3 - +25 - - seekg.3
NIR K’-band western wall 0.3 - -65 - - see fh. 3
[Fell] 1.65um 1 13 N-$2 0.8 [7] aroundIRS2;see Fifl6
H> northern bow 30 N-S 15 [6]
H, 1 27 -25° 14 [7] shell-like structure; see Fifll 6
H, southern bow 45 1558 23 [6] seeFig[h
IRAC bands southern bow 1 40 145 22 - see Figla...e
Cco low velocities 7 &b E-W 09 [3] -11<V,<-6;2<V, <?9;see Figlh
(e0) high velocities 7 15 -35 15 [3] -17<V, <-11;9<V, < 15; see Fidl§
co 34 18 507 15 [2] -24<V,<-8,9<V, <22
Cco 16 13b -40 14 [4] -14<V, <-9;11<V, < 16; see Fidle
CO 45 12b 50 10 [3] -24<Vy<-89<V, <22

Note —V, andV, are measured relative to the velocity of methanol maseufea (V = V — 56.25 km s?)

a Estimated from figures 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 thekibs position of the measured maser spots.

4 The expected outflow direction is given; i.e., perpendictdahe measured orientation of maser feature A.

€ Electron recombination time given in the reference paper.

f Assuming an outflow velocity of 250 knT’s which was measured thggs) within thedH@&@ombination line. For the
CO emission, we also use the measured CO outflow velocity envide the corresponding dynamical age in brackets. Sitheelacities are
measured along LOS, this timescale can only provide uppetsli
References: [1] Campbell (1984); [2] Fischer etlal. (1988)Scoville et al. (1986); [4] Kameya etlal. (1989); [5] Gaemt al. (1995);

%6] I]lam_e.r_a 11998); [WL(H%) [8] Miniet al. (2000); [9] Eranco-Hernandez & Rodriguez (2004);
10]IDe Buizer & Minief

using the KLF for the IRS 1-3 region instead of the whol8, B’), no stars were found, whereas embedded in Glahree
NGC 7538 field, the stellar over-density in our speckle imag#ars could be detected.

becomes even more evideM§s1-3 ciuster 1.4 X 103/de92).

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

they are likely to be part of the associated intermediatesma&s 2. Spitzer/IRAC: Morphology at large spatial
stellar population. 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 Figuifd 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 ‘Neil | 1985). At near-infrared (NIR) wave-
B to C (PA ~ 45°). Within the diffuse blobs close to IRSA( lengths 4), a diffuse structure can be foxad e
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Table 2. Point sources identified in our speckle images. For dethisiblRS1 and the binary system IR#R, we refer to the
text. We identify componensto f with the stars already discovered in the image by Alvaret|€2804).

Name RA(J2006) DEC (J2000) K’ Magnitudé Comment

a 231374533 6T 28 21’02 1094
b 4481 1063 1129
[ 4495 12’33 1146
d 4511 0969 1173
e 4537 1812 1177 embedded in featu@
f 45334 1%93 11"73 embedded in featu@
g 4536 14’80 1173 embedded in featu@
h 4531 1472 1186
i 4529 1274 1171
j 4527 1325 1173
k 4525 1205 1181
| 4524 1228 1183
m 4522 1271 1171
n 4536 12799 1175
0 4550 150 1160
p 4529 1842 1173
q 4516 1969 1177
r 4533 0848 1171

a For the astrometry, the relative errors are of the ordef’ df The absolute calibration using the reference positidR8fL in 2MASS
introduces further errors’(Q).
b The photometry was done relative to IRS1 with an uncertash@'3. For the conversion to absolute photometry, we assume&a IR

magnitude of 89 (Ojha et all 2004)

tending from the IRS1-3 cluster towards the northwest with t NGC 7538S). However, as can be seen in Fidiire 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, bubbltie IRAC images (the detection limits for point sources ia th
like structure (see FigurEb2 c), whose western border isfour IRAC bands are roughly 3.6, 5.3, 31, and 2% for the
formed by a pronounced ridge-like filament connecting IRSIRAC bands at 3.6, 4.5, 5.8, andun assuming medium sky
3 with IRS4 and reaching up to IRS5 (see Figileg. 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 b&r
der of the bubble. Several other outflow structures can
found in the IRAC image; most noteworthy, the un|d|reC4_1_ Nature of the observed K’-band emission
tional reflection nebula around 2MASS 23144651+6129397,
2MASS 23131691+6129076, and 2MASS 23130929+6128184the wavelength range of tH€ -band filter Qo = 2.12 um,
(see Figurél). The sources 2MASS 23131660+6128017 anth = 0.21 um), we record not only continuum radiation
2MASS 23133184+6125161 appear to be embedded in a shglg. scattered light, thermal dust emission, stellar inent
like cloud. uum emission), but also line emission (e.g;)HHowever,
Besides the position of the strongest near-infrared ssurceoth [Bloomer et d1.[(1998, see Figu® 6) and_Davis ket al.
Figure @ shows also the position of the submillimet@) did not detect significant amounts of, Hmis-
(450um, 850um) clumps reported by Reid & Wilsbh (2005).sion around IRS1. Furthermore, deep optical imaging by
These clumps trace the filaments and knots of the bubtiidsaesser et hl. (1982) and Camnbell & Peilsson {1988) raveal
which can be seen in the IRAC images, very well. Besidegeak optical source offset’2 north of the radio source IRS1.
this, the submillimeter clumps suggest another bubblke-likhe latter authors argue that the strong extinctidn € 13)
structure to the southwest of IRS4 (see also the imag#srived for IRS1 makes it highly unlikely that this opticahis-
in IReid & Wilson [2005). This bubble seems to be invisiblgion is connected to IRS1 itself but that it most likely regenets
at near- and mid-infrared wavelengths, although sever® Ns$cattered light. The measured offset suggests that thiedjain
sources are located on its border (2MASS 23130929+612818al source should be associated with blétesndB in our im-
2MASS 23133184+6125161). ages, making scattering the most likely radiation meclmanis
As already pointed out by Reid & Wilsoh (2005), it is infor the detecte®’ -band emission. This conclusion is also sup-
teresting to compare the position of the detecte@Hhasers ported by polarization measurements (Dyck & | ondtlale 1979)
with the position of the centers of high-mass star formaiion which show a strong polarization of theuZn emission, trac-
the region and to find agreement in many cases (IRS1-3, IRB®, either scattered light or light transmitted througtyaéd

Discussion
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grains. Henceforth we presume continuum to be the most im- We proceed now to discuss both scenarios within an
portant contributor to the detected emission. outflow-cavity model (Sed—4.3) and a precessing jet model
(Sec.[Z}), incorporating the large amounts of evidence col

. lected by various authors over the last three decades.
4.2. Methanol maser feature A: Protostellar disk or 4 . Y

outflow?

- 4.3. Scenario A: Outflow cavity model
We note that the 2MASS position of IRS1

(@ = 2313 4535,5 = +61° 28 10’8, J2000) and the po- Since the intensity of the diffuse emission in our imagessee
sition of the methanol maser feature & = 23" 13" 45364, to decrease with distance from IRS1 and the vertex of the fan-
§ = +61° 28 10’55, J2000) reported by Minier etlal. (2000shaped region appears centered on IRS1, we cannot support
coincide within the errofs Therefore, the methanol maser¢he hypothesis by Bloomer etlal. (1998), who identified IRS2
and the outflow driving source are likely causually connecteas the likely source of the diffuse NIR emission. Instead, th
however a random coincidental alignment cannot be ruled oabserved fan-shaped region can be interpreted as a caaity th
was formed by outflow activity from IRS1. Because the walls
Since methanol masers can trace both protostellar digisthe fan-shaped structure are well-defined, we can measure
and outflows, it is not a priori clear how the linear alignmerif€ opening angle of the proposed outflow cavity from the-east
of the methanol maser feature A and the observed vel&h wall (PA 25) to blob A (PA —65°), obtaining a wide total
ity gradient should be interpreted. For IRS1, both clainfening angle of 90
have been made_(Pestalozzi etlal. 2004; De Buizer & Minier The unidirectional asymmetry of IRS1 in the NIR and MIR
). However, detailed modeling has provided stronignages (see Figufd 6) is naturally explained in this corasxt
guantitative support for the disk interpretation but idl stiscattered light from the innex (1500 AU) walls of the cavity.
missing for the outflow interpretation. Furthermore, a gtudrhis scenario is also consistent with the southeast—neghw
by Pestallozi et al. (in prep.) suggests that simple outflowientation of the CO outflow, aligned roughly parallel te th
geometries cannot explain the observed properties offeatu methanol masers (PA -62°). Blobs A, B, B’ are located
within the same direction and might resemble either clumps i
A major difference between these two scenarios is tHae cavity or recent ejecta from the outflow. The various blob
orientation of the disk associated with the outflow drivin§light also indicate the presence of several outflows.
source: Whereas in the disk scenario the methanol masersin order to resolve the misalignment of the radio-continuum
are lined up within the disk plane (PA -62°), the outflow core with respect to the other outflow tracers, it was progose
scenario suggests an orientation of the disk plane perpaladi that the radio-continuum emission might arise from a photoe
to the maser alignment (PA +28°). The observed asym-vaporated disk windmmM).

metry in our NIR speckle images, as well as the elongation However, as noted above, the methanol maser feature A
of the emission observed in the 11.7 and 188 images lacks a quantitative modeling up to now.

by IDe Buizer & Minier [2005), can be explained within both

scenarios:

4.4. Scenario B: Precessing jet model
Scenario A: If maser feature A traces asutflow cavity, the ) ]
detected asymmetry might simply reflect the innermost wafls4.1. Constraints from the methanol maser disk

of this cavity (oriented northwest), whereas the southaeastThe circumstellar-disk modeling presenteme
cavity of a presumably bipolar outflow might be hidden due td ) reproduces the observational data for maser fetime

inclination effects. . . . .
minute detail. Assuming a central mass of\&f and Keplerian

Scenario B: Alternatively, if the masers trace an edge-offtation, this model confines the inner (~ 290 AU) and
circumstellar disk, the asymmetry of the infrared emissiorPuter €o ~17350_ AU) radii of the disk (these radii scale as
could trace the western wall of an outflow cavity with a widéM/30Me)~"/* with the central mass). The model does not
half-opening angle. The asymmetry cannot be attributetigo $e€t strict constraints on the inclination and orientatibrthe
disk itself because the detection of stellar radiationtscedi disk on the sky.
off the disk surface at such a large distance is highly uhjike An uncertainty in the disk inclination arises from the as-
sumption that methanol is formed within a surface layer ef th
For completeness, we also mention the interpretatigfsk from photoevaporation of #0. The midplane of the disk
by [Kameva et 41.[(1989), who attributed the change betwedght therefore be inclined within certain limits. A distinin-
the direction observed in the UCH |1 region (PA)Gand the Cclination is suggested by the fact that the NIR/MIR contimuu

high-velocity CO flow (PA-60°) to flow deflection, either by €mission, as well as thezt$hock tracer line emission, appears
large-scale magnetic fields or due to density gradients. more pronounced towards the north than towards to south (see

Figuredd and8). An inclination of the northern outflow to-
3 The astrometric accuracy of the 2MASSwards us is also indicated by CO outflow observations (e.g.
catalogue was reported to be ~ 0’15  (see [Kameya et 2ll_1989), which show the blueshifted CO lobe of
http://ipac.caltech.edu/2mass/releases/allsky/dptaup.html). IRS1 towards the northwest (see FigUurlst6BD).
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The disk orientation on the sky can only be constrained bglope along its wandering path. The decreasing column den-
the maser observations with a limited accuracy since thermassity results in lower extinction along the jet's path, relimg
only trace a narrow latitudinal arc of the disk, missing ptied  the fainter stars which likely formed in the vicinity of IRS1
disk warping. Nevertheless, it is still reasonable to idfgithe The fainter stars might therefore be detectable only inghos
disk orientation with the linearly-aligned feature A. regions where the precessing jet reduces the extinctidin suf
ciently. Within the blobs closest to IRS1, stars may be unde-
tectable because of either inclination effects or confusigh
the significantly higher surface brightness of blobs IR$B,

Assuming that the alignment of the masers is representattive@nd B’ (limiting the sensitivity to detect point sources), or be-
the orientation of the disk midplane (i.e. assuming diskpwvarcause of the high density of the outflowing material itsel-p

ing is negligiblé), it is evident that the direction perpendic¥iding intrinsic extinction.

ular to the disk plane (PA19, the expected outflow direc-  The outflow tracers observed at rather large scales (CO,
tion) is significantly misaligned from the axes of the bipolaH2, see Figurdd6) are oriented roughly in the same direc-
CO outflow and the NIR fan-shaped region (PA-20°; illus- tion as the NIR fan-shaped structure. The CO channel maps
trated within Figuré3). Also, the observed bending (Cantipb®y IScoville et al. [(1966, Figudggh suggest a change in the
[1984; 5) in the radio continuum could inddrientation of the CO outflow lobes for low and high veloci-
cate a change in the outflow direction. Whereas the inner cdigs. Whereas the low velocity CO outflow is oriented alorg th
(< 0’5) is orientated along PA- 0°, the outer core (® — east-west direction, the high velocity lobes are orientedg
1”0) bends slightly towards the west (RA-25°). This might PA~ —35°. As CO traces material swept-up by the outflow and
indicate that the outflow changed its direction by this anouhas a relatively long cooling time (of the order of*3@s), the
within the times needed by the jet to propagate the appr@apridifferent orientations observed at low- and high velositiee
projected distances-(25 and~ 50 years). more difficult to interpret.

The bending detectable in the UC H I region on scales of Finally, we speculate that the precession model might also
< 170 seems to continue at larger scales within the morphologyplain why the velocities of the methanol maser features,B,
observed in our speckle images, suggestinGahaped fine- D, and E are in the same range as the velocities of the CO out-
structure of the diffuse emission extending from IRS1 atigi  flow (De_Buizer & Minief|2005), but show opposite signs for
towards the northwest and further out towards north. Thbslothe 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 featurels wrgd-shifted). Assuming precession, the CO outflow wouldetra
appear further away in our images, (D) might trace earlier the average outflow direction around the precession axi$ (wi
epochs of the history of the outflow. the southern axis oriented away from the observer), whéneas

Based on these indications, we suggest a disk and jet pitethanol masers might trace clumps very close to the source,
cession model. The fan-shaped diffuse emission in which thich were excited more recently when the southern partof th
S-structure is embedded can be explained as scattered ligwiflow was pointing towards the observer
from the walls of an outflow cavity, which was cleared by the In general, precession can explain the change in the flow
proposed wandering jet. orientation, but potential alternative explanationstd den-

The western wall of this wide, carved-out outflow cavitgity gradients in the surroundings of IRS1, the presenceutf m
might appear within our NIR and the MIR images as an elotiple outflows, and flow deflection.
gation of IRS1. Since this elongation extends mainly toward
the northwest_, therg must be an additional reason why the Wes, 3 Analytic precession model
ern wall of this cavity appears more prominent than the east-
ern wall. A possible explanation might be shock excitatibn on order to get a rough estimate for the precession paraseter
the western wall, which would cool through emission in shoake employ a simple analytical model with constant radiat out
tracer lines like H, which is contributing to the recorddd- flow speed v. On the radial motion we superpose a precession

4.4.2. Indications for disk and jet precession

band. with periodPprec, leading to the wave number
Assuming the precession period derived in $ec.1.4.3, the
outflow (which currently points towards PA19°) would have , 27

1)

excited the western wall of this cavity 140 years ago, which =~ Fp,ec '
corresponds roughly to the,Hadiative cooling time.

The arrangement of the fainter cluster members embeddddthe time that ejected material travels a distané®m the
within the diffuse emission can be understood in this cantegource, the direction of the jet axis changes by the akigle
too: Taking into account that IRS1 is still deeply embedded i To describe the jet propagation in three dimensions we in-
its natal circumstellar cloud, the jet would have clearetleh- troduce a Cartesian coordinate system centered on IRSIlewhos

4 Interestingly, the converse assumption (that disk wargsngpn- 5 This is consistent with the precession parameters detedrim
negligible) implies disk precession as well, as the jet wobe Sect[ZZB, where we find that the half-opening angle of teegssion
launched perpendicular to the warped surface of the inmeopthe O is larger than the inclination of the precession axis wittpeet to
disk. the plane of the sky.
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z-axis is along the line of sight (see Figlile 7, top). The psece&comparing the position of the newly discovered fainter sstar
sion axis is in the/— z plane inclined by anglé to the plane of with the column density variations caused by a precessing je
the sky, and the jet axis makes an ang@lavith it. For counter- which was beyond the scope of earlier studies.

clockwis€ precession, the coordinates of material at distance e use the version of the ZEUS-3D code as modified

from the origin are by ISmith & Rosen [(2003), which includes some molecular
X sin® cos¢ cooling and chemistry, as well as the ability to follow the
y | =r x| cos® cosy + sin@® sing siny ) molecular (I-j)_fractiop. The large precession_ envisioned fpr
z —cos® siny + sin® sing cosy the flow associated with NGC 7538 IRS1 requires that the sim-

. - ) ulation be performed on a very wide computational grid. @ue t
~where¢ = ¢o + kr is the jet's azimuthal angle from the ¢ mpytational limits, we were restrained to use for thisuim
axis. The initial phasgo can be taken as’Gince the direction tjon 3 3D Cartesian grid of 275 zones in each direction, where
perpendicular to the methanol feature A seems to coincitte Wi 5cn zone spans»210L cm in each direction. This grid bal-
the eastern wall of the outflow cavity. The RAof they-axis  gnces the desire for some spatial resolution of the flow with

can be set from the average angle of the fan-shapeoi regiogyd ability to simulate a sufficiently large part of the obveet
the speckle images as = —30°. Using v = 250 km s, s {iqy associated with NGC 7538 IRS1. Still, the total grid size

measured by Gaume ef al. (1595) within the Hé6combina- (~ 0.018 pc) is smaller than the projected distance between IRS
tion line, leaves as free paramet®igec, ©, ¢, and the sense 1 544K’ -band feature.

of rotation. Trying to fit the orientation of the maser dighet Owing to the rather small physical size of the grid, we have

orientation of the UC H Il region, and the position of the NIRChosen a nominal speed of 150 knd.sreduced from the in-
blobs with these parameters simultaneously, we find reasell. '

able agreement with a precession peffag, = 280+ 10 yrs, a rred value of 250 km'3 for this source. The flow is pre-

gr B = 4oop+30 F; 'RBI CL o0+ 10y ’f cessed with a nearly 3(@recession angle, with the amplitude
precession angld = 4U £S5, 8 COUNTEr-ClOCKWISE SENSE 0104 ¢ o 4 g components of the velocity 0.55 of that of theabx
tation, and small inclinatiosr = 0° + 10°. At larger inclination

o . component. The precession has a period of 120 years, which
angles £ 10°) loops start to appear, significantly degradlngthI%ads to 1.25 cycles during a grid crossing time. The flow is

agreement. In Figuid 7, we show the projected trajectorlef t ; 0 . : )
proposed wandering jet with the thick line, whereas the thaISO pulsed, with a 30% amplitude and a 30 year period. This

. : . . - . hort period assists in the reproduction of the multipletkno
lines give the pa_th_obta_uned with a variation:d" in a andy, of K’-band emission near NGC 7538 IRS1. The jet flow also
resembling the finite width of the flow.

Th i del ted in thi i iaht suffi is sheared at the inlet, with the velocity at the jet radius 0.
€ analylic mogel presented In this section might Sutligla; of the jet center. We have chosen a jet number density of

in order to get a rough estimate of the precession paramet , . . ; o
although it does not take into account the interaction ofltve ?Efehsxi/r(::&gfgécj;ugngjé (\JILVS Il%f? Cen?'?ztgezr:ndezgs%i it?\e

with the ambient medium nor the excitation and cooling of the | " - 0 4 12 o flux isex 10-6 Mes vr-L. which is three
ambient material. 9 oyr,

orders of magnitude lower than the value as determined éor th

These parameters can be used to predict how the orier&% . .
. : o . outflow [.1998). Similar calculations of the-mo
tion of the methanol maser disk changes with time. Using t )

entum flux and kinetic energy flux, or mechanical lumingsity
PA at the phase, = 0° as reference, one expects that the P, 4 T 1 i
changes only marginally (less tha) vithin 10 yrs. A much Z:/ZI? values of Bx 10 km s Mg yr™ and 4.7Lo, respec
more significant change of 1§20°) would be expected after Y-

36 yrs (50 yrs), which would be detectable with future VLBI After the convolution With aPSF re_ser_nblir_19 the re_solution
obtained in real observations the ldmission in our simula-

observations. . o .
tion shows a morphology which is similar to the one seen in
theK’-band speckle image. In particular, the simulations might

4.4.4. Numerical molecular hydrodynamic also explain feature® andE as associated with the proposed

simulations precessing jet (compare Figiile ®ith Figure[3). The simula-

. tions also show that the CO emission, which can be expected
A large number of studies about the structure and evolu- o . .
. . . .~ - ~f0r a precessing jet at larger distances from the drivingesu
tion of precessing protostellar jets can be found in litera-

) —— - ppears very smooth, which is also in accordance with the CO
ture (e-g-mm_wmwt Sbservations made for NGC 7538 IRS1.
2004;[Rosen & Smith 20b4; Smith & Roskn 2005a), although
most of these studies focus on jets from low-mass stars with Ve note that the fainter staesto n reported in Sed 3.1.3
rather narrow precession angles. As the number of simuf4€ located in the region where the column density in our pre-
tions carried out for wide precession angles is much mcdr&SSIing Jet simulation appears particularly low (see Fiffr
limited (e.g/ Cliffe et all 1996), we performed a new hydrod)}eft column), supporting the scenario proposed in Eeca4.4.

namic simulation. Besides the general morphology, we aim fo

¢ Positive values of indicate an inclination out of the plane of the4.4.5. Possible precession mechanisms
sky towards the observer. ) )
7 For the sense of rotation, we follow the convention that teun S€veral mechanisms have been proposed which can cause

clockwise rotation (as measured from the source along theegsion jet bending or jet precession, although most of them were
axis) corresponds to a positive sign of the phase established for low- and intermediate stars and can cause
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precession angles of only a few degrees (Fendt & Zinneckéowever, a binary with such a large separation would be not

; LEisloffel & Mundt| 1997). For the case of high-massuited to explain the observations since the orbital period
stars and larger precession anglés~ 40°), ml. would be> 2 x 10* yrs (Mp, + Ms = 30 M), implying a disk

) summarized the three most promising concepts tipaecession rate of 4 x 10° yrs {MI 0). Assuming
could induce precession into circumstellar disks. We discuan extreme eccentricity might yield a short precessionogeri
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 outflow is launcheetween 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, dgk
inner parts of the disk will translate into a precession & tlsee this assumption contradicts the methanol maser steyuctu
collimated flow [Bate et Al 20D0). which suggests a smooth extension of the methanol layer from
L i i : ~ 290 AU to~ 750 AU.
1. Radiative-induced Wa,fp'ngihmmﬂﬂqlb mn 3b) circumbinary disk (a < r;): Smoothed particle hy-
suggested that geometrically thin, optically thick adoret drodynamic simulations by_Larwood & Papaloizoll _(1997)
disks can become unstab_le to warping if the incide_nt ramaﬁshowed that a binary on a non-coplanar orbit with large
from the stellar source is strong enough. As this warpiRgcjination i could cause strong quasi-rigid body precession
instability is expected to occur only at disk radii largeatha o e circumbinary disk (fog > 10) and strong warping,
critical radiusRcm, we can estimat_e whether radiative-induqegspecia"y on the inner edge of the disk ¢ 1). The same
d|s_k warping is expected at the inner part of_the IRS1 disk thors report that the disk precession frequangy. should
Using a stellar mass d# ~ 30 Mg (Pestalozziet al. 2004), pe |ower than the orbital frequency of the binaninary.
a mass accretion rate of the order of the mass outflow ¢ make an order-of-magnitude estimation for the orbital
Macc ~ Moutfiow ~ 5.4 103 Mg yr* (Dais et all 19¢8), and @ period that would be expected for this hypothetical IRS1
Ium|n95|tyL ~96x 10% L dAka.b.a.n.e.&.KunH.Z)ﬂS), We USepinary system, one can assUmgies ~ Whinary/ 20 (Bate et .
equation 5 by Armita 1€.(1997) and the assumptioBBog) to obtainPynay ~ 14 yrs for the binary period, cor-
listed in ! I.L(_2d00) and obtain a critical radiyssponding to a separation @fnay ~ 19 AU (~ 7 mas).
Rerir ~ 200 pc. Since this is far beyond the inner edge of theyis pinary separation then puts a lower limit on the radius
disk where the jet collimation is expected to happen, it |§ the inner edge of the circumstellar disk. As this scenario
very unlikely that the radiation emitted by the star or due {Q, trigger the fast disk precession without truncating the
accretion causes any noticeable warping within the disk.  extended disk structure traced by the methanol masers, we
consider a circumbinary disk as the most plausible expianat

2. Anisotropic accretion events: The impact/merging of
(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 impact&)_rSI The IRS2 companion and flow interaction with

onto the accretion disk, potentially resulting in a net tarq .

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

which could result from anisotropic accretion, very dedil T spectral type of IRS2 was estimated to be
assumptions about the disk, the impacting condensatiah, gy 5 [Akabane & Kurdol 2005), corresponding to a lumi-
their kinematics must be made. Since no data is availablentgsity of ~ 6.4 x 10°Le. Using the measurel’-band flux
estimate these quantities, we refer to the example compufgdo “one can make rough estimates for the spectral tygeof t
bthsnthd_eI_hlL(ZDO) and note that in extreme cases, Sjehl components reported in SEC311.2. By assuming the total
an accretion event could cause a sufficiently large prewessy,minosity is attributed only to the two components, we @bta
angle in the case of NGC 7538 IRS1 as well. However, in thé_sspectral type of O5 for IR$2and O9 for IRSD (using the

scenario one would expect rather sudden changes in thedef siar jluminosities frormm%).
direction rather than a smooth precession.

3. Tidal interactions with a companion: Warping and pre-  Within our images, the wide-opening angle outflow cone
cession of the disk could be caused by tidal interactions witom IRS1 seems to extend well out to IRS2. This offers an
one or more companions on non-coplanar orbits. We assu@@lanation for the shock tracer line emitting region thasw
the simplest case of a binary: with stellar masgg(primary) imaged around IRS2 (Bloomer et al. 1098, see FifliyxeTte
andMjs (secondary), an orbit with inclinatiorwith respect to bowshock-like morphology of the [Fe 11] anci¢mission sug-
the disk plane, and a semimajor agisThe mass ratio shall gests that the shock is excited from the south (which is riyugh
be denotedy = Mp/Ms and will be assumed as unity. Ourthe direction towards IRS1). In the direction opposite IRS1
observations place an upper limit on the separation of suclthg [Fe I1] and H emission even shows a cavity-like structure,
companion (see FiguE@ 4). Two cases can be considered: Which also appearsin the 6 cm-radio Continumet al
3a) circumprimary disk (a > ro): Because tidal torques (1998) suggested a stellar wind bowshock scenario, in which
would truncate the disk at about 0.3 times the binary sepatBS2 moves with a speed 6f10 km s towards the south-
tion (Lubow & Ogilvié [200D), we obtain a lower limit for the west through the ambient molecular cloud. We note that the

binary separation (for a circular orbit), namedy; 2500 AU. morphology could also be explained by interaction betwhen t
IRS1 outflow and IRS2 outflows. Based on its young age, IRS2
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might also launch a powerful wind itself, causing the distin by the compression of gas just at the interface layer of these
shock zone which appears within the shock tracer emissam (expanding bubbles, sequentially initiating the formatidthe
Figure[®) and which is also detectable in okit-band image observed chain of infrared sources.

(arc-like morphology between featur@sandH).

. m@ suggested that IRS6, the most luminous
source in the NGC 7538 region, might be the main excit-
ing source responsible for the optical H Il region. Inspegti
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 um band (red in Figur€ld, this structure ap-
these images (shown in logarithmic scaling) and bandingifve pears particularly prominent. As it is known that emission
cal and horizontal stripes produced by IRS1 and IRS9) agpei#r this IRAC band is often associated with PAHSs, this sug-
especially in the 5.8 and@um images, structures potentiallygests that this region is illuminated by strong UV radia-
related to IRS1 can be observed. About 46wards the south- tion from IRS6. Other features, such as the conical strectur
east of IRS1, a bowshock structure can be seen, which is asound 2MASS 23135808+6130484 and the structure northeast
present in the Blimage b)IMIL(TﬂbS). This bowshoclof IRS7, also show a symmetry towards IRS6.
points in the same direction as the redshifted lobe of the CO
outflow (see FigurEl§ and just opposite to the outflow direc-
tion identified in our speckle image at small scales. Thus, it6. Summary and Conclusions

possible that this bow traces the southeastern part of t8& IR_ , )
outflow. In our speckle image, the inner part of this southea_?'Sp?Ctrum speckle _mterferometry and archigpitzer/IRAC )
ern outflow is not visible; likely a result of strong interieg 'M29ing 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 outflow direction identified in our speekl ~ ages most likely traces recent outflow activity from IRS1,
image (see top of Figu@ 6). It is possible that the totalmtxte ~ consistent with the direction of the blue-shifted lobe a th
of the IRS1 outflow also reaches much further northwest than known CO outflow. 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 outflow might be several parsecs.

bands and the shocks in the kinage byl Davis et al| (1998,  The outflow might have also contributed to shaping and
see Figurgh). 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 flow and outflows or stellar winds
seems to propagate southeastwards throughout the NGC 7538rom IRS2 (nebulosity surrounding IRS2).
complex I.L_1979] McCaughrean et al. _199B. A jet precession model seems suitable to describe the fea-
ml 4). This is indicated by the spatial arrangegme tures observed within our NIR images, simultaneously ex-
of 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 outflow tracers de-
about 3 northwest of IRS1, O stars located in the H I region tected at larger scales (CO). A simple analytic precession
represent the most developed evolutionary state, folloaed  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 reflection 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 all (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 sosithea produce some of the fine-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 betwedn 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 850um-maps by_Reid & Wilsan| (2005, see Figue 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-

4.6. Outflow structures from IRS1 at larger spatial
scales

5. Evidence for triggered star formation in the
NGC 7538 star forming region




Kraus et al.: Outflows from the high-mass protostars NGC 1838L/2 13

sion of these bubbles might have triggered star formati@iiffe, J. A., Frank, A., & Jones, T. W. 1996, MNRAS, 282,
in this region. 1114

L . Davis, C. J., Moriarty-Schieven, G., Eisloffel, J., Hodvk G.,
While it is well established that the outflows of HMPOs & Ray, T. P. 1998, AJ, 115, 1118

generally appear less collimated than those of their Iovsemebe Buizer, J. M. & Minier, V. 2005, ApJ, 628, L151

counterparts, the recent discovery of evidence for outflqy .o i ‘v Rots, A. H., Goss, W. M., & Forster, J. R. 1982,
precession for an increasing number of massive YSOs mig MNRAS 198 265

indicate a common launching mechanism for all OutﬂO\B ck H. M. & Capps. R. W. 1978 ApJ. 220, L49
driving sources of all stellar masses. The observed widgnin Dyck' H. M. 2 Lor?s?dz;lle. C 'J 197’9 I?AJ 84 ’1339
HMPO outflows might be due to selection effe he |slbf’fel' ] '& Mundt R '19'97' AJ 1’14 ’280,

m) and/or precession of a collimated jet. The large fsrec : :
sion angles reported for IRAS 20126+4104_(Shepher et%le%%ssze?rAH., Birkle, K., Eiroa, C., & Lenzen, R. 1982, AZA,

2000), S140 IRS1 [(Weigeltetlal. [2002), |RA§: :
93151+5912] . 4L 2005). and now NGC 7538 IR 1af(|)0, G. G., Hora, J. L., Allen, L. E., et al. 2004, ApJS, 154,
(this paper) might point towards a rather dramatic preoesaFendL C. & Zinnecker, H. 1998, A&A. 334. 750

mechanism, maybe the presence of very close, high-mi’;g?sscher 3. Sanders D.B. Simon. M. & Solomon. P. M. 1985
companions on non-coplanar orbits. saa T B o '

. ApJ, 293, 508
We strongly encourage further observations of IRS1, 8Sranco-Hernandez. R. & Rodriguez, L. F. 2004, ApJ, 604
pecially to detect potential companions either by nearairefd L1105 T T ' ’ '

long-baseline interferometry or radial velocity measueais. Gaume, R. A., Goss, W. M., Dickel, H. R., Wilson. T. L., &
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a) IRAC 4.5 ym image

8) IRAC color composite: 3.6/4.5/5.8 ym ¢} IRAC color composite; 4.5/5.8/8.0 ym

Fig.2. Figure a) shows the Spitzer/IRAC 4..xm image with the position of the infrared sources (IRS1 to hH a
2MASS sources) and # masers marked. Furthermore, the position of the submatiér (450um and 850 um)
clumps reported by _Reid & Wilsor_(2005) are shown. The paositdf the 2MASS sources 2MASS 23135808+6130484,
2MASS 23131660+6128017, 2MASS?23134351+6129372, 2MAS8£351+6129397, 2MASS23131691+6129076,
2MASS 23130929+6128184, and 2MASS 23133184+6125161 bedeld explicitly. Figured) andc) show color-composites
produced with two triplets of the four IRAC bands. The inignef each image was scaled logarithmically. North is up east

to the left.
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K'+ 15GHz continuum

Methanol Masers 6.7 GHz

Fig. 3. Bispectrum speckle image with identified point sourceafgies) atop marked. The astrometry for the point-souress w
performed using the high-resolution BTA image, whereasiege shown was reconstructed from MMT data. The contours
trace 0.25%, 0.5%, 0.75%, 1.0%, 1.25%, and 1.5% of the pdaksity. The inset on the upper left shows a reconstruction o
the vicinity of IRS2 using a resolution of 80 mas (BTA data).the lower left, IRS1 is shown using a different color table,
emphasizing the elongation of the IRS1 Airy disk (MMT dat&iplotted with the 15 GHz radio continuum (the contours
show -1, 1, 2.5, 5, 10, 20, ..., 90% of the peak flux) and thetjposof the OH (circles) and methanol (crosses) masers @nag
from|Hutawarakorn & Cohen 2003 using data from Gaumelét &151.9n the lower right we show the integrated brightness of
the methanol masers as presente i bt all (200dour levels of 1, 3, 5, 10, 30, 50, 70, and 90% of the peak flux
density are shown).
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Fig.5. llustration showing the
outflow directions in the vari-
ous tracers. The CO contourd
by IKameya et dl.| (1989, red and
blue) are overlaid on the Hmap
(greyscale) by Davis et all (1998).
The orientation of the conjectural 5"
methanol maser disk (green), thg | cm cont.
fan-shaped structure detected i i)
our K’'-band image (orange), and

the averaged direction of H(red
arcs) are shown schematically
The arrows indicate the direction
prependicular to the alignment of
the methanol masers (green), thq
orientation of the inner< 0.5”)
and outer £ 0.5”) core detected
in the 1.0, 1.3, and 6.0 cm radio
continuum (white), and the direc-
tion along which the IRS1 Airy
disk was found to be elongated
(MIR: De Buizer & Miniel 12005;
NIR: this paper).

17



18 Kraus et al.: Outflows from the high-mass protostars NGE31RS1/2

a) 3.6 pm (1200 = 1200") b 4.5 pm (120" = 1207) €) 5.8 pom (1207 = 120)

A 36 pm + CO (Kam89) (1207 % 120™) g 3.6 um + CO (Sco86) (1207 = 120M)

el 3.6/4.5/58 pm + K (1207 ¢ 120) i) Hy (Dav98) + K' (120" x 120°")

LK (Bla98) + K’ (60" x 60"

(Bla98) + K’ (60" < 60") ) J )

K + 117 pm (DeB05) (13" x 13”) ) K" +18.3 pm (DeB05) (13 x 13")

Fig. 6. Mosaic showing the IRS1-3 cluster at various wavelengthsid® the speckl&’-band ima%e galso marked as red box)

and IRAC images, data from _Scoville ef al. (1986, CQ), Kamehwal. (1980, CO 98, H, K, Hy, [Fe 11]),
: 8, B, an ' inierl(2005, 17 um, 183 um) was incorporated.
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Fig. 7. Left: lllustration of the analytic precession model presente8én [ZZBRight: MMT speckle image overplotted with
the trajectory of ejecta from a precessing outflow projeotei the plane of the sky (thick blue line) as described byatiegytic
precession model. For the counter-clockwise precesdiemarameterBprec = 280 yrs,® = 40°, @ = —=30°, y = 0° (precession
axis within the plane of the sky), an = 0° were used. In order to simulate a finite collimation of the flove varied both

a andy by +5°, yielding the trajectory given by the thin blue lines. The @ntours show the 15 GHz radio continuum map

byHutawarakorn & Cohén 2003 (using data by Gaume!ét al. 1995)
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a) Svothetic images (¢ = 07) b) Synibetic images (¢ = 90*)
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Fig. 8. a), b): Synthetic images (H1 — 0, 2 —» 1; CO R(1), R(5)) from our ZEUS-3D molecular hydrodynamimslation,
shown for two different projections. In Figued the images are also shown after a convolution with a Gausdch roughly
resembles the resolution obtained in our speckle observéfigurdB). Figure) shows the total gas column density and the H
column density for the same projections. Finallydnwe show channel maps of the CO outflow for four velocity binacl
velocity bin has a width of 5 km$ and the central velocity is given by the number on the leftaaflreimage (in km ). The
two numbers on the right of each image indicate the log of tarimum integrated luminosity in any single element in thaga
(Top, in erg s1) and the log of the total integrated luminosity in the entietocity bin Bottom).

The anglep gives the angle between tlzeaxis and the LOS, corresponding to a rotation around theegeion axis X axis).
Please see the text (SEC._414.4) for a description of the ledenmodel parameters.



	Introduction
	Previous studies of NGC 7538

	Observations
	Bispectrum speckle interferometry
	Spitzer/IRAC Archive data

	Results
	Bispectrum speckle interferometry: Small-scale structures around IRS1/2
	IRS1 Airy disk elongation and diffuse emission
	Binarity of NGC 7538 IRS2
	Detection of fainter cluster members

	Spitzer/IRAC: Morphology at large spatial scales

	Discussion
	Nature of the observed K'-band emission
	Methanol maser feature A: Protostellar disk or outflow?
	Scenario A: Outflow cavity model
	Scenario B: Precessing jet model
	Constraints from the methanol maser disk
	Indications for disk and jet precession
	Analytic precession model
	Numerical molecular hydrodynamic simulations
	Possible precession mechanisms

	The IRS2 companion and flow interaction with the IRS2 UC HII region
	Outflow structures from IRS1 at larger spatial scales

	Evidence for triggered star formation in the NGC 7538 star forming region
	Summary and Conclusions

