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Infrared Spectro-Interferometry of Massive Stars:
Disks, Winds, Outflows, and Stellar Multiplicity

by Stefan Kraus

ABSTRACT

Interferometry is the ultimate technology for overcomihg fimitations which dfraction and the
atmosphere-induced seeing impose on the resolution adileewith ground-based telescopes. The lat-
est generation of long-baseline interferometric instrotsén particular VLTIAMBER and VLTI/MIDI),
combines the high spatial resolution (typically a few railiseconds) with spectroscopic capabilities,
allowing one to characterize the geometry of a continuunittgrg region over a wide spectral range or
to spatially resolve the emitting region of Doppler-broael@ spectral lines in many velocity channels.

One branch of astrophysics which might particularly berfeditn these advances in technology is
the study of massive (O-B type) stars. In order to charadhiese stars and their companions and to
study accretion and outflow processes in their vicinity witiprecedented angular resolution, we have
performed interferometric studies on four key objectsre@epnting the still most enigmatic evolutionary
phases of massive stars; namely the pre-main-sequence (MAWFQNGC 7538 IRS14Ori C) and the
post-main-sequence phagedarinae).

MWC 147: As indicated by its strong infrared excess, this young HpBg star (B6-type) is still
associated with residual material from its formation; maybranged in a circumstellar disk. In or-
der to investigate the geometry of the material, we combifedhe first time, long-baseline spectro-
interferometric observations at near- (NIR) and mid-irédch(MIR) wavelengths (using VLTAMBER,
VLTI/MIDI, and archival PTI data). Fitting analytic models to thi®ained interferometric data revealed
a significant elongation of the continuum-emitting regiBor a physical interpretation, we modeled the
geometry of the dust distribution using 2-D radiative tfansimulations of Keplerian disks with and
without a pdfed-up inner rim, simultaneously fitting the wavelength-elegient visibilities and the SED,
which we complemented with archiv8pitzefIRS spectra. Surprisingly, we found that passive disk
models, which can reproduce the SED well, are in strong ainfiith the interferometric data. How-
ever, when including emission from an optically thick ingaseous disk, good quantitative agreement
was found for all observables, suggesting that MWC 147 harba still actively accreting disk.

NGC 7538 IRS¥2: NGC 7538 IRS1 is a high-mass (O7-type) protostar with a C@lawtan asso-
ciated ultracompact H region, and a linear methanol maser structure, which migleeta Keplerian-
rotating circumstellar disk. We investigated the NIR manolgy of the source with unprecedented
resolution using NIR bispectrum speckle interferometriaoted at the BTA 6 m and the MMT 6.5 m
telescopes. Our high-dynamic range images show fan-stap#dw structures, in which we detected
18 stars and several blobs offtise emission. Complementary archigalitzefIRAC images were used




to relate the detected structures with the outflow at largales. We found a misalignment of various
outflow axes and interpreted this in the context of a diskgssion model, also using molecular hydro-
dynamic simulations. As a possible triggering mechanismidentified non-coplanar tidal interaction
of an (yet undiscovered) close companion with the circumbyidisk. Finally, our observations resolved
the nearby massive protostar NGC 7538 IRS2 as a close biriinavgeparation of 195 mas, finding
indications for shock interaction between the outflows fi&81 and IRS2.

6*0ri C /D: Located in the Orion Trapezium ClustétQri C is one of the youngest and nearest high-
mass (0O5—-07) stars. The star is also known to be a close kéyatgm. We traced the orbital motion
from 1997.8to 2004.8 using visual and NIR bispectrum spickéerferometry at the BTA 6 m telescope.
In 2005.9, we obtained first IOTA long-baseline interfertrp@n the*Ori C system, allowing us to
derive preliminary solutions for the dynamical orbit ane tthynamical mass. Taking the measured
flux ratio and the derived location in the HR-diagram intoaaot, we estimated the spectral types and
masses 0§*Ori C1 and C2 to be 05.3{ = 34.0 M@) and 09.5 M = 155 M), respectively. Thus,
the companion C2 appears to be much more massive than psgvtbought, suggesting strong wind-
wind interaction during the periastron passage, which weelipt for epoch 2007.5 with a small physical
separation of only 1.5 AU. From the IOTA data oA'Ori C, we reconstructed the first optical aperture
synthesis image of a young star. We also obtained IOTA data&*fori D, which appears resolved,
perhaps indicating the presence of a close, faint companion

n Carinae: Using VLTI/AMBER, we performed the first NIR spectro-interferometrytbé Lu-
minous Blue Variable (LBV)y Car, simultaneously obtaining high spatial and spectrabltgions
(4/A2 = 1500 and 12 000). The measured wavelength-dependentitisthidifferential phases, and
closure phases were used to constrain the geometry of themgom-emitting region, as well as the
Bry 2.166um and He | 2.05&m line-emitting region. We compared the measured visiéditvith pre-
dictions of the radiative transfer model of Hillier et alO@1), finding good agreement. For the interpre-
tation of the non-zero tlierential and closure phases measured within theiBe, we present a simple
geometric model of an inclined, latitude-dependent windezd' hus, our observations support theoreti-
cal models of anisotropic winds from fast-rotating, lumisdot stars with enhanced high-velocity mass
loss near the polar regions. In the He 1 2.068 line, we measured non-zero phases as well, indicating
asymmetries in the brightness distribution, which we disdn the context of wind-wind interaction be-
tweenn Car and its hypothetical hot binary companion. Using sirtioites, we examined the possibility
to directly detect this companion in future observations.

Besides these astrophysical results of my dissertatioredgmt work related to methodological and
technical aspects of infrared interferometry. The prilegpf a data reduction software developed for
IOTA/IONIC3 and a pipeline for VLTIAMBER are discussed. Furthermore, | summarize comparative
studies which aim to evaluate the performance @edént image reconstruction algorithms in order to
explore the prospects and limitations of optical apertyrgtesis imaging.
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1 Introduction

1.1 Motivation and Outline of this Thesis

In the last few decades, the tremendous advances in insttatien have resulted in a significant im-
provement of our understanding of the formation procesgslamévolution of stars. This is particularly
true for low-mass stars, where detailed observationakitiyations could establish a new paradigm for
the star formation process. For several reasons, theylifleof massive (O-B type) stars is not as well
understood. Some of the challenges which these stars pasgservations are that high-mass stars are
very distant, scarce in number, have very short evolutiptiare scales, and form and evolve in dense
clusters with strong dynamical interaction, stellar winaisd outflows. Therefore, high-angular resolu-
tion studies are required to achieve further progress irtstdnding the evolutionary sequence of these
stars.

Comparing the fractional number of low~(93.9% forM < 1 Mg, Kroupa 2003, intermediate-

(~ 5.7% for 1Mn < M < 8 M) and high-mass stars-(0.4% for M > 8 M) reveals that massive
stars make up only a small fraction of the total galactidat@opulation. Nevertheless, these stars have a
tremendous impact on their environment throughout theirelife-cycle. Shortly after their birth, they
start to disperse the natal molecular cloud with strondast@linds and outflows and photoevaporate
the protoplanetary disks around nearby low-mass starser Aftshort Bernasconi & Maeder 1996
hydrogen-burning phase, they pass very short-lived eleolaty phases asuminous Blue Variable
(LBV) and Wolf-Rayetstars, both dominated by extreme mass-loss, before thenmasstive stars end
their evolution as supernovae, enriching the interstefiadium (ISM) with metals and triggering the
next generation of stars by compression through superrmeksvaves.

In the course of my PhD thesis, | have applied infrared ieterhetric techniques to study intermedi-
ate and high-mass stars at evolutionary stages reachimgffi® protostellar to the LBV phase, covering
a wide mass range from 7 M) to 100Mc,. By using the latest generation of infrared interferoneetri
instruments, we aim not only to study the continuum emisBimm these objects at a single wavelength,
but also to combine the high-angular resolution with spsttopic capabilities. This can be used either
to spatially resolve the continuum-emitting region overradd wavelength range (such as applied in
our studies on MWC 147 amatOri C), or to perform interferometry in spatially and spedr resolved
spectral lines, which allows us to study the kinematics af g@erging in stellar winds or wind-shock

—13—



Chapter 1 Introduction

regions (as in our study om Carinae). Whenever possible, we combine the informatidained at
high angular resolution with conventional imaging as pded by theSpitzerSpace Telescope and by
observations at radio wavelengths (as in our study on NG@ #831), or with conventional spectra.

Because infrared long-baseline interferometry only régement beyond the stage of experimental
technology, it is missing established general user soévi@ardata processing, interpretation, and mod-
eling. Therefore, a large fraction of my PhD work involvedel®ping, implementing, and testing data
reduction routines for state-of-the-art infrared intesfaeters like VLTIAMBER and IOTA, as well as
software related to model fitting, radiative transfer matgland the reconstruction of aperture synthe-
sis images.

This thesis is structured as follows: First, as part of thisaduction, | sketch our current knowledge
about the life-cycle of massive stgiSect.1.2), simultanously placing the studied objects in a broader
context. Then I briefly review the fundamental challengesface when dealing with high-angular
resolution imaging at visual and infrared wavelengths,thedechnologies which have been developed
to face them(Sect.1.3). In Sect.2, | introduce the basic principles of long-baseline intesfeetry
and its observables. In the two following sections, | déscthe two near-infrared (NIR) instruments
used for my thesis work, namely IOTKONIC3 (Sect.3) and VLTI/AMBER (Sect.4), and outline
some of my work related to data reduction procedures forettiestruments. Data from two other
instruments, namely the mid-infrared (MIR) instrument VIMIDI and the NIR interferometer PTI,
were also used for one of my PhD projects. As | could use exjeiata reduction software on these
data sets, these instruments are not presented in a segaapter, but only introduced in the context of
the corresponding science project (S€t. Sect.5 presents a brief summary of our studies related to
aperture synthesis imaging.

The following four Chapters present the astrophysical etspef my PhD work and are based on four
articles published, submitted, or close to submission toAA&hey are structured as individual units
and cover the following topics:

Sect. 6: VLTI/MIDI and VLTI/AMBER observations of the Herbig Be star MWC 147 and radetiv
transfer modeling of its active accretion disk.

Sect. 7: Bispectrum speckle imaging of the high-mass protostars M&EB IRS1 and IRS2 and mod-
eling of its possibly precessing outflow.

Sect. 8: Bispectrum speckle and IOTPONIC3 interferometry of the Orion Trapezium starOri C
andg*Ori D and determination of a preliminary orbital solutiom the 8*Ori C system.

Sect. 9: VLTI/AMBER spectro-interferometry and modeling of the asptargtellar wind and the
potential wind-wind interaction region around the LB\Carinae.

— 14—



1.2 The Life-Cycle of Massive Stars

1.2 The Life-Cycle of Massive Stars

It is believed that massive stars form [ ow- Mass Stars Massive Stars  Massive Clusters
(afer Lada 1987, Andee,

through the collapse of cold, dense Hard Tanpson Barsony, 1993)

Core Prestellar Core(s?) i AM;'?DivetMolacu]nr i
cores. These cores set the stage for | caates >10°Mg |
high-mass star formation and might
be observed amfrared dark clouds
(IRDCs). IRDCs are massive (a few

Submillimeter Hot Multi—-Cores? ! Massive Submillimeter |
hundred to a few thousanWp), Protostar | Aggregates ? |
cold (10-20 K), star-less aggrega- 5 &
tions of gas and dust, which appear in ‘ :
absorption against the mid-infrared i ;
(MIR) galactic background\(enten glggr;,-&g&ng Hu gg;ggy&mﬁﬁe
et al. 200). IRDCs seem to col- -“r"'w”m‘ogow i
lapse tohot cores(labeled as Class ; ’Q %

0 in Figurel.1), which are internally

OB Star Young Super
heated (50-250 K) and rather com- s o armants?) —
pact < 0.1 pc, Rathborne et al. @@; .
2000. Further on in the evolution,
molecular outflows and maser emis- 10,000,000 ve Of star e las Chastuss

3 Myr - 13 Gyr

sion appear. From the large num- l:l

ber of maser species found in high- g i

mass star-forming regions, Class Il

methanol masers (6.7 GHz) wergigyre 1.1: Schematic evolutionary sequence of the stages in
identified as especially reliable tracthe low- and high-mass star formation process (Image credit
ers of the earliest stages of high-mass tp://physics.uwyo.edu/~chip/).

star formationiPestalozzietal. 2005

Ellingsen 200). Shortly after its birth, the formed protostar alreadytstéo ionize its environment, cre-
ating hyper- (HCHr) or ultra-compact (UCHt) regions {Hoare 2005 Class 1). The natal molecular
cloud is dispersed by strong (sometimes collimated) ousfland stellar winds. Once the density and
extinction of the envelope arefficiently reduced, the star emerges from its parental clowdragl- or
near-infrared source. By the time, an O star appears atdptavelengths, it has already burned a noti-
cable fraction of its central hydrogen content and has dgesl towards the main-sequenge(nasconi

& Maeder 1996.

Another dfect of the dramatic influence of the intense ultraviolet (W&Qliation field on its vicin-
ity was discovered in the Orion Trapezium Cluster, wherevifrels and UV-flux of the most massive
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Trapezium starg*Ori C, disperses and ionizes the protoplanetary disks aroearby low- and inter-
mediate mass stars. The line-emission of theeplydswas first observed rather earlys(gues & Vidal
1979, although their precise structure and properties wergewsaled before very sensitive Hubble
Space Telescope observations could be performed in thB0&€O dell 1999.

Another characteristic of high-mass star formation is thaends to occur in dense clusters, as
sketched in the right-hand column of Figurel. This has not only the consequence that strong grav-
itational interaction between the OB stars leads to steljection or merging4innecker 200, but
also seems to be reflected in the stellar multiplicity ratkicivis much higher for high-mass than for
low-mass stars{reibisch et al. 199%Kohler et al. 200R

After the central hydrogen-burning phase, which typicklbts just a few million years, the most mas-
sive stars enter another short-lived phase as Luminous\&itiables (LBVs, Conti 1989. This phase
is dominated by strong mass loss via stellar winds. Perlapsbst studied, but still mysterious exam-
ple for this evolutionary stage isCarinae. With its~ 100Mcy, it is also one of the most massive stars
known in the galaxy. Fon Carinae, the LBV-typical, near-Eddington-limit massda@dso manifests
in the surrounding complex Homunculus reflection nebulachvivas likely ejected during an outburst
around 1840. Further enhancing the mass loss, the mostuaasais become completely obscured by
their optically thick wind and enter th&blf-Rayephase before they ultimatively explode as supernovae.

Despite the general picture presented above, some fundahaspects of the life-cycle of massive
stars are still poorly understood. This concerns, in paldic the pre-main-sequence (PMS) stage. For
low- to intermediate-mass stars, it now seems well-estaétl that the formation of these stars happens
through accretion of envelope material through an acaretisk. The accretion disk geometry allows
the transport of large amounts of material towards the stende a smaller fraction of the material,
carrying most of the angular momentum, is transported owtsvaynden-Bell & Pringle 1973 In fact,
for the young B6-type star MWC 147, which we observed withgldraseline interferometry, we found
strong indications for the presence of an actively accgatircumstellar disk (see Chaptéy.

For stars with even higher massesl0 M), early spherical symmetric calculations suggested that
the accretion scenario might halt due to strong radiatiessure. Therefore, it was proposed that high-
mass stars might not form by accretion, but by stellar mergistead Bonnell et al. 1998 Recent
theoretical work has loosened the originally derived rioliepressure limit by considering more com-
plex disk and infall geometries (e.gorke & Sonnhalter 2002 However, even these studies have found
a barrier around 40/, at which the radiation pressure stops or even reversesctretan process.
Possible solutions to this problem are currently discussditerature (e.g.Krumholz et al. 200} but
the results are still inconclusive.

Observationally, the accretion disk hypothesis for masstars is mainly supported by the detection
of large rotating, disk-like structures in mm-radio linesy. Cesaroni et al. 200%@and by very extended
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1.2 The Life-Cycle of Massive Stars

disk-like structures imaged in the infrared continuum (e_gini et al. 200). Further evidence for disk-
like Keplerian rotating disks around massive stars coma®s fmodeling the line profiles of hydrogen
recombination linesKik & Thi 2004). The appearance of masers in linear or arc-like alignmexst w
also often discussed as a possible tracer of circumstaiis,das the spatial alignment is sometimes
accompanied by a well-defined velocity gradient indicatindered motion[{orris et al. 1998Minier
et al. 2000. One source where the maser-disk hypothesis has beerydesteld is the methanol maser
feature A in NGC7538-IRS1Hestalozzi et al. 2004 It was found that the observed velocity gradient
can be fitted very accurately assuming a Keplerian rotafirguastellar disk 750 AU in radius around
a 30 My, star. As an alternative explanation for the appearanceeéfi-aligned maser features, it was
suggested that these masers might form within shocks oowstfi/Valsh et al. 1998De Buizer 2003
Dodson et al. 200¢ which are then traced on larger scales by CO line emisgiovithin shock-tracer
lines like H, [Fen], or [Su].

As stars with masses above 1B, clearly seem to exist, further observational evidenceearty
needed to unambigously identify theférent phases of the complex formation process of massiie sta
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1.3 Interferometry and the Quest for Spatial Resolution

Progress in astronomy has often been driven by revolutioimsirumentation. One of the most funda-
mental optical properties, which limits the performancany telescope and the amount of details we
can image on celestrial objects Fsaunhofer difraction. For a telescope with circular aperture (diame-
ter D), perfect optical properties, and without the perturbimituience of the terrestrial atmosphere, the
theoretical limit in spatial resolution is given by the Reigh criterion

®=1221D 1L (1.1)

Here,® gives the angular separation of two point sources for whiehfirst dtfraction minimum co-
incides with the maximum of the other (for a particular wavejth1). While ® might be a realistic
measure for the achievable resolution of space telescajléiés like the Hubble Space Telescope
(HST) or theSpitzerSpace Telescope, ground-based telescopes additionaéytdéace the problem of
atmospheric turbulence.

1.3.1 The turbulent Earth atmosphere

The Earth atmosphere can be considered as a largd

number of turbulence cells of filerent temperatures
and densities. As the filiactive index depends on the
temperature, these cells scatter the incident stellar ligh
in a random pattern, which causes the image of a point
source to break up intospecklepattern (see Fidl.2).
Long-exposure imaging, as performed in conventional
astrophotography (with detector integration times of
a few seconds and longer), records a time-averaged
speckle pattern, the so-callsdeing disk Due to the
random nature of the intensity and phase variations,
induced by the Earth’s atmosphere, the brightnessgf e 1.2: speckle pattern caused by the tur-
the seeing disk is approximately Gaussian distribut@glyent structure of the terrestrial atmosphere.
The atmospheric conditions are characterized by thkis K-band speckle interferogram was taken by
spatial coherence length (Fried parameter), which isour group in 1999 at the BTA 6 m telescope
the characteristic scale over which the incoming wa@8 the 76 mas binary HIP4849 (Image Credit:
front sufers no distortions, and the coherence tige http://www.mpifr-bonn.mpg.de/div/

over which temporal changes in the atmosphere cif interferometry/).

be neglected, and the atmosphere can be considered as
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“frozen”. Fromrg, the FWHM of the seeing disk = 0.981/ro can also be computed for a particular
wavelengthl (Sarazin & Roddier 1990 For visual wavelengths (e.dy = 550 nm), typical values
aretp = 10 ms and = 10 cm @uscher 198) corresponding to a size of the seeing disk-ofl” 1.
Towards longer wavelengths, the restrictions relax sjghsr, increases ag o« 1%° (for Kolmogorov
turbulence,Sarazin & Roddier 1990

1.3.2 Speckle interferometry and adaptive optics imaging

Great éforts have been taken to overcome the limitations imposedéyatmospheric influence. In
1970, a first success was achieved byeyriewith the speckle interferometry method. This technique
uses short exposure times (i.e. comparablg)do “freeze” the atmospheric turbulence. Therefore,
each speckle interferogram represents a convolution afltfext brightness distribution with the current
transfer function of the “frozen” atmospheric screen. Thethod proposed byabeyriedoes not retrieve
the phase information of the image, but computes the auteletion of the speckle interferograms.
Therefore, this method is not applicable to objects withyvamplex brightness distributions, but can
be used, for instance, to measure the separation and poaitgle (PA) of binary stars, although even
in these cases a 18@degeneracy remains.

To extract real images from speckle data, other methodshese developed. A method proposed by
Knox & Thompsor(1974) cancels the atmospheric influence by dividing the averamgsespectrum of
the target speckle interferograms with those of a referetare Then the phases can be recursively re-
constructed. The bispectrum speckle interferometry neeficeigelt & Wirnitzer 1983 Lohmann et al.
1983 Hofmann & Weigelt 198}, which evolved historically from speckle maskingd€igelt 1977, also
reobtains the phases recursively. By using the averagediisjin (see Sec?.2.9), this method makes
use of the property that on triangles in Fourier space (whieldefined by two spatial frequency vectors;
thereforebispectrum), phase errors cancel out. Furthermore, for eactyte the phase information can
be retrieved on various paths, which provide reduced resigiuiors on the reconstructed phase signal
after averaging.

Although speckle interferometry can providdttiction-limited imaging at visual and NIR wave-
lengths, it is limited in sensitivity (typically ¥14™ and K~12™) due to its short integration times. Re-
cently, adaptive optics (AO) systems were developed whHehalow long integration times (typically
a few minutes), exploiting the full sensitivity provided the large aperture of the current generation of
telescopes. These systems operate routinely at NIR waytbleand correct the atmospheric wave front
distortions using deformable mirrors (e.g. NAOS-CONICAtha VLT).
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1.3.3 Long-baseline interferometry

As speckle imaging and AO systems are already pushing t@xbedtheoretical diraction-limit of a
single-dish telescope, a conceptual turn has to be takeaitndfgrther resolution in optical astronomy.
The most basic principles of optical (i.e. visual and inddrinterferometry were already formulated in
1868 by Armand Fizeau, who proposed to place a mask with tieshio front of a telescope aperture.
He suggested measuring the diameter of stars by finding fleeskparation at which the formed inter-
ference pattern (th&inge) vanished. This technique was used four years later by Eddbi@phan to
obtain an upper limit for the diameter of some stars and wasessfully applied by Albert Abraham
Michelson to measure for the first time the diameter of thel&al moons|{lichelson 189). In 1919,
Michelson enhanced the resolution of the 100-inch HooKest®pe by mounting 20-foot beams on
top, resulting in the first measurement of a stellar diam@techelson & Pease 1931 Another mile-
stone was reached in 1974 when Antoine Labeyrie succeedeahibining the light of two separate
telescopes, spaced 12 m apart. At this stage, the radismastgocommunity had already developed im-
portant concepts for long baseline radio interferometrictvicould be adopted to optical wavelengths.
Some important contributions were the development of Eatidition aperture synthesis (e.gyle &
Hewish 1960 and the concept of the closure phasaders et al. 1974 allowing to obtain accurate
phase information even in presence of strong atmosphettigrpations. The first optical aperture syn-
thesis images were presentedthyscher et al(1990 andBaldwin et al.(1996), and imaged the surface
of Betelgeuse and the binary star Capella, respectively.

In the following Sections, | will introduce the basic priptgs of long-baseline interferometry (Segt.
and adopt these to the IOTWNIC3 (Sect.3) and VLTI/AMBER (Sect.4) instrument. Then | present
some of our studies related to aperture synthesis imagiect.(3.
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2 Principles of Long-Baseline

Interferometry

2.1 Basics of Interferometry

One solution to the time-independent Helmholtz equatiowl thus also the Maxwell equations) is the
monochromatic, stationary planar wa¥g(x) (Bergmann & Schaefer 19%.3The propagation of this
wave through source-free vacuum can be expressed by

P(X,1) = Ps(R)e (ke (2.1)

wherek = 2rv/c = 2n/4 is thewave numbernd¢ the phaseof the wave. As usuak denotes the
speed of light in vacuunmy, the frequency, and the wavelength.

For long-baseline interferometry, the same electromagnetve¥ is sampled with several apertures.
While propagating throughout the optical system, the wayregences optical path fiiérences, which
we take into account by including a delay tetirfor each spatially filtered wave front. Additionally
there are rapidly changing phase modulations induced batthesphere, which we denote with(this
piston might be wavelength dependent). Therefore, for tineevthat reaches the detector from aperture
i, we yield

(%D = PO (R hemrHn ), 22)

whereP; (X) denotes the pupil function (including transmission).

Theintensity | of the light from this telescope is then given by the absodafeare of the complex
wavefunctions;. Due to the finite sampling time, we compute the time-avedagtensity with

li(X.1) ui (X 1)]% (2.3)

Pi ()| (%, 1) (2.4)
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If light from N apertures is superposed, the measured signal is given by

(X 1) (2.5)

N 2
lwly
i—1
N
= <Z Yy (2.6)
ij=1

wilH+ Y, 2R (2.7)

1<i<j<N

N
DX
i=1
N
= Dli+ Y 2R} (2.8)
i=1
N
>
i=1

i<j
- Z zm% [<\Pie—lck(Ti+G) (\.}Ije_ICK(Tj+(j))*>:| (29)
i<j

Pt
¥ '> e—tlek(ri+d) —ck(r+4))] (2.10)

= ZN:IHFZZ\/E%

i< (2T

wherey* is the complex conjugate @f. The real (imaginary) part of a complex function is denoted
with R () andJ(). We define the complex visibilityy;;, which is identical with the complex degree of

coherence, with
SA
- 2.11
. i ||| (2.11)

which, for the interferogram given above yields:

N
IR = Dli+ D, 2¢/IR [Viye ek mta-a)] (2.12)
i=1

i<j
= 1P%(%) + Y 2% [nﬁC(z,Ti,Tj)] (2.13)
i<j
While the first term in equatioR.13corresponds to a constant, underlying continuifffi(this term has
to be removed at the data reduction stage), the interfegattern is given by the second term (real part

of I*€). For a single planar wave (corresponding to an unresole@wt{source)|Vj;| = 1 everywhere.
A more general case will be considered in Secfidn



2.2 Interferometric Observables

The fringe patterny;; at the detector shows a cosine modulation, with an ampligiden by the
visibility Vij = ‘Vij ‘Z

I(%t) = Y 243/ cod —ck(ri — 7 + G — &) — (61 — ¢))] (2.14)

N

>

i=1 i<j
N

PN IRVALT (2.15)
i=1

i<j
2.2 Interferometric Observables

2.2.1 Visibility

The most fundamental observable in interferometry idinge contrastgiven by the amplitude of the
complex visibility (see definition ir2.11). While the phase oV¥j; is strongly d@fected by atmospheric
perturbations, the atmospheric (and instrument@ots on the fringe amplitude vary rather smoothly
and can be corrected using measurements on calibrator Breefore, it is common to use the (phase-
independent) absolute square of the complex visibilityteeovable:

V2 = |V 2. (2.16)

This quantity can be extracted from the interferogram papectrum, although the removal of under-
lying background and bias terms has to be done with caution.

2.2.2 Closure phase and bispectrum

Besides the fringe amplitude (i.¥2, as defined in equatic®.16), the phase of the complex visibility
carries additional information about the source brighdéngistribution. The Fourier phasg of the
complex visibility is given by

_g=argV) = tan'* (M) . (2.17)

R(V)
However, when extracting this quantity from an interfeamgrwhich was obtained with a ground-based
interferometer, the phase signal will be completely caiediby the piston introduced by the turbulent
atmosphere. This atmospheric phase screen can be deduyiltteel’’'s in equation?2.2 and following.
One possibility for overcoming this phase corruption isrently being investigated using the technique
of phase referencing, such as with the PRIMA fringe trackex|flancke et al. 200For the VLTI.
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Atmospheric
Phasescreen

Figure 2.1: Definition of the vector directions in the CP triangle.

However, in 1958 ennisomoted that some of the phase information can also be retfigit non-
phase-referenced interferometers. The underlying id#lassrated in Figure2.1 and makes use of the
fact that for observations with three or more aperturesath@spheric disturbance termigancel out
when adding the phase terms in a closed triangle telescag@guamtion. If we consider the case for
N = 3 and denote the telescopes with 1, 2, and 3, then we obtafoltbeing interferogram phases:

p12:= —argl1y) = 12— ck(l1 — Lo + 71 — 2) (2.18)
@23 1= —arg155) = ¢23 — ck({a — {3 + 72 — T3) (2.19)
@31 = —arglgf) =¢31—Ck(§3—§1+7'3—7'1), (220)

wheregij := ¢ — ¢;.
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Adding thesey;; yields the remarkable result that the phas€also known asClosure Phaskgis

invariant to the atmospheric phase perturbation terms:

D

$12 + 23 + P31 (2.22)
P12 + P23 + P31 (2.22)

Due to this property, closure phases (CPs) are also sélfratihg; i.e., no calibrator measurements are
needed to monitor changes in the atmospheric conditionse¢asred forV? measurements). For an
array ofN telescopesN > 2), in total (N — 1)(N — 2)/2 CPs may be definedk¢adhead et al. 1988
ForN > 3, someAmplitude Closure Relatioran additionally be obtainek(Qgers et al. 1974

As was pointed out later, the CP is mathematically equivadtetine phase of thkispectrun{Lohmann
et al. 198). If we denote withil the Fourier transform df, the bispectruniB can be defined as

B

Thus,

= DTS (2.23)
=[5 [E5s ] [T (2.24)

.efl[¢1z+CK(T1+§1)7Ck(T2+§z)] ) efl[¢23+CK(T2+{z)7Ck(T3+{3)] . el[¢13+Ck(T1+§1)7Ck(T3+§3)]

‘ﬁ/lx20| \ﬁé\?\ |ﬁ/l\§:*‘ . @ b2t ck(ri+a) —ck(ra+82) + ¢+ Ck(ra+4o) —CK(Ta+ds) —¢1s— (Ckri+da) + (Ckra+43)]

‘ﬁffﬂ \ﬁﬁg\ |ﬁ/f§:*‘ . @ ![b12+023—013] (2.25)

we find that the argument Bfis identical to the CP, as defined in equatibA2

argB) = @12+ d23+ 3 (2.26)
o. (2.27)

2.2.3 Differential observables

From

spectrally dispersed interferogramdfetiential observables can be extracted in addition to the

before-mentioned absolute observables. In analogy t&fhestimator, thelifferential visibility mea-

sures the relative change of the visibility in adjacent sfa¢channels. Perhaps even more powerful

is thedifferential phasewhich resembles the wavelength-dependence of the indiVigourier phases.
Similar to the CP, dferential observables are self-calibrating; i.e., they diorequire a calibrator mea-

surement to compensate for atmosphefiieds.
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2.3 Array Geometry and Optical Path Delays

The waves from the individual telescopes must experieneestime time delay before they can be
recombined. Therefore, it is important to identify théeets which delay the wavefronts with respect
to each other. Once identified, these delays can be compeénsgatusing delay lines, allowing us to
observe the fringe pattern at zero optical path delay (OPD).

One cause of delay might be due to patfietences in the optical traingfernal delay3. Another
important contributor is thgeometric path delaygeom Which results from the geometric arrangement
of the apertures (see Fig.2). As this geometric delay changes constantly while the daskestar
moves across the sky, it has to be compensated with highdreguduring the observationgeom can be
computed from the relative ground coordinates of the telgsstations. When observing a star towards
direction? (B is the baseline vector), themeom for this particular baseline is given by $Br) /c. The
projected baseline B which also defines theffective resolution of the observation, is given by

By = cogBr) = |B| cosz, (2.28)

wherez denotes the zenith angle of the observations.

2.4 Fringe Signal Coding

Long-baseline interferometers collect the same wave witerént apertures and then recombine it in a
beam combinerin order to ensure that the sampled light combines cohgrémb distinct strategies can
be usedlflalbet et al. 1999Scholler et al. 200)) While thecoaxialcombination scheme superposes the
wave at the same position on the detector, but modulatestieenthen the waves arrive there (yielding
temporal self-coherengghemultiaxial combination scheme records the interferogram at one tiate, b
spread in spacespatial self-coherenge

2.4.1 Coaxial beam combination

In the coaxial combination scheme, the beams are first aligmel then combined in the pupil plane.
The signals from the beam combiners are then focused at atalgetehich might consist of a single
pixel, although it is advantageous to record the two phagéed output signals from the beam splitter,
which requires two pixels per beam combiner.

To scan the fringe signal, the delay between the beams has tentporally modulated. This is
done by modifying the OPDB systematically by introducing an additional delay of knoamplitude.
Technically, this can be realized, for instance, using ®&anners, which introduce a sawtooth-shaped
delay onN — 1 of theN baselines (at one baseline the delay may stay fixed).

26—



2.4 Fringe Signal Coding

combiner

Figure 2.2: Basic components of a Michelson stellar interferometele Whavefront requires fiierent light travel
times to reach the telescopes, introducing the geometty dg.om Which depends on the position of the star on
the sky.

This concept is similar to the one applied in the Michelsoorldy interferometer. For stellar inter-
ferometers, coaxial beam combination is used at the IOTA,IXINCI, VLTI /MIDI, and some other
interferometers.

2.4.2 Multiaxial beam combination

In multiaxial beam combination, the fringe signal can beorded at one time (in one exposure), but is
spread in the image plane over many pixels on the detectoeplehe spatial fringe coding is achieved
by placing the exit pupils at certain distances to each ahdrthen to superpose the beams using, for
instance, a lens, introducing geometric patfiedences. FoN > 2 telescopes, confusion between the
formed fringes can be avoided by placing the correspondiitgpeipils at varying distances to each
other. This results in dierent frequencies in the carrying waves, which allows onsefoarate the
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Coaxial beam combination Multiaxial beam combination

(temporal fringe coding) (spatial fringe coding)

Detector modulate
OPD

Beam 1
Beam 2

Beam 1

Beamsplitter
(Pupil Plane)

Detector
Detector (Image Plane)

Figure 2.3: Basic principles used in the current generation of optit@ferometric beam combinenseft: Coaxial
beam combinationRight: Multiaxial beam combination.

interferograms from the fferent baselines during data reduction.
An intuitive example for multiaxial beam combination is Yayis double slit experiment or Michel-
son’s 20-foot steller interferometer. Nowadays, this rodtis realized at GI2T or VLTAMBER.

2.5 The van-Cittert-Zernike Theorem

The van-Cittert-Zernike theorenTljompson et al. 199&elates the complex visibility (as defined in

equation2.13 with the source brightness distributid(x, y) and provides, therefore, the basic theory
for any modeling of interferometric data. The coordinatesdy shall be measured parallel to the right
ascension (RA) and declination axis (DEC), respectiveherT, the van-Cittert-Zernike theorem relates
V with the Fourier transform of the irradiance distributidm, y), i.e.

V(uv) =Ti(xy) = f V f (% y)e ke gxdy (2.29)

The new coordinatasandv are measured in frequency space (e.g. in cycles per masjanthg East
and North component of the sky projected ground baselineov& For a point source (unresolved)
V = 1, whereas for uniformly bright background emission fillithg whole FOV (overresolved source)
V =0.

2.5.1 Basic analytic visibility profiles

Based on the van-Cittert-Zernike Theorem, it is straiginwiird to compute the visibility profile for
arbitrary brightness distributions. Since for some of dudis the brightness distribution of the studied
objects is rather complicated (e.g. on MWC 147Car) or follows an exotic center-to-limb variation
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(CLV), these cases require a direct application of equati@d. However, it can be useful to find ana-
lytic descriptions for the visibility profiles of simple gewtries like binary stars (applied f6tOri C),
uniformly bright disks, or Gaussian CLVs (fgrCar). As the derivation of these analytic descriptions
is rather straightforward and already demonstrated indlitee (e.g. Millan-Gabet et al. 200;1Kraus
2003, we give the descriptions for the following, commonly useigihtness profiles without derivation:

Uniform Disk (UD): The visibility function for a disk with diamete® and of uniform brightness,
depends on the projected baseline as

Vup(@) = ZTBD’ (2.30)

whereJ; denotes the Bessel function of first kind and first order.

Gaussian Brightness Distribution: If we consider a Gaussian brightness distribution of fuldltlvi
half maximum (FWHM) diamete®, the visibility profile is given by

(OBp)*
4In2

VGaus£®) = exp (2-31)

Binary source: Let us consider a brightness distribution which contairs¢emponents, each having
an arbitrary intensitylg andl,) and visibility profile (V; andVy). Then the complex visibility
depends on the component separation vesas

11V1 + |2V2€_ik§§

VBinary(gk) = |1 T |2

(2.32)
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3 The IOTA/IONIC3 Interferometer

Figure 3.1: The IOTA with the IONIC3 instrument.
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3.1 Overview and Context

The Infrared Optical Telescope ArraffOTA) was used for observations for one of my PhD projects;
namely, ond*OriC and D (Sect8). Due to the low brightness, the data reduction processhieset
sources was rather challenging and could not be performédtiaé data reduction algorithms which

| had implemented earlier in the context of my Master thesiskvon IOTA (Kraus 2003). Therefore,

it was necessary to implement new algorithms, which are kegfly described and illustrated in this
chapter.

3.2 Instrument Design and Signal Coding

The IOTA is a three telescope interferometer located at tleel WVhipple Observatory atop Mount
Hopkins, Arizona. It was jointly constructed by the Smithism Astrophysical Observatory, Harvard
University, the University of Massachusetts, the Univgrsif Wyoming, and the MITLincoln Labo-
ratory (Traub et al. 200B 10TAs telescopes can be moved on an L-shaped track and@rated on
stations 5 and 7 m apart. With track lengths of 15 m (southieesttion) and 35 m (northeast direction),
baselines up to 38 m can be formed. The collecting opticsisbokf/2.5 45 cm Cassegrain primary
mirrors, which are fed by siderostats. The atmospherigatiyced motion of the image is compensated
by tip-tilt servo systems mounted behind the telescopes.

Passing various mirrors and path-compensating delay, lthesbeams are deflected into the labo-
ratory, where the infrared component of the beam is coupltifibers. The fibers feed the spatially
filtered signal into the IONIC3 integrated optics beam cambi@Gerger et al. 2003 which combines
the beams coaxially (see Se2t4.1) and pairwise with a ratio of 50:50. For each baseline, trarbe
combination produces two complementary outputs, whiclshifted in phase by with respect to each
other, and which are recorded on a PICNIC camérad(etti et al. 2004 Although the information
recorded by these two channels is in principle redundacaritbe used to remove residual photometric
fluctuations simply by subtracting the signals from the tlvarmnels.

Piezo scanners installed at two of the telescopes modukat@PD to temporally scan the interference
fringe pattern (for the AB and AC baseline the OPD stroke ig®0Q resulting in a stroke of 10@m for
the BC baseline). Thus, for eaclwe record six signalk; (1 < j < 6). In the following, we denote the
output of the beam combiner which combines telescopes A anifB 4, |, the beam combiner output
from A and C withlz, |4, and the one from B and C witl, I¢.

Because we observed with IOTA using Eirbroadband filter, the assumption of a monochromatic
wave, which was used in the derivation of the interferomeggjuation in Sec.1, cannot be used to
describe 10TA interferograms. Therefore, we integrateititerferometric equation over the spectral
window of an rectangular-shaped filter (central wavelengtland bandwidtm2) and yield that the
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cosine fringe signal (see equati@rl5) is convolved with the function sifieAA(t + 7 — 7j + & —
;) — (¢ — ¢5)] (with singx) = sin(x)/x; for a derivation se&raus 2003). The width of this envelope
function is inversely proportional th4, and it is symmetrically centered around the so-calbde light
fringe. In Figure3.3we show a typicaH-band IOTA interferogram.

Following each object observation (during which severghsiets were recorded, typically consisting
of 200 scans), four calibration files were acquired. One e$éhfiles measures the camera background
signal with the light from all telescopes shuttered outg(tisi required for subtraction of the thermal
background). For the other three files, the light of two ted@es is shuttered out alternately. This
allows us to determine the cfieients of the transfer matrix (natrix, Coude Du Foresto et al. 1907
Thek matrix quantifies the light contributions of a certain telgse to both beam combiner outputs of
the three baseline§£1...6):

li = «kjaFa+«igFe +kjcFc (3.1)

3.3 Constructing the interferograms

To achieve a high accuracy in the visibility, the recordeeirferograms must be corrected for photo-
metric fluctuationsCoude Du Foresto et al. 19) which requires to record the photometry simultane-
ously to the interferometric signal. Two-telescope beamioers (like FLUOR, VINCI, or MIDI in
SCI-PHOT mode) or multiaxial beam combiners (like AMBER}aih this photometric information by
separating a certain fraction of the light before the beamhination and recording the photometry in
separate channels.

However, if three or more telescopes are combined pairttisgphotometric information can also be
extracted from the interferometric signal without addiabchannels. An important advantage of this
procedure is the reduced complexity of the optical desightha increased flux in the interferometric
channels. To my knowledge, this procedure was first suggdéstéled Carleton for IOTA-3T. | thank
John Monnier for discussion on this topic, who applied a lsinfirocedure also to asymmetric beam
combinersiylonnier 200).

With all shutters open, we obtain the interferometric signa

l1 = «1aFa+xi8FB + kicFc + ZYXB\/Im (3.2)
l2 = koaFa + k2FB + kocFc + 2y,5\/koakosFaFB (3.3)
I3 = «aaFa+ kseFs + kacFc + 2y, \/kaakacFaFc (3.4)
ls = «a4aFa + kagFp + kacFc + 2y, /kankacFaFc (3.5)
Is = «saFa +ksgFg + kscFe + 27§C\/m (3.6)



Chapter 3 The IOTA/IONIC3 Interferometer

A-B baseline

A-C baseline

B-C baseline

Figure 3.2: lllustration of the signal processing applied to IOTA ifiegograms: From the intensities recorded on
the IOTA/PICNIC detector (green and blue curve in left-handed colytime photometric information is retrieved
using equatior8.11(magenta and grey curve, shown with arbitraffset). The photometry-correct curves (equa-
tions 3.13to 3.17) are shown in the column in the middle. The final interferogsaright-handed column) are
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Figure 3.3: IOTA fringes on the science targetOriC (H=4.4) and the calibrator star HD3413A%£4.4), both
recorded on 2005-12-06 (datasets #72 and #140).

le = «eaFa+ kesFB + kscFc + ZYEC\/KGBKGCFBFC (3.7)

wherey; (1) andyy (r) are the interference patterns of interest (compare witkagop2.15).

For a perfect detector, thés corresponding to the telescopes which do not contriligité to a certain
output (e.g«c for 11 in equation3.2) are identical to zero. However, infrared detectors (as AAW
or NICMOS) are known to exhibit detector biases; i.e., thayenthe property that the pixels on the
detector are not completely independent. Let us considecdlse that the signals on two pixels X and
Y (located in diferent corners on the detector) are read, with pixel X shedteut, simply recording
the detector background. Illuminating pixel Y will resuita bias on the background signal measured
on X (the more flux on pixel Y, the stronger the negative biapiael X). Assuming that the bias on X
depends linearly on the flux on Y, this bias can be taken into@at in a natural way with the presented
method. Th&’s corresponding to these bias terms have the oppositelsgrthec’s for the contributing
telescopes.
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With some arithmetics, the coherence termd ¢an be cancelled out by adding the outputs from each
beam-combiner pair-wise:

l1/ \/k1ak1B + |2/ \/koako Fa
I3/ \/kaakac + 14/ \/kankac | =M - | Fg (3.8)
Is/ \/kssksc + 6/ /KeBKeC Fc

=M -F (3.9)

with

“a 4 Koa 4B 4 k2B Kic 4 K¢
K1B K28 K1A KA VK1aK1B NI
M = [ kan 4+, ke Kep 4 _ kip R 4 [Kac (3.10)

K3c Kac /K3pKac /KapKac K3 Kapn
_—Ksn + _—Ken ke + ke, Ksc + Kec,
+/KsBK5C +/KeBK6C Ksc KeC KsB KeB
The diagonal terms iM (upper right to lower left) correspond to the detector bares; i.e., for a
perfect detector, these terms are identical zero. The phetty can be obtained by performing a matrix

inversion:
Fa l1/ \/kiakig + |2/ \/konkos
F=M"1| Fg |=M"1| I3/ Jksarac + la/ \/Kankac (3.11)
Fc Is/ \/ksgksc + l6/ \/KesKec

Using the obtained photometric information, the interfgeoms can be corrected for photometric fluc-
tuations:

l1 — k1aFa — k18FB — k18FC
YAg = (3.12)

2/k1ak1eFaFB

_ l2 — koaFa — k28Fp — koBFc (3.13)

Yae 2 \/konkosFaFB

yie — T realaz kele_kacfe (3.14)
2 \/kankacFaFc

yo = l4 — kanFa — kagFp — kacFc (3.15)

AC 2 \/kapkacFaFc

v = Is — ksaFa — ksgFB — kscFc (3.16)
BC 2\/K5|3kscFBFC

v = le — kenFa — ke8FB — K6cFc (3.17)
BC 2'\/KGBK6CFBFC '
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1.00

Figure 3.4: The wavelet spectral density power
0800 spectra shown in the bottom panels are cal-
culated from the corresponding raw interfero-
grams. On the ordinate of the CWT plots, the
scale quantity is given, which is equivalent to
the period and inversely proportional to the fre-
0400 quency of the corresponding rescaled wavelet.

The contours demonstrate how our departition-

ing algorithm removes regions not connected to
0.200 the area with the highest peak and separates the
fringe peak from the piston and resonances for
the visibility estimation.

0.600

Power

0.00

Remaining photometric fluctuations can be removed by sctitigathe two channels, yielding the
final interferograms for the three baselines:

n _

yap = TAB_ThE (3.18)
Yac — Yac

Yac = - 2 (3.19)
Yec — Yac

YBC = - 2 (3.20)

3.3.1 Extracting the visibility using the Continous Wavele t Transform

The methods which have been proposed to extract the vigibiim OPD-modulated interferograms,
such as those recorded by IOTA, can be mainly subdividedtimise which measure the fringe am-
plitude in the time-domain (i.e. by fitting an analytic fuioct to y(7)) or in the frequency domain (i.e.
by measuring the fringe power in the power spectf@m= |¥(r)|?). An important advantage of the
frequency-domain approach is that the power-spectra oflaitrary number of interferograms can be
averaged, even if the fringe packet moves due to the influehaemospheric piston. In the averaged
power-spectrum, the fringe power can be easily obtainedtegrating the power over the fringe peak
to estimate the fringe amplitude (squared visibility).

Recently, another approach to obtain the visibility wastdied, making use of the continuous
; ; ; % In
contrast to the Fourier Transform (FT, which measures theasiagainst periodic, non-localized cosine
waves), the CWT decomposes the signal into a localimether wavelefunction y () (

¥. For the decomposition, a mother wavelet is used whichhugesembles the analytic

fringe function, such as the Morlet wavelet (which is givgrelcosine wave modulated with a Gaussian

wavelet transform
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envelopek is the wavenumber)
w(n) = n YA/, (3.21)

Then the CWTW (1, s) and the wavelet spectral density power spect®itr, s) are defined as

1 ¢ [T
W(r,s) := TSJ lrea(t)dr ( = )dt (3.22)
Pw(t,s) = |W(r, 9] (3.23)

where thescale sis equivalent to the period and inversely proportional te ftequency of the corre-
sponding rescaled mother wavelet. For the computationedCWT, we used the algorithm described
by Torrence & Compt

In contrast to the power spectrum fitting approach, the CW§tha advantage that the information
about the position of the fringe in the OPD is conserved, tvlcign be used tofkectively separate the
fringe from underlying non-localized signals (e.g. noisk) our original implementation of the CWT
algorithm (Kraus 2003 Kraus et al. 2005)) we used the integral over the fringe peakAw(t, s) as
visibility estimator, which was veryfécient in removing contributions from disturbing resonane
the 10TA interferograms of very bright objects such as Capgl=-1.6). However, when we started
working on interferograms for the significantly fainter ebjs¢*Ori C and D H=4.6 andH=5.9), we
found this original algorithm unsuitable, as the fringensibin the CWT of an individual interferogram
is too noisy.

Therefore, we had to implement a modified CWT algorithm, Wwiiombines the advantages of the
CWT with the major advantages of the power spectrum fittigg@ihm; namely that the fringe signal
can be constructively built up by averaging. We apply a metsimilar to the procedure presented
by Kervella et al.(20049. First, the fringe peak is localized in the CWT. In order tonimize noise
contributions, a small window around the fringe peak positis cut out. Then, we integrate along
the OPD axis, yielding a power spectrum. After recenterirggftinge peak position for each scan (to
compensate frequency changes induced by atmospheriapiste average the power spectra for all
scans within a dataset. In the resulting averaged powetrsipecwe fit and remove the background
contributions and integrate over the fringe power to obsairestimate fow?.

In order to use only high-quality interferograms for thahility computation, we apply the following
selection criteria:

e We reject the leading ten scans from each dataset, as thase & degenerated by electronic
noise.

1The algorithm by Torrence & Compo allows to compute the wetvehnsform #iciently using Fast Fourier Transforms (FFTs),
as described on the webshetp: //atoc.colorado.edu/research/wavelets/wavelet3.html
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Figure 3.5: lllustration of the bispectrum algorithm used to extractsG®m the IOTA scans. The plot shows
the averaged bispectrum for the HD34137 calibrator dagasentioned in Figur8.3. For a description of the
algorithm, we refer to the text.

e \We reject scans which seem not to contain any fringe sigralthe signal detection we use the
AMES fringe tracker software.

e We reject scans which are stronglijected by atmospheric piston. These scans are identified by
measuring the extension of the fringe packet in the CWT oheaan both along the scale and
the OPD axis.

3.3.2 Extracting the closure phase

Another refinement in our software concerns the CP estimatin contrast to our earlier approach,
where we used the FT to determine the phase for each intgrieroseparatelyi R
), we found that for low-SNR data the best results can be nbtHdy averaging the bispectra
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Figure 3.6: After applying the selection process illustrated in Fig8rg, we average the phases of individual
bispectrum elements in the complex plane, yielding the inataged CP (same datasets as in Figue

from all scans. The bispectrum (equati®124) is given by the triple product of the FT of the scans
at the three baselinesi¢fmann & Weigelt 199R% Figure3.5 shows the average triple amplitude and
bispectrum phase of a representative IOTA dataset congpois200 scans. Using the triple amplitude
(Figure3.5a), we identify the bispectrum elements with the highest SféRwhich we select the best
bispectrum phase measuremeitdéfore selectionc after selection). Finally, the bispectrum phases
of the triple-amplitude selected bispectrum elements aeeaged in the complex plane to obtain the

average CP.
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4 The VLTI/AMBER Interferometer

Figure 4.1: Mosaic of the VLTVLTI infrastructure (4 UTs, to the right) with the AMBER insiment, which is
located in the optical laboratory. In the upper left corioee of reflectors of the VLTI delay lines is shown (Image
Credits: ESO & AMBER consortium).

4.1 Optical Design and Signal Coding

4.1.1 The VLT interferometer and its infrastructure

AMBER (Astronomical Multi-BEam combineR, see Figutel, Petrov et al. 2003220065b) is the
first-generation near-infrared+, H-, K-band) beam-combiner instrument of t#ery Large Telescope
Interferometer The VLTI array (see Figuré.2) comprises four 8.2 m unit telescopes (UTs, arranged in
a half-moon shaped configuration including baseline lexfyttm 47 to 130 m) and four 1.8 m auxiliary
telescopes (ATs, which can be mounted on 3ffedénts stations, forming baselines between 8 and
202 m).
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The UTs are equipped with  (O)- unitTelescopes (1-4) AT Rail Track

MACAO adaptive optics systems ~ © -guxilieryTelescope ¢

Stations

Beam Combination
Laboratory

(lvanescu et al. 2004which op-
timize the Strehl ratio. Each Delay Line Tunne!
beam is redirected into a VLTI |,
delay line, where the OPD dif- |
ference between the telescopes is
compensated (providing an accu-

racy of 0.05um over a length of

120 m). Finally, the beams en-

ter the optical laboratory, where

the atmospherically-induced mo- ==
tion of the beam is compensated P

by the IRIS instrument Gitton Figure 4.2: Besides the four UTs, the VLTI infrastructur&ers four ATs
etal. 2004 operatinginthéd-or - (1mage CreditGlindemann et al. 2003
K-band). Although this beam sta-

bilization increases the flux on AMBER, it cannot compentagghase-fluctuations which are imposed
by the atmosphere. The FINITO fringe trackers( et al. 200), which is currently under commission-
ing, will remove these random phase shifts in the near fuall@ving AMBER to use integration times
much longer than the atmospheric coherence time.

4.1.2 The AMBER instrument

The AMBER instrument was built by an international conserticomprising French, Italian, and Ger-
man institutes, and installed on Cerro Paranal in Springt2@G the sketch in Figuré.3 shows, the
light from up to three VLTI telescopes is first spatially fikel using single-mode fibers (correspond-
ing to a field-of-view diameter of 65 mas for the UTs and 280 foaghe ATs on the sky). After the
spatial filtering, a beam splitter separates a small fraabiothe light from each beam and redirects it
into photometric channels, whereas the main part of the lggbombined using the multiaxial beam
combination scheme (see Sezt4.?). The three exit pupils are placed in separations of 1:28¢ckv
leads to diferent fringe frequencies in the formed interferogram, mgkhe fringes from the three
baselines clearly distinguishable (although they stigjtly overlap in Fourier space). Then, both the
interferometric and the photometric beams are spectrapetsed using a spectrograph. Threfedent
dispersive elements can be chosen, resulting in thféerelnt spectral modes:

Low-resolution (LR) mode:  Using a PRISM, the interferograms are spectrally dispevstta res-
olution of R=1/A1=75. The LR mode provides the highest sensitivity, and alltawsover the

T,
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Spatial filtering DK Pl P2 IF P3

Recombination Spectral dispersion

Wavelength

——
DK P1 P2 IF P3

Single-mode fibers Outpit pupils Spectrograph Raw Data Fixely

Figure 4.3: Sketch of the AMBER instrument design: The three beams, wdter AMBER are spatially filtered
using single-mode fibers, recombined on the detector pladetizen spectrally dispersed using a spectrograph
(Image Credit: ).

widest spectral rangel{, H-, K-band in one exposure).

Medium-resolution (MR) mode:  Using a GRISM withR=1500, this mode fiers a compromise be-
tween moderate sensitivity andfBaient spectral resolution to separate spectral featurégan
resolve Doppler-broadened spectral lines typically oiemaspectral channels.

High-resolution (HR) mode:  With R=12000 (using a GRISM), this mode allows detailed kinematic
studies in spectral lines, which are resolved over typjcafiew dozens of spectral channels.

On the AMBER detector, not only the interferometric (IF) aghdee photometric channels (P1, P2,
P3; each measuring 32 pixel in spatial direction and anrarginumber of pixels in spectral direction),
are recorded, but also a narrow dark strip (DK; 20 pixel irtigpdirection). The DK records the detector
noise and thermal background. Therefore, only a smallitracif the 512512 pixels on the HAWAII
detector contains scientific information. To reduce theed®tr readout time, the AMBER detector
electronics and software allows one to read-out individuwdd-windows, which are placed along the
before-mentioned stripes (arranged on the detector iroflening order: from left to right DK, P1, P2,
IF, P3). These sub-frames are then stored in FITS data cabésther processing.

4.2 AMBER Data Reduction Pipeline

AMBER interferograms allow one to extract a large number lodervables, including the spatially-
filtered object spectrum, visibilities, fierential visibilities (DV), diferential phases (DP), and CPs. To
extract these observables, the AMBER consortium has desdlthe software librargmdlib, which
employes thePixel-to-Visibility-Matrix (P2VM) algorithm. This algorithm, somewhat similar to the
ABCD method ( ), fits the three fringe systems in the interferogram in imsyagece (
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et al. 2009. For each spectral channel, the complex visibilities athsed visibilities are computed
and then stored in the OI-FITS data format. Consortium membave also developed an interactive
user-interface based on the real-time interpreter langyack, calledammyorick which can be used
to remove the influence of wavelength-dependent pistotdiyig differential observable&/(llour et al.
2006). Besides the science files (containing the interferogramasthe recorded photometry), ten cali-
bration files (P2VM files), a sky file, a bad pixel mask (BPM)danflat-field mask are needed as input
for this software.

In the course of my PhD, | have developed complementary softywwvhich uses these existing soft-
ware packages (nametyndlibto extract complex visibilities andmmyorickto obtain the dierential
observables) and processes and manages the data in agifgdisides a highficiency in reducing
large amounts of data, this approach allows us to study theeimce of the various free data reduction
parameters on the final averaged observables. Such paratueties are important to identify the opti-
mal parameter sets for data reduction, and also to trace datreduction artefacts. The AMBER data
reduction pipeline also performs the averaging and caldmaf the derived observables and produces
summary plots. The pipeline (consisting of C programs, Wihie embedded in C bourne shell scripts)
is complemented by tools which allow, for instance, to gateemosaic plots from the raw data (such as
shown in this chapter), or to bin several spectral chanrfeétseoraw interferograms.

In the following sections, | discuss some procedures andepitesome studies related to AMBER
data reduction, namely on data selection (Séeb. and on the dependence of the results on the BPM
(Sect.4.6). For all studies shown here, we used amdliy@&w@myorick 0.56 for data reduction of LR
data, and amdlib 2.78mmyorick 0.59 for MR data. These software packages ardablaifrom the
websitehttp://amber.obs.ujf-grenoble. fr.

4.3 Determining Wavelength Shifts

As the photometric and interferometric channels of AMBER®diferent optical components, the
spectral channels are often shifted with respect to ear btha few pixels (see Figure4, left column).

In case the flux in adjacent spectral channels changes samify (as in the wings of spectral lines or
in atmospheric telluric features), such shifts could idtree strong artefacts in the derived visibilities
and phases. Therefore, these shifts have to be determinechéaly. Although at Paranal a software is
estimating these shifts automatically, we found that afoérefinement can significantly improve the
obtained results. Furthermore, during the early operaifoRMBER, the before-mentioned software
was not operational, so that we wrote independent softwhiehiextracts the spectra from the AMBER
raw data, and computes the autocorrelation of the extresgiedtra in order to determine the optimal
shift value (see Figuré.4, right column).
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4.3 Determining Wavelength Shifts

a) LR data on MWC 147

Without shift: AMBER.2006-02-20T03:21:24.572 fits Fitted Shift: P1=2.3, P2=2.8, P3=0.3

8 T T T T T T T T 8 T T T T T T T T
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b) MR data ony; Carinae (Hel line)

Without shift: AMBER.2004-12-26T08:19:58.553.fits Fitted Shift: P1=1.1, P2=1.9, P3=0.3
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Figure 4.4: Left: The spectra from the photometric and interferometric cetnof AMBER are typically

shifted by a few spectral channeRight: Computing the autocorrelation of the spectra, we deterthie®ptimal

recentered position. In order to reach sub-pixel accuraeyperform a spline-interpolation of the extracted spectra
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4.4 Data Selection

In Spring 2004, the first on-sky observations with AMBER hakiewn that the quality of the AMBER
interferograms is limited by the influence of high-frequgiitter, which is imposed on the telescope
beams by some components in the VLTI infrastructure. Thisrjdegenerates the fringe contrast and
systematically biases the derived interferometric otet@as. As the technical and engineering work,
which aims to eliminate this disturbingdfect, is ongoing, the problem has currently to be faced at the
data reduction stage. For example, one can carefully dblest interferograms which are leaeated

by the influence of the jitter. We perform a four-stage dataci®n procedure, which incorporates the
following steps:

1.) The leading ten frames of each data set are typicallyridegéed by electronic noise. Therefore,

these frames are rejected.

2.) Frame selection based on the photometry, where we sstibidsa) on the flux collected by each
telescope, ant) on the flux balance between the beams contributing to a ndréeseline.

3.) Frame selection based on fringe SNR.

4.) Frame selection based on piston.

In the following sections, we describe the selection step$o24.) in more detail and illustrate them
using real science raw data from our projects on MWC 147 (Lig,ka= 5.7, K-band) and om Carinae
(MR data,K = 0.2, Bry line). We refer to chapters Chapté&rand9 for more details on these data sets
and on the extracted observables.

4.4.1 Photometric selection

In order to obtain a clear interference pattern on a baséimeed by telescopesand j, a suficient
number of photons from both telescopes (correspondingtéméitiesl;, |;) must enter the fibers and
reach the detector. Furthermore, equatiotbshows that high-quality interferograms also require that
the flux ratio between the telescopes is rather balancedhaethe beams from both telescopes have to
be roughly equally bright.

If for a certain interferogram one of these conditions issatisfied, we reject this interferogram from
the further processing. Rejecting this scan (which canantain real fringes) seems advisable, since
detector fringes (which are spurious time-variable fringe patterns appearandomly on the AMBER
detector) could confuse tleendlibfringe fitting results.

Isee also the discussion by Gianluca Li Causi at the websitg: //www.mporzio.astro.it/"licausi/ADC/
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4.4 Data Selection

Photometric selection (for BL12)

LR data

a) Accepted frames b) Rejected frames

MR data

a) Accepted frames b) Rejected frames

Figure 4.5: Mosaic of AMBER raw data (FilaMBER.2006-02-20T03:21:24.572. fits), sorted by the photo-
metric contrast (best frames top left, worst frames bottmhty here selected for baseline BL12). Each AMBER
raw data set comprises an image of the interferometric @4t left), and three photometric channel&4(®om
left: P1 (corresponding to the baseline B12, combiningstge #1 and #2)8from left: P2 (B23), 4 from left:

P3 (B31). Whereas) shows frames which passed the chosen photometric critgsapws the frames which were
rejected from further processing. 47
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For LR-interferograms of MWC 147, we defined the followingexia (where the intensities are inte-
grated over all spectral and spatial channels and backdreubtracted using a sky file; the background
flux Ipg is measured in the DK):

l1/lpg = 1.5 (4.1)
lp/lg > 15 (4.2)
I/l < 10 (4.3)
Io/li < 10 (4.4)

4.4.2 Fringe SNR selection

In the P2VM algorithm, a fringe contrast quality criteriurarcbe defined (see equation 20Tiatulli
et al. 2009. Therefore, it seems a reasonable approach to use thiefBNR as a criterium to select
those interferograms which are least degenerated by jlitewever, one has to keep in mind that any
criterium which judges the quality of the fringe patterrelfscould lead to systematic biases in the
derived fringe contrast (visibility). Especially, if thewelated flux (i.e. either the brightness or the
intrinsic visibility) between the target and the calibrastar is diferent, a fringe SNR selection could
lead to biases in the absolute calibration. Therefore, waatselect the best interferograms for the
target and the calibrator based on a fixed fringe SNR thrdsbat keep a fixed fraction (typically 30%)
of all recorded interferograms. Ideally, above a certadctional threshold, one reaches a convergence-
like behaviour in the derived visibility, as can be seen igure4.7.

We select the frames for each baseline separately and deé&etine best frames not with respect to
single data files, but relative to the whole data set (takiifges on a particular object and in a particular
instrument mode into account).

4.4.3 Piston selection

Wavelength-dependent piston causes the fringe pattertilttowith respect to the wavelength-axis. If
the piston reaches the order of the coherence length, fiieist €an significantly degenerate the fringe
contrast and thus bias the derived absolute visibility at agethe wavelength-dependenttdrential
visibility. Of course, the importance of thigtect correlates with the width of the recorded spectral
window, i.e. for observations in the HR and MR mode the infaeeof piston can generally be neglected,
while it must be clearly taken into account for LR mode obatons.

In a first approach we select those frames for which the pigsrdetermined bamdlib), is less
than 0.5 times the coherence leng#iAA. We found that this significantly improves the data redurctio
results for LR data. Future investigations could also attetm model the bias induced by piston and
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Fringe SNR selection

LR data

a) Accepted frames b) Rejected frames

MR data

a) Accepted frames b) Rejected frames

Figure 4.6: Similar as Figuret.5, but showing some of the AMBER raw frames selefrigjdcted by the fringe
SNR criterium.
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a) V2 vs. SNR b) V2 distribution

INDIV-BL12 - 2T-STADOGO-ID13762784-EXP0.0600000-WAVE239-PRISM-18-TARGHD216763 2006-07-16 - INDIV-BL12 - 2T-STAD0GO-1D13762784-EXP0.0600000-WAVE239-PRISM-18-TARGHD216763
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T T T T
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AMBER.2TSTD.0BS198.0157 fits -{- SNR 16.145 2006-07-16.INDIV-BL12-SELPH-SEL30 ———
AMBER.2TSTD.0BS198.0158.fits -{- SNR 21.876 2006-07-16.INDIV-BL12-SELPH-SEL10 ——
AMBER.2TSTID.OBS198.015.fits --|SNR 23.9556 0.003 2006-07-16/|NDIV-BL12-SELPH-SELS —— |
AMBER.2TSTI).OBS198.016).fits --|SNR 25.6971

AMBER 2TSTD.0BS198.015b.fits -] SNR 20.5089

EEERN

15
0.0025

0.002

0.0015

Raw Visibilty

0.001

Abundance (KDE GaussFWHM=4)

0.0005

0 L L L L L L
0.2 0.4 0.6 08 1 12

Squared Visibility

Figure 4.7: a) The squared raw visibility is plotted against the fringe SttRerium for five data sets taken during
the AT commissioning run on 2006-07-16 on the star HD 21673 ges with low SNR show a systematically
lower visibility, as expected if these interferograms aegeherated by jitter. The vertical lines depict the sabecti
thresholds for the best 30%, 10%, and 5% of all interferogrénom left to right). Under good conditions, above
a certain selection threshold, one reaches a convergickehaviourb) This histogram shows the distribution of
the derivedv? values. With increasing selection, the distributio/éfvalues becomes more Gaussian-like, defining
a clear mean value. This can be seen, for instance, by cangpiie red curve (corresponding to no selection) with
the magenta curve (corresponding to 5% selection).

correct it to some extend in the course of data processing.

4.5 Data Averaging and Calibration

Following the data selection, we uaendlibto extract visibilities and CPs from the pre-selected AM-
BER raw data files. Thamdlib software bins an arbitrary number of interferograms toasttthese
observablesi@tulli et al. 2009 and stores the results in OI-FITS files. Then we apply weidiaver-
aging in order to obtain mean visibilities and CPs includstatistical errors for each spectral channel.
The CPs are averaged in the complex plane, similar to theadetbscribed in Sectiod 3.2

The same procedure is applied to the target and to the calitmeasurement. Finally, before dividing
the target visibilities through the calibrator visibii§, we correct for the calibrator UD diameter (using
equation?.30).

4.6 Investigating the Dependence of AMBER Results on the
Bad Pixel Mask

In the course of our work on AMBER data reduction, we notideat the use of certain BPMs might
introduce significant artefacts in the derived observalilbs first artefacts we noticed appeared within
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Piston selection
LR data

a) Accepted frames b) Rejected frames

MR data

a) Accepted frames b) Rejected frames

Figure 4.8: Similar as Figurel.5, but showing some of the AMBER raw frames selegigdcted by the piston
SNR criterium.
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a) AMBER BPM_fuzzy img.fits b) bpm-normal . fits

EtaCar MR 04-12 - ARGHD-93308 EtaCarMR.04-12 - ARGHD-93308
1 T T T T T 1 T T T T T
BL 12-BLEN 4351 m - P.A. 35.090 - (0010 exp. avg) —+— BL 12 - BLEN 0.00 m - P.A. 90.00° - (0010 exp. avg) —+—
B3 BLENSESIm P Sh4Z0- (0010 o6 vy — 823 BLEN SO0 A 90000 (0010 enp. avg) ——
BL31-BLEN 89.34 m - P.A 69.65° - (0010 exp. avg.) —— BL31-BLEN 0.00m - P.A 90.00° - (0010 exp. avg) —+—
o8| g o8| g
06 g z 06 g
s
g
ki
04 E 8 oap R
02| g 02| g
o L . . o
213 219 213 219
A
Calibrator: 3T-STAU2U3U4-ID; ~corr.for UD=0.0 mas Calibrator: 3T-STAU2U3U4-ID; - corr. for UD=0.0 mas
OPT - INDIV-BL OPT - INDIV-BL
T T T T T T
EtaCar.MR.04'12 INDIV-BL123-SELPH-NOSEL —— EtaCar.MR.04:12 INDIV-BL123-SELPH-NOSEL ——
EtaCar MR, 04-12INDIV-BL123-SEL PH-SEL30. —— EtaCar MR.04-12 INDIV-BL123-SEL PH-SEL30. ——
150 | g 150 g
100 | g 100 g
L i T sl i
=S
r 7 £ o WWWW 7
5
F
S0 b 1 E sof 1
100 - 4 100 - 4
150 g 150 g
. . . . . . L . L .
213 214 215 216 217 218 219 213 214 215 216 217 218 219
A A

Figure 4.9: Upper row: The current default BPMAMBER_BPM_fuzzy_img. fits, left column) and the new BPM
(bpm-normal. fits, right column) superposed as red spots onjtlmrinae MR data set, averaged over all frames
(from left to right: IF, P1, P2, P3, DK; same data set as shawRigures4.5to 4.8). Middle and Lower row:
Visibilities and CPs derived from the same data set. With@Bry line, a strong CP signal appears. For the CP we
show one processing without any selection (red curve) atidaselection of the 30% best frames (blue curve).



4.6 Investigating the Dependence of AMBER Results on the Bad Pixel Mask

the CP signal derived from AMBER-GTO medium resolution datequired om Carinae during the
night 2004-12-26. Using the data reduction pipeline, wavadran average CP signal ef —140°
within the blue-shifted wing of the Brline. With a data selection of 30% (based on the fringe SNR),
this value dropped tee —100Q° (see Figuret.9a).

To investigate the influence of the BPM on the obtained resaltir software engineer Matthias
Heiniger generated three new BPMs from detector calibmatiata taken during the AMBER com-
missioning run #2 (for a description of our criteria for bargb identification, we refer té<raus et al.
20059. Using these new BPMs (one of which, nambpm-normal. fits, is shown in Figuret.9),
we re-reduced thg Carinae data and compared the results to the results obitasieg the current
default BPM-fileAMBER BPM_fuzzy img.fits. Whereas the derived visibility seems to depend only
marginally on the BPM file used (varianee 0.03 for the calibrated visibility), we obtained a signifi-
cantly diterent result for the CP within the Biline (@ < 40°). This value is more consistent with the
CP signal derived from AMBER-data taken during the GTO rufébruary ¢ < 40°) with a similar
instrumental setup and baseline configuration (see Ché@pter

Therefore we recommend to ubpm-normal . fits as a new default BPM. In addition, it seems
advisable to check for the consistency of the obtained @ataation results using several BPMs and to
update the BPM on a regular basis, e.g. every six months.



Chapter 4 The VLTI/AMBER Interferometer

— 54—



5 Image Reconstruction Algorithms

Summarizing results which appeared in an AJ article and tRtESarticles:
Kraus, S., Schloerb, F. P,, Traub, W. A., et al., AJ 130, 200%2

Hofmann, K.-H., Kraus, S., Lopez, B., et al., Proc. of SPIE&% 38 (2006)
Lawson, P. R., Cotton, W., Hummel, C. A., et al., Proc. of SR8, 59 (2006)

5.1 Overview and Context

Extracting scientific results from interferometric obsasles is, in general, not a trivial task. Most
commonly, the interpretation of optical interferometriata consists of fitting analytic profiles (such
as those presented in Se2t5) to the measured visibilities and CPs. However, this modtahdi ap-
proach requires a-priori knowledge about the source strectind might therefore be not applicable
(if insufficient is known about the source), or lead to biased resilisgihave a wrong idea about
the source structure). Therefore, it is highly desirablelitain model-independent aperture synthesis
images. Such imaging capabilities will also be of specigldniance for the upcoming generation of
groundbased (such as VI/MATISSE or VLTI/VSI) and space interferometers (such as DARWIN or
TPF-I).

In principle, the van-Cittert-Zernike theorem (equatib&9 can be inverted (by applying an inverse
Fourier transform) to re-obtain the source brightnessidigion on the sky. However, this approach
would require a complete sampling of the-plane, in contrast to the very limited coverage achievable
with the current optical interferometric arrays. Furtherm from the ground only CPs can be measured
due to the atmospherically induced phase variations, winigkes aperture synthesis imaging of phase-
instable interferometers a highly non-linear problem. §hsophisticated algorithms are required to
retrieve the lost phase information.

The radio astronomy community has developed various giegtewhich seem suitable for this task,
including the conventionallybrid Mapping(CHM; Cornwell & Wilkinson 198) and theDifference
Mapping(DFM; Pearson et al. 199algorithm. In both algorithms, the individual phases @®overed
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from the measured CP by self-calibratiche@rson & Readhead 1984The necessary deconvolutions
can be performed with the CLEAN algorithrdgbom 197). However, there are indications that these
algorithms, which were developed and optimized for intenfieetric imaging at radio wavelength (i.e.
using relatively large arrays such as the VLA with= 27 and stfering typically only from marginal
phase-instabilities) do not optimally meet the requiretedar imaging with optical interferometers,
which typically employN = 3 telescopes and fiar from a complete loss of the Fourier phases.

Therefore it is important to develop image reconstructilgodthms, which are optimized for the
conditions provided by optical interferometry and to testl aefine these algorithms using simulated
and observational data.

Hofmann & Weigelthad presented in 1993 an algorithm, which was originallyettgyed to recon-
struct images from bispectrum speckle data, but which sedswsvery promising for application to
long-baseline interferometric data. When starting my PhidtkwKarl-Heinz Hofmann provided Fortran
code fragments of this algorithm, which | incorporated iataew C software. In close collaboration
with Karl-Heinz Hofmann, both the Fortran and C software vedimed and used for independent studies
on simulated datasets (MATISSE: Se&B3; IAU Imaging Beauty Contest 2006: Sebt4) and observa-
tional interferometric data (Capella: Se6t2; 6*OriC: Sect.8). All image reconstruction shown here
were obtained with my C software implementation.
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5.2 Reconstruction of Simple Binary Structure

In the context of my Master thesis worKi@us 200}, | have implemented the CHM and DFM algo-
rithms and applied them to IOTA measurements on the brigtarigistar Capella. We applied the BBM
algorithm to the same dataset in order to compare the qulitye resulting images.

The data set was taken within five nights of IQTANIC3 observations (2002 November 12—16) in
two array configurations (2002 Nov 12-14: A35, B15, CO; 20@® N5-16: A15, B15, CO) on the
bright (H=-1.6), ~ 44 mas separation binary Capella. The Capella system (1294 + 0.15 pc)
consists of a G8 Ill and a G1 IlI giant, which makes the stedlafaces @ = 8.9 + 0.6 mas,0pp =
5.8 + 0.8 mas) of the binary components marginally resolvable.

Due to the period oP = 104022 days (lummel et al. 199); the PA of the binary pair changed by
~ 14° over the five successive nights covered by our observationstder to combine the data from
the five nights (yielding a betten~coverage) for our comparative study of the CHM, DFM, and BBM
image reconstruction algorithms, we applied a rotatiomjgensating coordinate transformatiétius
et al. 2005). The resultinguv-coverage is shown in Figufg1la. When applying our image recon-
struction software, we obtained with identical initial citions the aperture synthesis images shown in
Figure5.1b. All three algorithms successfully reobtained the binanycture of the brightness distribu-
tion, although the intensity ratib\s/I s, measured within the maps (CHM: 1.9; DFM: 1.6; BBM: 1.8)
slightly deviates from the intensity ratio obtained by miditeéng (1.49+ 0.10). For the stellar diameter,
we measured within the unconvolved BBM m@R:” = 8.3+ 1.6 mas an®:" = 6.8+ 1.2 mas, which
is in good agreement with the fitting results given abovetfierother maps we did not extract the stellar
diameters, as these algorithms do provide only convolvepsinarhe noise features and artefacts are
similarly strong in all maps+ 5%). Therefore we conclude that for this dataset the thrgeridthms
performed equally well.

In order to test the performance on a even poaxecoverage, we subdivided the data set into three
subsets (2002 Nov 12-13, 2002 Nov 14, 2002 Nov 15-16). Sireehgerved during the first two epochs
with the telescope configuration including the longest liaséand hereby missing lower frequencies),
the convergence of the maps had to be supported by limit@geabonstruction area. We attempted to
reconstruct images with all three algorithms, but succdauady with the BBM algorithm to reconstruct
maps from this very poanv-coverage. The resulting maps (Fig€) make the orbital motion of the
Capella giants over the five successive nights clearly peoke. Also the intensity of the stars (from
left to right: 1 aa/lap &~ 1.6, 1.7, 1.6) could be estimated reliably.
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a) uv-coverage
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b) Reconstructed Images
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Figure 5.1: Aperture synthesis maps of Capella gener-
ated with IOTA data from 2002 Nov 12-16. Maps gen-
erated with the CHM (top), DFM (middle), and BBM
(bottom) algorithm are shown. Each map shows the
surface brightness plotted with 5% interval contours
(scaled to the peak intensity) and the beard (626 %
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Figure 5.2: Image reconstructions from subsets of our complete dateegealing the orbital motion of the stars
between three epochs. To compensate the marginal orbit@mwithin the subsets, thewplane was rotated
synchronously to the reference position of the compondrttseantermediary modified julian dates M3D1437,
93.907 and 9462 (MJD=JD—2452500). The crosses within the maps indicate the “cewfelight” of the stars
within the other images. Whereas the positions fit the egbiects accurately 1 mas), the intensity ratio between
the two stars was not always obtained properly due to the gaopling (the coverage is shown below each map).
The contours show 10% intervals scaled to the peak.
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5.3 Reconstruction of Complex Structure

In a second image reconstruction experiment, wh ..

which was performed in the context of a study for Lt : R
the VLTI second-generation instrument MATISSE e T i}i Ve |
(Lopez et al. 2008Lagarde et al. 2006we recon- 100 ¢ *:*: i:ﬁ R I
structed aperture synthesis images from simulated 5o hgjtﬁ gwhi . 1
data. The simulations were designed to demo o | #%ﬂgﬁééi # |
strate that the 4-beam combiner MATISSE willal- | Ij v f*g*;ﬁ%#ﬁ%i |
low interferometric imaging within realistic obser- . Y. i***} + rr? :}1
vation time constraints. S

The input data was provided by our collabora- %[ PO : v I
tors at the MPIA in Heidelberg (in particular Frank 204~~~ = + * : ]
Przygodda and Sebastian Wolf). As input image, -200 150 -100 -50 0 50 100 150 200

u [m]

a protostellar disk around a T Tauri stavl (=
0.5 M) was simulated. Using the radiative trand=igure 5.3: uv-coverage of the data set simulated in
fer code MC3D (Volf 2003), our collaborators gen_the course of the MATISSE image reconstruction study

erated a 10.5m image of such a disk as seen undé? nights with 4 ATs). For eachw-point, visibitilies

T . . dcl h f I tral ch | (at
an inclination of 60, assuming a distance of 140 pgn closure phases for only one spectral channel (a

. . . o 10.5 um) were simulated.
and an inner disk radius of 4 AU. Visibilities and
CPs were computed, assuming observations on 3 nights witfs4®hours of observation each night,
one measurement per hour, telescopes mounted on the stB&eG1-J3-D0, B5-B1-K0-D1, G2-A0-
J2-J6; see Figure.3).

From these data sets, we generated aperture synthesisionsigg the CHM and the BBM algorithm.
To test the algorithms also in presence of noise and to disisi limitations on the image quality due to
theuv-coverage from limitations due to the SNR, we reconstructexfes from data with and without
noise.

Comparing the reconstructed images with the input imageRggure5.4), we find that in the absence
of noise, both algorithms succeed in reconstructing thelsasicture, although the CHM image shows
significantly stronger artefacts. When introducing 5% ap@ir implementation of the CHM algorithm
can barely recover the ring-like morphology, whereas tis& @ still clearly perceptible in the BBM
image.
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Figure 5.4: In the context of our image reconstruction study for the M3SE instrument, we reconstructed images from a data setspamding to just
3 nights of observations with 4 telescopes (see Figusdor the corresponding\-coverage). Besides a data set without noise (middle coluwa used
a data set to which 5% noise was added (right column). Thetéftimn shows the input image, depicting a low-mass pratesteisk. Both the CHM

algorithm (upper row) and the BBM algorithm (lower row) werged for this experiment.
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Chapter 5 Image Reconstruction Algorithms

5.4 Reconstruction of Complex, Extended Structure: The IAU
Imaging Beauty Contest 2006

In order to stimulate the development and refine- 't ]

ment of image reconstruction algorithms, members

of the IAU Working Group on OpticdR Interfer- .

ometry have initiated a contest, in which the perfor- *® | e, Y, l
mance of image reconstruction algorithms is eval- 5o H}*‘Wn N %** * ]
uated in a blind test. Up to now, two of these “In-g ol :{ i . 3{ : : i
terferometry Imaging Beauty Contests” have been sl i Zi **g’tm‘.f 57 .
organized, namely in 2004 §wson et al. 200yand vt

2006 Lawson et al. 2006 T N v |

In the 2006 contest, five groups participated us- 201 ]
ing the following algorithms: BSMEM (Fabien 200 150 100 -50 u[(r)n] 50 100 150 200
Baron, John Young), MACIM (Markov Chain Im-

ager; Michael Ireland), MIRA (Eric Thiebaut),Figure 5.5: uwcoverage of the data set of the 1AU
Recursive Phase Reconstruction (Sridharan R&29ing Beauty Contest 2006. For eacpoint, J-,
gaswarmy), and BBM (Building Block Mapping;H" andK-band visibilities and CPs were provided.

Stefan Kraus, Karl-Heinz Hofmann, Gerd Weigelt).

The contest data set consisted of simulated visibilities@Rs, generated by Christian Hummel using
a model image of an optically thin circumstellar disk (pa=d by Olivier Chesneau). The data set,
which was delivered to the contestants without informaéibaut the physical nature or structure of the
source, was rather challenging due to the simulated peaoverage (corresponding to four nights of
observations with VLTJAMBER in the LR-JHK mode on the UTs, see Figlr®) and also due to the
simulated low (alV? < 8%) and noisy visibility data.

The organizers judged the quality of the images submittethéyarious groups by convolving them
to the same resolution. Following a normalization of themsity, the RMS between the model and the
reconstructed image was computed taking all intensitisgléna rectangular area into account (boxes
marked in Figur&.6). As can be seen in FiguEe6, four of the five algorithm successfully reconstructed
the basic source geometry inspite of the challenging cmdit Based on the RMS measure, the quality
of the entries was ranked as follows: BSMEM (RM3).5), MIRA (RMS=97.2), BBM (RMS=109.1),
MACIM (RMS=114.7), and Recursive Phase Reconstruction (R885.73).
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Figure 5.6: For the IAU imaging beauty contest 2006, a image of a optidhlin disk had to be reconstructed
(Figurea). Figuresb to f depict the entry images by the contestants. Whereas thewsrghow the brightness
distribution, the greyscale shows the residuals relatiteé original image (Image Creditawson et al. 2006
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5.5 Conclusions

From the studies presented in this chapter, we concludetbad¢l-independent aperture synthesis imag-
ing is coming in reach of optical interferometry:

e Our comparative study using observational data of Cap8iet{on5.2), has demonstrated that
simple source geometries, such as binary stars, allow tenstruction of real images already
with very sparseuv-coverage. In this case, the quality of the reconstructiohndt depend
strongly on the algorithm used (CHM, DFM, BBM), although fegry poor coverage (corre-
sponding to observations on only one 3-telescope configaaive succeeded only using the
BBM algorithm and assuming a restricted reconstruction.are

e Our work on simulated data in the context of the MATISSE stsldgwed that with a reasonable
amount of observing time (3 nights with 4 ATs), also complastrophysical highly relevant
objects such as protoplanetary disks, can be mapped wittabptterferometers. Especially in
the presence of noise (5%), the maps obtained with the BBMridihgn showed a significantly
higher quality than the CHM results.

e Forthe IAU Interferometry Imaging Beauty Contest 2006, \&edcontributed aperture synthesis
reconstructions obtained with the BBM algorithm. The cehteas demonstrated that already
several sophisticated algorithms are available, whichdmal even with very challenging data
sets, corresponding to only 4 nights with 3 UTs, and reserghibjects with extended structure.
Comparing our image with the aperture synthesis imagesibated by other groups, the quality
of our reconstruction was ranked as #3 out of 5.
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6 Radiative Transfer Modeling of the Active
Accretion Disk around MWC 147

Based on an article to be submitted to ApJ.
Kraus, S., Preibisch, Th., Ohnaka, K.

6.1 Overview and Context

For Herbig AeBe stars, several indications for their prémsequence evolutionary stage have been
found. Perhaps most characteristic is their strong nedartmfrared excess emission, which is gen-
erally interpreted as the presence of substantial quesititi gas and dust; the residual material from
their formation. These stars were also found to posses®ltimssion, e.g. from hydrogen or helium,
maybe tracing ongoing accretion from the circumstellak disto the star via magnetospheric accretion
columns.

While it is well established that circumstellar dust is r@sgible for the IR excess emission charac-
teristic for an HAeBe star, the three-dimensional distiiiu of this material is still being debated. By
modeling the spectral energy distribution (SED), variouthars attempted to constrain the distribution
of the circumstellar matter; assuming afelient geometries as optically thick accretion disks (&l
lenbrand et al. 1992 optically thin spherical envelopes|{roshnichenko et al. 1997 envelopes with
bipolar outflow cavitiesKlartmann et al. 1993or combinations of disk and halo geometrig&kovic
et al. 2009. However, as demonstrated byen'shchikov & Henning(1997) and others, these SED
model fits are highly ambiguous, and only the combinationEiD$nodeling with high-resolution imag-
ing can provide crucial constraints on the real geometryefdircumstellar matter.

In recent years, first near-infrared (NIR) interferomestiadies on Herbig AeBe stars could make
important contributions for a better understanding of tinecture of the circumstellar material around
these stars. For instance, a survey performeldtiyin-Gabet et al(2007) with the IOTA interferometer
provided the surprising result that the NIR emission is destribed by ring-like or spherical geometries
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Figure 6.1: Size-Luminosity relation for Herbig AeBe stars (Figure pihal fromMillan-Gabet et al. 2007
containing continuum long-baseline interferometric obatons from various interferometers. While the measured
sizes for most T Tauri and Herbig Ae stars seem to follow thst dublimation radiuss,y corresponding to
sublimation temperatures between 1000 and 1500 K (dottex), lsome Herbig Be stars (including MWC 147,
marked as cross) show significantly smaller diametersanier & Millan-Gabet(2002) interpreted this trend with
the presence of optically-thick gas shielding the dusteairher rim and causing the measured sizes to shrink.

rather than with the “classical” optically thick, geometily thin accretion disk models (e.gynden-
Bell & Pringle 1974 Hillenbrand et al. 1992Chiang & Goldreich 199) This observational result
also stimulated theoretical work, especially for passikediated circumstellar disks; e.g. byatta et al.
(2001), Dullemond et al(2007), andIsella & Natta(2005. These models reproduce the ring-like
morphology by introducing pronounced, hot dust emissiaghainner rim of the circumstellar disk.

Monnier & Millan-Gabei(2002) found a correlation between the NIR size and the stellairiosity,
suggesting that the NIR continuum emission mainly tracesdigt at the inner sublimation radius,
missing any shielding by optically thick gas inside of thélguation radius. However, for the most
luminous Herbig Be stars, deviations from the sinfRle LY/2 size-luminosity relation were found (see
Fig. 6.1) with measured sizes smaller than expected from the steltainosity. Monnier & Millan-
Gabetspeculated that for these hot stars, the inner rim might batéal closer to the star due to the
presence of an inner gaseous disk, which shields the distrdia the stellar radiation.

In order to resolve this puzzle, we studied the particulbniginous Herbig Be star MWC 147. The



6.1 Overview and Context

spectral type of B6 (corresponding to a stellar mass @.6 M) places MWC 147 at the upper end
of the mass-range covered by the Herbig Be class. By conthifian the first time, near- and mid-
infrared long-baseline interferometric observations ae blerbig AeBe star, we probefliirent dust
temperatures and regions within the putative accretiok dige have obtained spectro-interferometric
observations of MWC 147 with the VLTI instruments MIDN{band) and AMBER K-band) and com-
plement our data sets with archival PTI NIR broadband ieterhetry. The emission from MWC 147
is clearly resolved and has a characteristic physical dize .3 AU and~ 9 AU (Gauss FWHM for

d = 800 pc) at wavelengths of. 2um and 11um, respectively. The spectrally dispersed AMBER
and MIDI interferograms both reveal a strong increase ofcteracteristic size towards longer wave-
lengths, much steeper than predicted by analytic disk nscaguming power-law radial temperature
distributions.

To derive constraints on the geometrical distribution @& thust, we compare our interferometric
measurements to 2-D, frequency-dependent radiationfénrassnulations of circumstellar disks and
envelopes. These models take the SED from the optical toathmfrared into account and are also
constrained by complementary archival spectra from IRSoand theSpitzerSpace Telescope. We
consider Keplerian disk models with and without dfpd-up inner rim. The shape of the rim is refined
iteratively by our radiative transfer code, taking the dgndependence of the sublimation temperature
into account. We also consider accretion luminosity fronaaepus disk inside the dust sublimation
zone as a potential contributor to the continuum emission.

We find that radiative transfer models of passive irradiatiséls, which match the SED very well,
predict visibilities that are considerably lower than measl. As this corresponds to an overestimation
of the angular size by factors of 4 (a2:m) and 2 (at 1Lm), respectively, such models can be ruled
out. Including the radiation from an inner gaseous acanadisk leads to good agreement between the
model predictions and the observed SED, NIR visibilitiew] MIR visibilities.

This project was conducted in close collaboration with ThsrRreibisch, who also wrote the initial
ESO proposals, in which frame the VLTI data was collectedr tRe radiative transfer modeling, |
applied the Monte Carlo radiative transfer cadesimmpi written by Keiichi Ohnaka. He also gave
assistance on using the code and introducing accretiomhsity. Besides implementing various new
disk and envelope geometries, | adopted the code to itetatigfine the shape and location of the inner
dust rim. The software was also embedded in a software framewhich allows us to manage a
large number of simulations and which analyses the regu8EDs and images and fits them to spectro-
interferometric data. Thomas Preibisch gave importardiiaek in the course of the modeling process
and also commented the A&A paper draft.
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6.2 Introduction

The distribution of the circumstellar material around HgrBe/Be (HAeBe) stars, i.e. intermediate-
mass, pre-main sequence stars, is still a matter of debautdl.recently, the spatial scales of the inner
circumstellar environment (a few AU, corresponding$o0.1”) were not accessible to optical and
infrared imaging observations, and conclusions drawn ensgiatial distribution of the circumstellar
material were, in most cases, entirely based on the modefitige spectral energy distribution (SED).
However, fits to the observed SEDs are highly ambiguous. kamele, the SEDs of some HAeBes
could be equally well explained with veryftérent models such as geometrically thin disks and spherical
envelopeslillenbrand et al. 1992Miroshnichenko et al. 1997 More complex models like disks
surrounded by a spherical envelopéa(ia & Kruegel 1995Natta et al. 200;1Miroshnichenko et al.
1999, flared outer disks, gied-up inner disk rims{ullemond et al. 200), and disk plus inner halo
models {/inkovit et al. 2009 have also been used to successfully fit the observed SED#s\eBek.
To make further progress on this topic, observations wititiapresolution at the levef 10 milli-
arcseconds (mas) are needed to explore the inner circlanstegions of these objects in detail. Such
observations can only be performed with long-baselinefiatemetry.

In recent years, NIR interferometry made important contidns towards a better understanding of
the structure of the circumstellar material around HAeBesst\Vlalbet et al.(1999 andAkeson et al.
(2000 partially resolved the circumstellar environment of sev® SOs with the Palomar Testbed Inter-
ferometer (PTI). Later, a survey performed by Millan-Gadtetdl. (2001, ApJ 546, 358) with the Infrared
Optical Telescope Array (IOTA) showed that the NIR contimuemission is best described by ring-like
or spherical geometries. Other NIR interferometric stadia YSOs were carried out using the Keck
interferometer (e.g.Eisner et al. 200yland the Very Large Telescope Interferometer (VLTlalbet
et al. 2006

Due to their limiteduv-coverage, most existing studies could not investigatgéuenetry of individ-
ual sources in detail and derived only characteristic Sfé¢ise emission via the comparison of the data
to simple analytic models. The correlation between theauttaristic NIR size and the stellar luminosity
is consistent with the idea that the NIR continuum emissi@inty traces hotTsup ~ 1500 K) dust
close to the inner dust sublimation radRg (Monnier & Millan-Gabet 200). While a rather simple
R o« L2 scaling law between stellar luminosityand NIR sizeR appears to hold throughout the low-
to medium luminosity part of the observed stellar sample véry luminous early B-type stars exhibit
some deviations from this size-luminosity relation; in ocases the derived NIR sizes are smaller than
predicted Monnier & Millan-Gabei(2002) speculated that this might be due to the presence of an inner
gaseous disk which shields the dust disk from the stellaatiad, allowing the inner rim of the dust
disk to exist closer to the star. This shieldindieet would be mostfécient for hot stars since they
emit strong UV radiation, which would be particularlffieiently scattered by an optically thick gaseous



6.2 Introduction

Table 6.1: Stellar parameters for MWC 147 frorernandez et a(2004), assumindry = 3.1.
Parameter Value

Spectral Type B6
Effective Temperature Tz 14,125K
Luminosity L  1,550L(
Mass M 6.6Mgp
Age t  0.32Myr
Distance d 800 pc
Extinction Ay 1.2 mag
Stellar Radius R, 6.63Ry

inner disk.

At mid-infrared (MIR) wavelengths, MIDI observations of l¢Re stars by einert et al.(2004) re-
vealed characteristic dimensions of the emitting regidria:m, which ranged from 1 AU to 10 AU.
Again, due to the poor uv-coverage, only very limited infation about the geometry of the dust dis-
tribution could be derived. A more detailed interferomestudy of one Herbig Ae star, HR 5999, was
performed recently by our groug(eibisch et al. 200pbased on a set of ten MIDI measurements at dif-
ferent projected baseline lengths and position anglesilBdtmodeling with 2-D, frequency-dependent
radiation transfer simulations provided a good fit of the Mdlata with a model of a geometrically thick
disk, which is truncated at 2.7 AU and seen under an inclination angle~o%60°. Other recent MIR
studies tried to determine the geometry of FU Orionis objéicbl‘aham et al. 2008uanz et al. 2006

MWC 147 (alias HD 259431, Bb101172, HBC 529, V700 Mon) is a well-studied Herbig Be star
in Monoceros. There is some uncertainty concerning theuist and the physical parameters of this
star. From the analysis of the Hipparcos parallax datactyden Ancker et a(19989), a lower limit on
the distance of> 130 pc was derived, while a reanalysis suggested a distdr2@063°
et al. 1999. This distance estimate, however, is in conflict with thpaxent location of MWC 147 in

pc (Bertout

the NGC 2247 dark cloud, which is part of the cloud complexhie Monoceros OB1 association at a
distance o~ 800— 900 pc (Oliver et al. 1996, A&A 315, 578). In this paper, wewame a distance of
800 pc for MWC 147 (consistent with most other recent studfddWC 147) and use the main stellar
parameters as listed in Taldel, which were taken from the study bfernandez et a(2004).

Numerous observational results strongly suggest the pces# a circumstellar disk around MWC 147.
The object shows a strong infrared excess of about 6 mag atwahrRlengths, clearly demonstrating
the presence of circumstellar materialillenbrand et al (1992 fitted the SED of MWC 147 with a
model assuming a massive, actively accreting digk.{ = 1.01 x 10*5M®yr*1). Mid-infrared (10um
and 18um) observations revealed an elongatefiiudie emission component around MWC 147 along
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PA ~60°, extending out to~6” and contributing~ 34% to the total flux Polomski et al. 200R Man-
nings (1994 determined the 1.1 mm flux of MWC 147 and estimated the masdrcircumstellar
disk'envelope to be< 0.09M,). The study of the far UV spectrum of MWC 147 Byuret et al (2003
also suggested the presence of a flared circumstellar @iskimski et al(2002) imaged MWC 147 in
the MIR and concluded that the star is surrounded by a maalgrfédred disk and probably also an ex-
tended envelope. Measurementsibyn et al (1990 showed a significant amount of linear polarization
(~1% along PA~ 106) but no wavelength-dependence of the polarization. Thk blgserved rota-
tional velocity ofvsini = 90 kms™ (Boehm & Catala 1996suggests a high inclination of the rotation
axis of MWC 147 with respect to the line-of-sight; this ingdithat the orientation of the circumstellar
disk should be closer to edge-on than to face-on.

Evidence for a strong stellar wind from MWC 147 comes from ¢ixserved P Cygni profiles in
several emission lines3puret et al. 2008 A quantitative modeling of FUSE spectra revealed mutipl
absorption components withftBrent temperatures, consistent with a flared disk inteaipogt (Bouret
et al. 200). Based on the intensity ratio of infrared hydrogen lifiés)ni et al.(1995 estimated a mass
loss rate of 2 + 0.4 x 10—7M®yr—1, which is slightly higher than the mass loss rates deterdifiram
radio observations (68 x 10~ '"M@yr—?*, Skinner etal. 1998

First interferometric measurements on MWC 147 were preskoy Viillan-Gabet et al(2007), pro-
viding an upper limit on théd-band size.Akeson et al(2000 observed MWC 147 with the Palomar
Testbed Interferometer (PTI) and resolved its emissioh&Kt-band at baselines around 100 m. They
derived a best-fit uniform disk diameter of 2.28 mas (0.7 Authie K-band.

The star has a visual companion at a projected separatiod’o3 2 500 AU, Baines et al. 2006
While Vieira & Cunha(1994) classified MWC 147 as a spectroscopic binary with a pericabofut one
year, this claim could not be confirmed in more recent obsinva (Corporon & Lagrange 1999

6.3 Observations and Data Reduction

6.3.1 PTI

The Palomar Testbed Interferometén(avita et al. 199pis a NIR long-baseline interferometer oper-
ated by the Jet Propulsion Laboratory (JPL). Its three 4Qealgscopes can be combined pairwise to
measure the visibility amplitude. The FOV correspondingh® ditraction-limited beam of the PTI
telescopes is about4, while the interferometric FOV is about 25-30 méa&(inier et al. 200

MWC 147 was observed on the NSl{eson et al. 2000and NS & NW baselines/{ilkin & Ake-
son 200}. Yet unpublished data for the SW baseline was retrieveh fittee PTI archive. To obtain a
uniformly calibrated dataset, we processed the new datiagether with the previously published data
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Table 6.2: Calibrator stars information for the interferometric obsgions presented in Tab&1

Star Vv K N  Spectral dup .k dup.n
[yl  Type [mas] [mas]

HD 42807 6.44 485 0.5 G2V .45+ 0.03
HD43042 5.20 4.13 1.0 F6V  .B9+0.1C°
HD43587 5.71 4.21 1.0 FOV .48+ 0.3C°
HD45415 555 3.02 3.3 G9lll .06+ 0.02
HD46709 5.91 262 4.4 K5Il $6+ 002
HD50692 5.76 4.29 0.8 GOV  .B6+0.10°

HD 25604 4.35 203 7.2 KOlll 88+ 0.05%
HD 31421 4.09 141 13.6 K2llb .28+ 0.15%
HD49161 4.78 158 7.2 K4lll 38+ 017

Notes — The/-band magnitudes were taken from SIMBAD, tkeéband magnitudes from the
2MASS point source catalog, and tNeband (12um) flux density from the IRAS point source catalog
V2.0

a UD diameter taken from the CHARM2 catalogi¢hichi et al. 200Q

b UD diameter taken from the CHARM catalogi¢hichi & Percheron 2002

¢ UD diameter adopted fromasinetti Fracassini et 42001), using the Hipparcos parallax of
51.76 mas measured for HD 43587.

using the V2Calib V1.4 softwate The individual PTI measurments were binned so that eachdsin
tains datasets covering less tharf Yariation along PA. As the measurements on the PTI-NS beeseli
also cover a relatively wide range of PAs (23°), we divided those measurements into two halves
(depending on PA) before averaging.

Taking the projection of the telescope baselines onto tiiént& account, the length of the baselines
range from 78.6 m to 105.1 m (see Tablé), corresponding to angular resolutions 61 and 33 mas
(=5.7 AU, 4.3 AU) at 2.24im.

6.3.2 VLTI/AMBER

AMBER (Petrov et al. 200320069 is the NIR beam-combiner of the ESO Very Large Telescope In-
terferometer and allows one to combine the light from up tedhelescopes simultaneously, providing
not only three simultaneous visibility amplitudes, butoalke closure phase relation. With our obser-
vations on MWC 147, we obtained spectrally dispersed iategrams in the low resolution (LR) mode
(R = A/AA = 35), which resolves th&-band into 11 spectral channels. The observations were con-
ducted within ESO open time (OT) programme 076.C-0138 Til.Preibisch) using the 8.4 m unit
telescopes UT1-UT3-UT4. Due to problems with the fiber itiggtduring that night, the flux reaching

1The V2Calib software is available from the webditetp: //msc.caltech.edu/software/V2calib/
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Figure 6.2: uv-plane coverage of the VLIMIDI, VLTI /AMBER, and archival PTI data.
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6.3 Observations and Data Reduction

the AMBER beam combiner from UT4 was about a factor of 3 lovsantfrom the other telescopes.
Therefore, clear fringes were detectable only on one offtheetbaselines (UT1-UT3), and no closure
phase signal could be measured. The length and orientdtibie projected baseline for this AMBER
measurement (101 m, PA 20s similar to the measurement at the PTI-NS baseline, big #te infor-
mation about the spectral dependence of the visibility glitve K-band. Since AMBER uses fibers as
spatial filters to convert phase variations into amplitudalmations, the FOV is given by the diameter
of the fibers on the sky~§ 60 mas).

The AMBER data were reduced with version 2.4 of #madlib software (atulli et al. 200§. Due
to the absence of a fringe tracker, a large fraction of therfatograms is of rather low contrast (see
discussion inPetrov et al. 2009a Therefore, we remove those frames from our dataset fochn(ai)
the light injection from the contributing telescopes wasatisfying; i.e., the intensity ratio between the
photometric channels was larger thar(i#),the atmospheric piston was larger tHarof the coherence
lengtha - R, or (c) the fringe contrast was decreased due to instrumental (itte 20% best interfero-
grams were selected based on the Fringe SNR criteria, agdefinatulli et al. 200§. In Fig. 6.3the
calibratedK-band visibilities derived from the AMBER and PTI measuremsere shown as a function
of wavelength.

6.3.3 VLTI/MIDI

The MIDI instrument allows one to coherently combine théfigf two VLTI telescopes and operates
at MIR wavelengthsN-band, 8-13:m). The recorded spectrally dispersed interferogramsraduced

by modulating the optical path delay (OPD) around the pditeoo OPD. From these scans, not only
the spatially filtered flux (FOV ), but also the visibility amplitude can be derived for eacdvalength
bin separately. For a more detailed description of the MH3tiument and observation procedure, we
refer toPrzygodda et a2003 andLeinert et al(2004).

The MIDI observations presented in this paper were carrigdar the OT programme 074.C-0181
(P.I. Th. Preibisch), using the NaCl prism as dispersivenel& (providing a spectral resolution of
R = 30) and the HIGH-SENS instrument mode. In total, seven albsens were carried out on three
different baseline configurations, including the telescopespdir2-UT4, UT2-UT3, UT3-UT4. The
lengths of the projected baselines range from 46.5 to 89.yiefding an éfective angular resolution
between 54 and 28 mas at a wavelength ofifi(corresponding to 43 and 23 AU).

To extract visibilities from the MIDI data, we used the dagduction software package MW¥EWS’
(Release 1.3). This package contains two data reductiogrgmos which are based on independent
algorithms; namely, a coherent (EWS) and an incoherentoagpr(MIA). The reduction results ob-
tained with both algorithms agree very well (within 3% foetbalibrated visibility) with the datasets

2The MIA+EWS software package is avaiable from the websitep: //www.mpia-hd.mpg.de/MIDISOFT/
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Figure 6.4: Visibilities measured with MIDI as a function of wavelength

from 2004-10-30,2004-11-01, 2004-12-30, 2004-12-314208-29, and 2005-01-01, indicating a good
quality of these datasets. However, by inspecting the attn image for the dataset from 2005-02-28,
we found that the beam overlap was poor for this measurenmehttus, rejected it from our further
analysis. The inspection of the acquisition images alsecatdd that the visual companion at a sep-
aration of 31 was not in the MIDI FOV and therefore does ndeat the measured visibilities. The
wavelength-dependent calibrated visibilities of the renimg six datasets are shown in Figy4.

For all interferometers used within our study, the vistpilineasurements were corrected for atmo-
spheric and instrumentaftects using calibrator stars observed during the same nigie. calibrator
stars as well as their assumed angular diameters are list€abie8.1. Fig. 9.4 shows theuv-plane
coverage obtained with the presented observations.

6.3.4 Complementary Spitzer/IRS spectra

In order to constrain the SED for our radiative transfer niodeas tightly as possible, we obtained MIR
spectra from thé&pitzerSpace Telescope Archive. These spectra were recorded dr1ZBA6 within
GTO programme ID 3470 (P.l. J. Bouwman) using the InfrareelcBpgraph IRSHouck et al. 200
The dataset is comprised of four exposures, two taken in loet$igh mode (SH, wavelength range
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from 9.9 to 19.6:m) and two taken in the Long-High mode (LH, 18.7 to 3i@r2). Both modes provide

a spectral resolution d® ~ 600. With slit sizes of 47 x 11/3 (SH mode) and 11 x 22’3 (LH mode),
IRS integrates flux from areas much larger than those celigctthe spatially filtered MIDI spectrum.
The spectra were pre-processed by the S13.2.0 pipelinereatsthe Spitzer Science Center (SSC) and
then extracted with the SMART software, Version 5.5 on et al. 200
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Table 6.3: Observation log for interferometric observations on MW@ 1Bor more detailed information about the calibrator starsrefer to Table3. 1

Instrument Date HA Band Baseline Projected Baseline  Calibrators Ref.
uTm Spectral Mode Length[m] PA]
Near-Infrared
IOTA/FLOUR 1998 H 38m ~ 22 ~25 seeRef. 1l 1
IOTA/FLOUR 1998 K’ 38m ~ 21 ~15 seeRef. 1l 1
PTI 1999, 2000, 2003 <0 K NS 105.1 29 HD 42807, HD 43042, 2,3
>0 NS 98.9 17 HD 43587, HD 46709,
HD 50692
PTI 2004 K NW 85.7 76 HD 43042, HD 46709 3
HD 50692
PTI 2003, 2004 <0 K sSwW 78.6 -26 HD 42807, HD 46709
>0 SwW 84.4 -37 HD 50692
VLTI/AMBER 2006-02-20 03:14 KR UT1-UT3 101.0 40 HD 45415
Mid-Infrared
VLTI/MIDI 2004-10-30 08:49 XPRISM uT2-uT4 89.4 82 HD 31421, HD 49161
VLTI/MIDI 2004-11-01 05:23 XPRISM uT2-uT4 55.9 90 HD 25604, HD 49161,
HD 31421
VLTI/MIDI 2004-12-30 02:33 XPRISM uT3-uT4 59.6 114 HD49161
VLTI/MIDI 2004-12-31 04:26 XPRISM uT3-uUT4 61.6 108 HD49161
VLTI/MIDI 2005-01-01 05:43 XPRISM uUT3-UT4 54.7 106 HD31421,HD 49161
VLTI/MIDI 2004-12-29 06:42 XPRISM UT2-UT3 46.5 46 HD 49161
VLTI/MIDI (rej.) 2005-02-28 00:04 WPRISM UT2-UT3 39.3 44 HD 49161

References L Millan-Gabet et al. 200,land re-processing of data presented ikkeson et al. 200@nd® Wilkin & Akeson 2003
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Figure 6.5: Comparison of the measured MIDI spectrum and the spectruraat&d from archivaBpitzerIRS
data.

6.4 Results

6.4.1 MIR spectrum

In the overlapping wavelength regime between 10 angrii3the MIDI andSpitzerIRS spectra show
good quantitative agreement, both in the absolute levdi@tbntinuum flux and in the spectral slope
(see Fig.6.5. However, the IRS spectrum exhibits some line featurechviklio not appear in the
MIDI spectrum. As these emission lines are most pronounte@eelengths of 11.0, 11.2, 12.8, 14.5,
and 16.4um, we attribute these features to the presence of Polycieatimatic Hydrocarbons (PAHSs,
Allamandola et al. 1985van Dishoeck 200/ For the strong and rather broad emission feature at
11.2um, contributions from the 11,3m crystalline silicate feature are also possible.

PAHs were found towards a large variety of objects, inclgdinrauri stars and HAeBe star&dke &
van den Ancker 2004 Meeus et al(2007) found that the PAH bands are, on average, stronger in seurce
with strong far-infraregillimeter excess. Since a strong far-infrared excess®aniss often attributed
to a flared disk geometry, this might indicate that the PAHssion mainly arises from the outer regions
of a flared disk. This scenario is also supported by our datthePAH spectral features are only seen
in the SpitzerIRS spectrum, but not in the MIDI spectrum with its much derdlield-of-view of only
~ 2", This dfect agrees qualitatively with observations of other saaivdeich attributed large fractions
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of the PAH emission either to surrounding reflection nebgéag.van Boekel et al. 2004HRho et al.
2009 or to the outer regions of HAeBe disks{bart et al. 20042006). This diference in the beam
size is probably also causing the bump which appears in tBesgectrum at the transition between the
two gratings (see Fid.5).

6.4.2 Geometric model fits

As a direct image reconstruction is not yet feasible withdheent generation of infrared interferome-
ters, the measured observables (e.g. visibilities) are tesseonstrain the parameters of a model for the
object morphology. In most studies presented until novaegipurely geometric profiles (in particular
uniform disk (UD) and Gaussian profiles) or physically matad geometries, such as ring profiles or
analytic accretion disk models with a temperature powerdenemployed. Ring models are justified by
the theoretical expectation that most of the NIR emissidgimates from a rather small region around
the dust sublimation radius (e.gVjillan-Gabet et al. 20GIMonnier & Millan-Gabet 200). A common
problem with such simple geometric models is that the olexbevnission does not originate exclusively
from the circumstellar material: a certain fraction comiesatly from the central star and contributes as
a spatially (nearly) unresolved component, and the exdsteh extended background emission, which
is fully resolved, is also possible. For the model fits onedfare has to specify which fraction of
the total fluxF at any wavelength has to attributed to th&eatient spatial components. The stellar
flux contribution fsiayior(1) = Fstar/Frot is often estimated from the SED, while the extended compo-
nent fexyior(1) = Fext/Frot is usually assumed to be identical zero. These assumptienhawever,
associated with a considerable uncertainty.

To allow comparison with earlier NIR interferometric stasion MWC 147, we keep the flux ratios
from Millan-Gabet et al(2001), namelyfsayioi(2.1 um) = 0.16, andfeyyioi(2.1 um) = 0.0 for the ana-
Iytic fits. The same flux ratio was assumed\bykin & Akeson (2003, while Akeson et al(2000) used
fstapor(2.1 um) = 0.10. At mid-infarad wavelengths, the stellar contributisrikely to be negligible
for a B6-type star; i.e fsayor(10um) ~ 0. In Sect6.6.6.3we will discuss the reliability of these values
based on the results of our radiative transfer modeling.

6.4.2.1 Wavelength-dependent characteristic sizes

To obtain a first estimate for the object size, we fit the moshroon analytic profiles to our inter-
ferometric data; namely, the Gaussian, UD, and ring profiles mathematical descriptions of these
profiles, we refer ta<raus et al (20055 UD profile) andVillan-Gabet et al(2001, Gaussian & ring
profile). For consistency withlonnier et al (2005 and others, for the ring profile we assume a uniform
bright ring with average diametérand a fixed width of 20%. As the apparent object size is expdote
change with wavelength, we fitted these profiles to subsatsioflata, covering the wavelength ranges
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of 2.0-2.4um, 8.2-9.9um, 10.5-11.&m, and 12.0-13.&m. The visibilities measured in these subbands
are fitted to the visibility profiles using a Levenberg-Maaqut least-square fitting algorithm, taking the
chromatic change in resolution within the bandwidth intoamt.

The fits were performed for the case of circular symmetry.(a.disk seen face-on) and also for
elliptical structures (e.g. an inclinded disk). The obémirdiameters and goodness-of-fit valugs €
> [ve - V%)/o-V]Z/NV, with V2 the measured squared visibility? the squared visibility computed
from the model, and\y the number of measurements) are given in Tabléaind6.5.
The x? values already indicate that the elliptical geometriesaasegnificantly better representation of
our data than the circular models. In order to illustrate diiject elongation, we show the corresponding
geometries in Fig6.7. As the detection of object elongation requires strict amifity in the observa-
tional methodology, we did not include the single-baseABER measurement because the mixture
of broadband and spectrally dispersed interferometrieagions might easily introduce artefacts.

Whereas the elongation is only marginally evident in the RIR measurements, a significant elon-
gation was found in the MIR data.

Itis interesting to compare the elongation found in therflet®metric observations with the 7¥18.2um
color temperature map published Bylomski et al(2002, see Fig6.7c)). Although these color tem-
perature maps show structures of scales of several arad®¢em. on scales a hundred times larger),
they reveal an orientation{60°) and axis ratio similar to those of the structure seen in olbIMbser-
vations.

Our combined IOTAPTI/AMBER/MIDI dataset also allows us to study the wavelength-depecele
of the apparent size. For this, we fitted the visibility measwent in each individual spectral channel
with the analytic formula for Gaussian intensity profildsg(tesult does not depend strongly on the as-
sumed profile). The determined diameters are shown ing=ig The increase of the apparent size with
wavelength is usually interpreted as a consequence of died tamperature profile for the circumstellar
material (i.e. material at larger distances from the staoisler). It will be interpreted qualitatively in
Sect.6.5.1and is also discussed in the context of our radiative tramséeleling in Sec6.6.

Akeson et al(2000 examined the possibility whether the measured visibgittould indicate the
presence of a close companion. Since PTI has observed MWGewvEfal times over a period of
~ 4 yrs and found no significant variations on the NS-baselige¢onsider the binary scenario as very
unlikely. For example, assuming, just for the sake of arguime total system mass of M) and a
semi-major axis of 10 AU, this would give an orbital period-ofL2 yrs and should result in significant
visibility variations over the covered 4 yrs.

— 79—



Chapter 6 Radiative Transfer Modeling of the Active Accretion Disk around MWC 147

20 I I ' T T T
TOrY2 disk ===
TOr3 digk e
15 | |
7
©
E
g 10f |
[
£
8
o
S 0 L |
,.v..‘fm"mna..—..—.m:.ﬂ.’.: .....................................
0 L 1 | | , I

Wavelength [um]

Figure 6.6: Wavelength dependence of the characteristic size ovét tkeandN-band. Gaussian intensity profiles
were assumed. The IOTH-band measurement provides only an upper limit on the size.

6.5 Interpretation

6.5.1 Wavelength-dependent size and comparison with analy tic disk models

While the NIR flux is dominated by thermal emission from het ( 500 K) dust in the innermost
disk regions close to the dust sublimation radius, the MIR @riginates predominantly from cooler
(~ 200 — 300 K) dust further out in the disk, leading to the observemtéase of the apparent size
with wavelength. Infrared spectro-interferometry comgra wide wavelength range therefore provides
a unique insight into the radial disk structure.

The most previous interferometric studies of Herbig Be sliskve focussed either on the NIR or MIR
morphology. Our combined NIR MIR dataset provides, for the first time, a much wider wavegtan
coverage, ranging from 2 um to 13um, and allows us to test whether the disk models routineljiegp
for NIR or MIR interferometric observations can reprodute wavelength-dependence of the size.

Analytical models, both of passive irradiating circumistedisks (-riedjung 198)as well as viscous,
actively accreting disksL{nden-Bell & Pringle 197); predict that the radial temperature profile of
YSO disks should follow a simple power-laW(r) oc r—. Most studies infer a power law index of
a = —3/4 (Millan-Gabet et al. 20G1Eisner et al. 200por —1/2 (e.g. Leinert et al. 200t Using
this radial temperature power law and the assumption thedt disk annulus radiates as a blackbody,
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Table 6.4: Model fits assuming circular geometries. For #dband fits, we attribute 16% of the total flux to the
unresolved stellar component. At a distance of 800 pc, 1 massponds to 0.8 AU.

K-band 9um 11um 125 um
Diameter y? | Diameter yx? | Diameter y? | Diameter x?
[mas] [mas] [mas] [mas]
ubD 26+02 144)128+20 1.38| 173+22 0.95|181+22 0.89
Gaussian| 1.6+0.1 1.30| 79+14 1.19| 108+15 0.75| 1124+15 0.90
Ring 18+01 151| 87+14 149|118+03 1.07| 124413 0.90
Table 6.5: Similar as Table.4, but fitting inclined geometries.
K-band 9um
Diameter Incl. PA x? Diameter Incl. PA 2
[mas] [l [°] [mas] (1 [
Incl. UD 30x24 39 12 0.33] 201x108 58 58 1.04
Incl. Gaussian| 1.8 x14 39 11 0.30] 185x65 69 66 0.89
Incl. Ring 21x16 41 12 0.34| 140x75 58 60 1.06
11pum 125um
Diameter  Incl. PA 2 Diameter  Incl. PA 2
[mas] (1 [ [mas] [l [
Incl. UD 208x 153 43 53 059 235x157 48 70 0.58
Incl. Gaussian| 233x89 68 65 0.31] 235x90 68 74 0.49
Incl. Ring 202x101 60 66 0.48]|163x109 48 64 0.59

we can compute the wavelength-dependence of the disk siresponding to a certain analytic model.
To model the wavelength-dependence of the size of an agoréisk model with constant power law,
we simulated disks witfT (r) = r~®, wherer is chosen to be in units of the disk inner radius with
a temperature at the inner dust rimDf1) = 1500 K. The outer disk radius is chosen such that the
temperature drops well below 100 K. After computing the isiey profile we determine the disk size
a(4) for these analytic disk models using the half-light radigrdtion byl einert et al(2004). Finally,

we scale the half-light diameter to fit the NIR size measure@/C 147a(2.1 um) = 2 mas and show
the resultinga(1)-curve for the before-mentioned representative values {&ig. 6.6).

It is obvious that this analytic model underestimates thasueed MIR-sizes considerably. To under-
tand the strong increase of the apparent size with wavdienghtributions from the followingféects
might be of importance:

(a) Analytic disk models generally do not include théeets of scattered light, which can provide
significant heating of the outer parts of the disk and thussiase the apparent disk size at MIR wave-
length.

(b) It has been suggested that the disks around YSOs may not befflére with increasing radius;
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Figure 6.8: Total MIDI spectrum and the uncorrelated flux at the 56 m anchd&aselines.

such aflaring is also expected from vertical hydrostatidlésium considerations{enyon & Hartmann
1987). As aresult, the outer disk regions intercept more stélliar resulting in an increased luminosity
and apparent size at MIR wavelengths.

(c) The flux contribution from an extended cold enveldpg:(1) might be non-negligible in the
MIR.

(d) The NIR size might be underestimated if the amount of NIR sioisoriginating from close to the
star is inadequately estimated (e.g. due to a bidggdisk(1) or due to additional accretion luminosity).

This enumeration illustrates that the currently routireghplied analytic disk models contain several
problematic points. A more physical and consistent apgraaquires radiative transfer modeling. In
the next section, we will present 2-D radiative transfer elod) for MWC 147.

6.5.2 The correlated spectrum — indications of grain growth

As discussed in Sectioh 5.1, the visibilities measured with MIDI show significant vaitas along the
recorded wavelength range. In particular, we detect a dirgsibility within the 10 um silicate feature.
A similar behaviour has already been observed for severaBéistars; e.g., in the sampleslefinert
et al.(2004) andvan Boekel et al(20043.

As the silicate emission feature is generally attributethtopresence of rather small silicate grains
(r £ 0.2um, REF), it is possible to probe the radial dust mineralogybmparing the uncorrelated
spectrum at various baseline lengths with the total specty;. The uncorrelated spectrufyncor
corresponds to the flux integrated over the spatial areahwikicinresolved by the interferometer for
a particular baseline lengtB. Therefore, for each baseline lengdhthe uncorrelated fluf ncor( B)
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Figure 6.9: SED for MWC 147 containing the measured averaged, weighti2l Bpectrum, the archival Spitzer
IRS spectrum and data from literature. We included photdmeéata fromThompson et al(1978 156.5 nm,
196.5 nm, 236.5 nm, 274.0 nmj)/esselius et a(1982 150 nm, 180 nm, 220 nm, 250 nm, 330 nird)llenbrand
etal. (1992 U,B,V,RCIC,J H,K,L, M, N, Q-bands),Turon et al.(1993 V-band),Egret et al (1992 B-band),
Hog et al. (200G VT, BT, RJ, 13-band),Skrutskie et al(2006 2MASS,J, H, Ks-band),Cohen(1973 2.2 um,
35um, 365um, 48 um, 49 um, 84 um, 86 um, 108 ym, 110 um, 113 um, 128 um, 18um), Polomski et al.
(2002, 4.74um, 7.91um, 881 um, 1027 um, 1170 um, 1249 um, N-band, 1817 um), Egan et al(1999 MSX
2.6, 429 um, 828 um, 1213 um, 1465 um, 2134 um), Berrilli et al. (1987, 2.2 um, 385um, 865 um, 997 um,
10.99 um, 1155 um), Casey(1991, 160um, 370um), Mannings(1994 450um).

can be computed by multiplying the total spectrum measuyadI®l in the photometry files with the
visibility measured for a certain baseline. In order to grttie radial dependence of the dust minerology,
measurements taken at similar PAs should be used in ord&pid eontaminations by changes in the
source geometry. We therefore choose the measurement2@04311-01 B = 56 m, PA=82°) and
2004-10-30 B = 89 m, PA=90(r), as they have very similar PAs. The comparison of the cateel
spectra for these baselines with the uncorrelated specFign®.8) shows that the 10m silicate feature
flattens out with increasing resolution. This change in theatated spectrum might indicate spatial
variations in the dust composition, with the more evolvestdpains (i.e. larger grains with their weaker
silicate feature) in the innermost disk regions.
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6.6 2-D Radiative Transfer Simulations

6.6.1 SED analysis

As an additional contraint for our radiative transfer mauatgl we assembled the SED (Fi§.9) of
MWC 147 by collecting photometric data from the literatufée contribution of the visual companion
(Baines et al. 2006 separation’3l) to the SED is unknown. Furthermore, the photometric dag m
be contaminated by the ambient reflection nebula NGC 224#4y 199). Polomski et al (2002
studied the appearance of the circumstellar environmeltWC 147 at MIR wavelengths and found
an extended structure ef 12" diameter & 9600 AU) at 1Qum.

6.6.2 Modeling procedure and simulation setup

For a physical interpretation of the measured visibiliaesl the SED, we employ the radiative transfer
codemcsimmpi (Author: K. Ohnaka), which solves the radiative transfeslppem self-consistently
using a Monte Carlo approach. This code was introducediinaka et al(2006 and also applied in
Honig et al.(2006. In short, the stellar flux is treated as a finite number oftph@ackets, which are
emitted in arbitrary directions. While propagating thraouge cells of the simulation grid, the photon
packet can be either scattered or absorbed, where the fligbaftthese events is given by the density
and the optical properties of the dust in each particuldr &&hereas for scattering events simply the
propagation direction of the photon packet changes (wenasssotropic scattering), absorption events
deposit energy into the cell while the packet is isotropyoad-emitted immediately. For each absorption
event, the temperature of the cell is corrected using therselbyBjorkman & Wood(2001), resulting

in a self-consistent determination of the dust temperatisteibution. After tracing the propagation of
a large number of photon packets through the simulation ¢iniel SED is computed by summing the
flux from all packets. The code is parallelized using the L/MWRI library, which allows the user to
distribute the Monte Carlo computation on a large numbebpaffuters within a network.

Once the radiative transfer computation is completed, dnage program is used to compute synthetic
images for any wavelength of interest. For this project, wegute synthetic images for 3 wavelength
bins covering theH-band, 3 bins for thé&-band, and 8 bins for thil-band. Finally, visibilities are
computed from the simulated images for the points ofuli@lane covered by the data. In order to
treat the visibility slope in the spectro-interferomeluservations properly, we compute the visibility
for each spectral channel of the MIDI and AMBER observatisggarately, using the synthetic image
computed for a wavelength as close as possible to the cevavalength of the spectral bin.

As we require particularly high spatial resolution in the@én disk region to properly resolve the
structure of the inner dust rim (at scales of less than one Al also need to include structures with
large radial extension (10000 AU scale), we employed a $pdilegrid with logarithmic radial grid
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spacing. The number of radial cells was chosen to be 500ewhé latitudional grid resolution is
2°. We used 18 photon packages per simulation, which ensurgBcent statistics for Monte-Carlo
radiative transfer.

As input stellar spectrum we used a Kurucz stellar atmospinedel Kurucz 197() for a B6-type star
of solar metallicity Tex = 14 000 K, logg = +4.04). For the optical dust properties we use a mixture
of warm silicate Ossenkopf et al. 199zand amorphous carbonifinner 198%grains. The grain size
distribution follows the dependence suggested/ayhis et al (1977, n(a) oc a5, wheream, < a <
amax)- For the outer envelope we use small graiagi{ = 0.005um; amnax = 1.0 um), whereas for
the inner disk region we mix in also larger dust graiagi{ = 1.0 um; anax = 1000um), which is in
qualitative agreement with the indications for grain grofgtund in the inner disk regions (Se6t5.2).
The species of large and small grains are treated sepamattig radiative transfer computations. A
minimum dust density of 10?7 g cni2 is assumed.

6.6.3 Iterative determination of the location and shape of t he inner rim

A proper treatment of both the location and the shape of therinm of the dust distribution (i.e. the
dust sublimation radius) is of particular importance tolaikpboth the NIR SED and the NIR interfero-
metric data. In the DDNO1 model, the structure of the innerig described as a vertical wall, causing
strong deviations from centro-symmetry when seen unddinaton. As discussed by DDNO1, this
description is likely not physically reasonable. Furthera) the strong “skew” in the NIR disk mor-
phology predicted by a DDNO1-like vertical wall also seemsdntradict the recent YSO closure phase
survey conducted bylonnier et al(2006).

Thus, we added an option to our software which allows us toeefie geometry of the inner rim iter-
atively, taking the dust sublimation into account. For this first compute the temperature distribution
resulting from the original density description and therafor grid cells which exhibit a temperature
above the local dust sublimation temperature. For thedg, tleé dust density is decreased by a factor
of 10-2 before the next iteration step. This iteration proceduregeated until convergence is reached.

Isella & Natta(2005 have pointed out that the dust sublimation temperalyggg depends on the
gas density, which results in a higher sublimation tempeeain the disk midplane than in the disk
atmosphere, causing a curved shape of the inner rim. To nifuideffect, we comput&s,p(x) for each
grid cell x separately assuming a gas-to-dust ratio of 100 and théarlay Pollack et al (1994):

TsubI(P) = 2000 K- p” (6.1)

withy = 1.95x 10~2. This iteration should improve the appearance of the dis&inim in the synthetic
images, which are then fitted to the interferometric datad@/aot iterate on the vertical hydrodynamic
disk structure as we consider this a second-orffect which is out of the scope of this paper.



6.6 2-D Radiative Transfer Simulations

6.6.4 Inner gaseous accretion disk

As suggested by the rather high accretion and mass losseatased for MWC 147 acc = 10—5M®yr—1,
Muing = 2.0 X 10*7M®yr*1, see introduction), it might be of importance to includeration in our
model. In active accretion disks, large amounts of gas aresprorted inwards of the dusty inner rim.
Inside the corotation radius, where the Keplerian angutéoaity matches the stellar angular velocity,
the matter is then accreted onto the star through magnetdsgtcretion columns. While the energy
of the magnetospheric accretion process is mainly radeatey in the UV continuum and in UV and
optical emission lines, the infalling matter in the gaseimner disk can alsofeect the infrared SED,
mainly by two dfects:

(a) Thermal emission from optically-thick gas in the inner gasedisk, located between the corota-
tion radius and the inner dust rim.

(b) Shielding of the inner dust rim by an optically thick gaseourer disk. The gas mightiectively
scatter the stellar UV radiation, allowing dust to existseoto the star.

Muzerolle et al (2004) found that even foMaee = 10*6M®yr*1, the gaseous inner accretion disk
is typically a factor of~ 8 times thinner than the (fiied-up inner dust disk wall and is optically thick.
Therefore, we considéa) to be the dominantféect and include the thermal emission from the gaseous
inner disk into our radiative transfer models using a simalgproach asikeson et al(2005).

In this model, the accretion luminosity is emitted from acaigs accretion disk«{ingle 198) which
emits at each radiusas a black-body of temperature

Tar) = (fﬂ“:'_:;") (1— M)l/z. 6.2)

We runr from the magnetic truncation radius (for which we assuiRg) 5o the dust sublimation radius

Rsup 1N our Monte Carlo radiative transfer simulation grid, fifeotons corresponding to the accretion
luminosity are emitted isotropically from two cells arouhe disk midplane and then propagate through
the simulation grid. The modeling of gas absorption is ouhefscope of this paper, and therefore the
gaseous inner disk in our simulation does not provide simglt the dusty inner rim.

6.6.5 Simulated geometries

Besides the dust geometry iteration scheme and the indlagiaccretion luminosity, we extended the
mcsimmpi code by adding dust geometries, including extended engsl¢gee Sec6.6.5.]), inner
shells (Sect6.6.5.9, and various circumstellar disk geometries, especiayetl Keplerian disks with
(Sect.6.6.5.9 and without a ptfed-up inner rim (Sec6.6.5.3.

Before the radiative transfer simulation, the densityritigtion is defined using either analytic density
profiles or the density distribution is computed iteratpweithin external software. In the later case, we
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Chapter 6 Radiative Transfer Modeling of the Active Accretion Disk around MWC 147

use the publically available IDL code CGpfusersion 2.1, Author: C.P. Dullemond) to pre-compute
the radial density profile and vertical scale height for edisk radius.

In order to avoid unrealistically sharp ctit® at outer edges in the density distribution, we used a
Fermi-type functiorF (reuior) to obtain a smooth truncation of the density distributioousd the radius

Icutof -

F—rFeuar ) ] °
F(reutar) = [1+eXp<7>] . (6.3)

€l cutat

wheree = 0.05 defines the relative width of the transition region.

6.6.5.1 Extended envelope

In the course of our modeling of the SED of MWC 147 with the befmentioned inner geometries
(spherical shell, Keplerian disk with and without an innier); we found that an additional component
is required which contributes large amounts of the MIR to filiR (see SED in Fig6.9).

In particular, we did not succeed in modeling the pronournteahge in slope in th&pitzerIRS spec-
trum (around 15%um, see Fig6.5) with a single component, but had to include an additionstrcted
envelope component. For this envelope, we tried variousngéaes, in particular rotating, infalling
envelopes with and without polar outflow cavities, such aséparametrized by/hitney et al(2003.
However, those geometries generally contributed too mushdtound~ 20 um and also cannot suc-
cessfully reproduce th&pitzerIRS spectrum. The best agreement was obtained for a siroplerdaw
dust distribution with a rather flat slope

r

—1/2
Penv = L0 (E) X F(rcutcﬂ)- (6.4)

wherepg is the dust density at an arbitrary characteristic radjus

After fine-tuning the parameters of the envelope to matclstie above 1wm, we fixed the geome-
try of the envelope and varied in the following studies (8#6.6.5.2t0 6.6.5.9 only the geometry of
the innermost circumstellar component, being the dominantributor to the NIR and MIR emission
probed by our interferometric observations.

6.6.5.2 Model SHELL: Spherical shell geometry

Miroshnichenko et a(1997) proposed that optically thin shells can reproduce the SHDA®Be stars.
In order to investigate whether these shell models or tHerdmdels presented in the following sections

3The CGplus IDL library is available from the webslietp: //www.mpia.de/homes/dullemon/radtrans/
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6.6 2-D Radiative Transfer Simulations

provide a better fit to our simultaneous SEDisibility fits, we simulate a density distribution given by

r

-p
Pshell = 00 (r—o> x F(rcutar) (6.5)

with p = 1.5, as suggested byliroshnichenko et al(1997).

6.6.5.3 Model KEPLER: Flared Keplerian disk

One solution for a passive disk which is gravitationally dioated by the central star, vertically isother-
mal, and in vertical hydrodynamic equilibrium, is given bffaaed Keplerian disk geometri{¢nyon &

Hartmann 198
Y r —3/2 x/ z\2
PKepler = Po | — expl—7 | — X F(rcutcﬁ)- (6.6)
o 4 \ h,

The vertical pressure scale heidhtis coupled to the temperature at a certain radius, whicHteesu
a flaring of the disk at large radii. We use the analytic dgsiom by Chiang & Goldreich(1997), as
implemented in the CGplus software, to deterntfipas a function of radius.

6.6.5.4 Model PUFFED-UP-RIM: Flared Keplerian disk with pu  ffed-up inner rim

As the dust at the inner rim (at the dust sublimation radisislriectly exposured to the stellar radiation,
the vertical scale in this region is significantly increaseedita et al (2001 andDullemond et al(2001)
proposed a modification of the flared Keplerian disk geoméisgussed in Sect.6.5.3 namely, a
“puffed-up”inner rim. To include thisfBect in our simulation, we compubg(r) using the CGplus code
and then apply the iterative procedure described in S&&t3to refine the shape of the inner rim. Again,
the outer edge of the disk is truncated by applying the fondi(rcytqr)-

6.6.6 Modeling procedure and results
6.6.6.1 Fitting procedure

The fits were performed using the following approach: Fingt, fixed the geometry of the extended
envelope to match the MIR to FIR SED (Se6t6.5.). Then, we tried dferent geometries for the
inner component (Sec6.6.5.2to 6.6.5.9 to obtain the best fit to the NIR and MIR SED. Finally,
the agreement of the model with the interferometric obd#esawas tested. The analytic model fits
presented in Tablé.5indicate that the disk should be notably inclined40 to 60), therefore we fixed
for the radiative transfer modeling the disk inclinatiordts® (yielding for most models also the best
agreement with the spectral shape of the SED). In total, tatmo@l thousand radiative transfer models
have been computed to identify the best-fit models presentibe following sections.
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6.6.6.2 Results for models without accretion

When neglecting the optically thick emission from an gaseciomer accretion disk (as is most often
assumed for the interpretation of HAeBe NMRR interferometric data) we found that especially the
NIR visibilities predicted by the models were always muclaBien than the measured visibilities (see
Fig.6.11and6.12). A similar, although less pronounced deviation was foumithe MIR visibilities.

Therefore, the radiative transfer modeling confirms anchtjfies the general tendency already ob-
served in the geometric model fits; namely, that without @ering accretion luminosity (or shielding
of a gaseous inner disk, see discussion in S26t4), the measured NIR radius 6f0.65 AU (see Ta-
ble 6.4) is a factor of 4 smaller than the dust sublimation radias expected from the radiative transfer
models. We conclude that, although passive irradiatedicistellar disk models are able to reproduce
the SED of MWC 147, these models are in strong conflict withitiierferometric measurements (re-
sulting iny? ~ 40 both for the KEPLER and the PUFFED-UP-RIM model; see Tat@nd Fig.6.11
and6.12). Including large grain sizes in the inner disk regions dases the discrepancies, but we did
not succeed in solving the discrepancy quantitativelylgdig varying the dust chemisty.

Whereas the shell geometry can roughly reproduce the SEiDgvides only a very poor fit to our
interferometric observableg{ = 93.2; see Fig6.10 and can thus be rejected.

6.6.6.3 Results for models with accretion

Including accretion luminosity from a gaseous inner diskdascribed in Sec8.6.4) provides a much
better agreement between model predictions and obsersididlities.

With a flared disk geometry (without fied-up inner rim) and an accretion rate Mfe. = 1.2 x
10—5M®yr—1, both the SED and the interferometric visibilities (see.ig 3and Table6.6) are rea-
sonably well reproducedf = 2.6). When using disk geometries with fied-up rim, the inner rim
contributes significant NIR emission, which increases fhygaent size of the disk, resulting in a poorer
fit to the interferometric data,f = 6.7; see Fig6.14).

6.7 Conclusions

We have presented infrared long-baseline interferomebgervations of MWC 147, constraining the
inner circumstellar environment around a Herbig Be star tve wavelengh range from 2 to L.

The archivalSpitzerIRS spectra show distinct PAH line features which were retected in the
spatially filtered MIDI spectrum, indicating that the PAH$ginate in the outer disk or envelope. Also,
the MIDI uncorrelated spectra exhibit that the strengthhef silicate feature decreases with baseline
length which can be interpreted in the context of grain ghotetvards the inner disk regions.



6.7 Conclusions

The interferometric data obtained from the PTI archive aitth WLTI/AMBER suggest a diameter
of just ~ 1.3 AU (Gaussian FWHM) for the NIR emitting region, while the Riktructure is about a
factor of 7 more extended (9 AU at }1im). Within theK-band, we measured a significant increase of
size with wavelength. A comparison of the wavelength-depece of the characteristic size with the
predictions from commonly used disk models with a simplegerature power-law indicate that these
analytic models do significantly underestimate the sizénefemitting region at MIR wavelengths. To
test whether more realistic physical models of the circefteatdust environmentyield better agreement,
we employed 2-D radiative transfer modeling. The radiatremsfer models were constructed to fit
the SED from 0.3 to 45@m, including an extended envelope and an inner ghedt disk geometry.
Beside flared Keplerian disks withoutfed-up inner rim, we also examined the case where the rim at
the dust sublimation radius of this disk isffed-up as parametrized bhyullemond et al(2001). To
refine the shape of the rim in our radiative transfer modets have used an iterative approach, also
taking the density-dependence of the dust sublimation éeatpre into account. While such models
of passive irradiated disks are able to reproduce the SE,dke in conflict with the interferometric
observables, significantly overestimating the size of ibéhNIR and MIR emission. Therefore, we
incorporated accretion luminosity, emitted from a gaseouoer disk, in our radiative transfer models,
yielding significantly better agreement both with the SEM #re interferometric data. The best-fit was
obtained with a flared Keplerian disk withoutffed-up inner rim, which is seen under an inclination of
~ 45°, extending out to 100 AU, and exhibiting a mass accretiom@at.2 x 10~° M®yr*1.

Shell geometries result in a poor fit to the interferometatagias they cannot reproduce the asymme-
try inherent in particular in the measured MIDI visibilgieFurthermore, they significantly overestimate
the size of the NIR emitting region.

Our detailed study suggests that infrared long-baselitezfearometry, especially if combined with
spectroscopic observations, has outgrown the stage ofeagme-estimating technique and is able to
provide unique constraints on the geometry and densitylerofithe circumstellar environment and
the active accretion processes in the innermost region @ ¥igumstellar disks. To obtain physically
meaningful results, a proper treatment of a large varietglyfsical éfects, e.g. dust scattering, dust
sublimation, and gas accretion is required, demandingrathmplex radiative transfer modeling.

— 91—



Table 6.6: Parameters and fitting results for our 2-D radiative transfedels.

SHELL KEPLER | PUFFED-UP-RIM KEPLER PUFFED-UP-RIM
& Accretion & Accretion

(Fig.6.10 | (Fig.6.1) (Fig.6.12 (Fig.6.13 (Fig.6.14)
Outer radius [AU] 100 100 100 100 100
Dustdensityat 10 AU [@gm 3] || 1.2 x 10723 - - - -
Disk dust mass Vel - 5.0 x 10712 40x 10711 8.0x 107! 4.0 x 10710
Grain Size Small Small Small Small & Large| Small & Large
Radial power lawy 1.5 1.5 15 15 1.5
Vertical power laws - 1.175 1.175 1.175 1.175
Mass accretionrate  Meyr ] - - - 1.2 x10°° 9.0x 106
Inclination - 45° 45° 45° 45°
Best fit PA - 50° -50° 60° 9
x> NIR 279.5 204.9 181.0 3.5 21.9
x> MIR 49.7 4.3 4.8 2.4 3.2
x? total 93.2 42.2 38.1 2.6 | 6.7

Extended Envelope —or all models we include an extended outer envelope in dodiitrthe MIR to FIR SED (see Sed.6.5.). The
envelope is composed of small dust grains, with a densityildligion p oc r =2 with pg = 1.8 x 102> g-cm 3 atro = 10 AU (see equation
6.4). The inner radius was set to 1.8 AU, consistent with a duslireation temperature of 1 500 K, whereas the outer €utalius

reutor = 50 000 AU was chosen such that the dust temperature drops hol&.
Dust Composition —Mixture of warm silicates©ssenkopf et al. 199zand amorphous carborlfinner 198% The size distribution follows
n(a) o« a~3°. ForSmall Grainsve choos@y, = 0.005um andanax = 1.0 um, whereas fot.arge Grainswe useam, = 1.0 um and

max = 1000um.

Minimum Dust Density — For all models, we assume a minimum dust density of?1@-cm3.

Inner Gaseous Accretion Disk ~The inner accretion disk is modeled to be optically thick emdxtend from 5 to 5,



Spherical Model (y?=93.2)

a) Dust density distribution b) Dust temperature
470 470 470 470 1.7¢+03
313 313 313 313
1.3e+03
1.57 1.57 1.57 1.57 _
= = = = 1.0e+03=
= = = = e
N 0.00 N 0.00 ¥ 0.00 N 0.00 H
g 3 g g g
+ H B B 6.7e+02 §
—1.57 —1.57 —157 —1.57 h
342402
—5.13 —5.13 ~3.13 —5.13
—4.70 —4.70 —470 —4.70 10.
0415 1.843 3271 4.699 0415 1.843 3271 4.699 0415 1.843 3271 4699 0415 1.843 3271 4.699
log [AU] log r [AU] log r [AU] log r [AU]
c¢) Image K-band d) Image N-band
A=2.25 um, i=45.0° A=10.0 um, i=45.0°
75 7.10e-10 3.34e-09
5.0
5.72e-10 2.70e-09
25
4.35e=10 2 2.06e-09
- 3 - 7
2 o0 s 2 b
- = - <
2.97¢-10 & 1.43e-09 3
-25
1.60e—10 7.86e-10
-5.0
=7. 5 2.24e-11 1.46e-10
2.5 2. -15 -5 5 15
x [AU] x [AU]
e) SED (total) f) SED (details)
Dereddened MWC147 Spectrum (A,=1.2"; Rv,a 1) " Dereddened MWC147 Spectrum (A el 1475 egulurr)\ —
Tglal Flux -
1le-10 le-10 Stellar Flux b
Accreton Lummoslty
mission
Dust Scaueled Light
le11 | | lell b | o 4
! ST T .
H R FEFe
- | _ i > '§~~A\V v
g le12 b | g le12 b | 4
A &
H < i
le13 | tea3l |
le1s b | le14 |
1
le-15 L& L Je-15 Lt G Rl L
0.1 1 10 100 1000 0.1 1 10 100 1000
A [um] Alum]
g) Visibilities NIR h) Visibilities MIR
1 ; 1
| '
08 | | i 3 08 | A i
. SN
t t ”f 1t [ S
...... O A 8 I S
z 06 e S 2 oof F ]
3 3
2 2
S . S
0.4 B 04} .
- .
o s B
02 02 e °
G B
o e ]
0 0
16 17 18 19 2 21 22 23 24 25 8 9 10 11 12 13
Wavelength [um] Wavelength [um]

Figure 6.10: Radiative transfer model computed for MWC 147 assumir®pherical Shell geometry For the
model parameters see Tal@lés. In a) andb), we show the dust density distribution and temperaturetfersmall
(left) and large (right) dust grain populatiorc) andd) shows the raytraced images for two representive NIR
(2.25 um) and MIR (100 um) wavelengths. In order to increase the dynamic range isetiages, the direct
stellar flux is skipped in the raytraced images and lateothiced again in the visibility computatioa) shows the
SED for various inclination angles, wherefggives the SED for 45and separates the flux which originates in
stellar photospheric emission, thermal emission, dustliation, and accretion luminosity. Finatly andh) depict

the NIR and MIR visibilities computed from our radiativerisdier models.



Flared Keplerian Disk (y?=42.2)
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Figure 6.11: Similar as Figurés.10 but showing the radiative transfer model foflared Keplerian disk geome-
try without pu ffed-up inner rim.



Flared Keplerian Disk with pu ffed-up rim (y?=38.1)
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Figure 6.12: Similar as Figuré5.10, but showing the radiative transfer model foflared Keplerian disk geome-
try with pu ffed-up inner rim.



Flared Keplerian Disk & Gaseous Accretion Disk (?=2.6)
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Figure 6.13: Similar as Figuré5.10, but showing the radiative transfer model foFlared Keplerian disk geome-
try without pu ffed-up inner rim, including accretion.



Flared Keplerian Disk with pu ffed-up rim & Gaseous Accretion Disk (?=6.7)
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Figure 6.14: Similar as Figuré5.10, but showing the radiative transfer model foflared Keplerian disk geome-
try with pu ffed-up inner rim, including accretion.






7 Signatures of Outflow Precession from
the Young High-Mass Star NGC 7538 IRS1

Based on an article which appeared i¢A:
Kraus, S., Balega, Y. Y., Elitzur, M., et al§A 455, 521 (2006)

7.1 Overview and Context

NGC 7538 IRS1 is a particularly g
young high-mass (O7-type) proto

star which is still deeply embed
ded in its natal cloud, making theg
site nearly invisible at visual wave-§
lengths. Since the discovery of 8
strong methanol maser feature tg
wards IRS1 by ( ), b7
the site has gained a lot of atten ‘._- vl
tion from the radioastronomy com :
munity. Later, VLBI observations re-
vealed that the methanol masers a
linearly aligned and might trace g
Keplerian-rotating circumstellar dis
( )4 The rel- rigyre 7.1: Color composite image of the NGC 7538 star forming

atively early evolutionary stage Ofregion (Image Credit: McCoughrean).
NGC 7538 IRS1 (Class I) is also sup-

ported by the presence of an ultracompaattdgion and a CO outflow. Surprisingly, the various asso-
ciated axes are misaligned with each other.



Chapter 7 Signatures of Outflow Precession from the Young High-Mass Star NGC 7538 IRS1

To investigate the NIR morphology of the source at high aag@solution and to clarify the relations
among the various axes, our group performed speckle imtgnietric observations on NGC 7538 IRS1
at the Russian BTA 6m telescope and at the 6.5m MMT. Our higtardhic range images show a fan-
shaped outflow structure in which we detect 18 stars andavebs of difuse emission. Complemen-
tary IRAC images from th&pitzerSpace Telescope Archive were used to relate the detectédvout
with structures at larger scales.

We interpret the misalignment of various outflow axes in tbatext of a disk precession model,
including numerical hydrodynamic simulations of the maollec emission. The precession period is
~ 280 years and its half-opening angleig40°. A possible triggering mechanism is non-coplanar tidal
interaction of an (undiscovered) close companion with trmumbinary protostellar disk.

In addition, our observations resolve the nearby massiogtar NGC 7538 IRS2 as a close binary
with separation of 195 mas. We find indications for shockraatgon between the outflow activities in
IRS1 and IRS2. Finally, we find prominent sites of star folioratt the interface between two bubble-
like structures in NGC 7538, suggestive of a triggered f&tamation scenario. To date, indications of
outflow precession have been discovered in a number of neggedtostars, all with large precession
angles ¢ 20-45). This might explain the diierence between the outflow widths in low- and high-mass
stars and add support to a common collimation mechanism.

The reconstruction of the bispectrum speckle images was dgrKarl-Heinz Hofmann. | was re-
sponsible for theSpitzerrelated data processing, the scientific interpretatioth modeling, and the
illustration and writing of major parts of the manuscriphefmolecular hydrodynamics simulation and
its description in Sect7.5.4.4was kindly contributed by Alex Rosen. Very valuable inpubcerning
the proper interpretation of the maser data was provideddshd Elitzur at discussions during his visits
at the MPIfR. In this context, | would also like to note thesf@hone conferences of th&C 7538 Col-
laboration, which included: Roy Booth, John Conway, James De BuizeshédElitzur, Stefan Kraus,
Vincent Minier, Michele Pestalozzi, and Gerd Weigelt.

7.2 Introduction

Protostellar disks and outflows are essential constitugfritse star formation process. For high-mass
protostellar objects (HMPOs), direct evidence for the pneg of compact circumstellar disks is still
rare, whereas outflows seem to be omnipresent in the higk-stasforming regions. Outflows remove
not only angular momentum from the infalling matter, bubaielp to overcome the radiation pressure
limit to protostellar accretion by carving out opticallyittcavities along which the radiation pressure
can escape{rumholz et al. 200k

How outflows are collimated is a matter of ongoing debate aad depend on the stellar mass of the
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7.2 Introduction

outflow-driving source. One of the arguments in support &f tonclusion is that outflows from high-
mass stars appear less collimated than the outflows andqgetglifieir low-mass counterparts/(1 et al.
2004). Therefore, it has been suggested that outflows from HMP@&trbe driven by strong stellar
winds, lacking a recollimation mechanism. Since HMPOsdglty form in dense clusters, another
possibility is confusion by the presence of multiple colited outflows.

However, since there is evidence that the binary frequensignificantly higher for high-mass than
for low-mass stars (e.gRreibisch et al. 1999another possibility is that outflows from HMPOs simply
appear wider, assuming they undertake precession. A fegsaalere outflow precession have been
proposed for HMPO outflows (e.gShepherd et al. 2000Veigelt et al. 20022006 show precession
angles of~ 20 to 45; considerably wider than the jet precession angles of &llyigust a few degrees
observed towards low-mass stars(quem et al. 1999 This is in agreement with the general picture
that high-mass stars form at high stellar density sites hackfore experience strong tidal interaction
from close companions and stellar encounters.

The detection of precessing jet-driven outflows from HMP@dsasupport to the hypothesis of a
common formation mechanism for outflows from low to high-satars. Furthermore, jet precession
carries information about the accretion properties of thieirty source and, simultaneously, about the
kinematics and stellar population within its closest viiginyielding a unique insight into the crowded
places where high-mass star formation occurs.

In this study, we report another potential case of outflove@ssion concerning the outflow from the
high-mass (3M,), Pestalozzi et al. 20()4protostellar object NGC 7538 IRS1.

We obtained bispectrum speckle interferometry of IRS1 &2, which provides us with the spa-
tial resolution to study the inner parts of the outflow, déterfiligreed fine structure within the flow.
Information about even smaller scales is provided by thégiming methanol maser feature, which was
detected at the position of this infrared source and which madeled successfully as a protostellar
disk in Keplerian rotation{estalozzi et al. 2004To search for outflow tracers on larger scales, we also
present archivabpitzefIRAC images. In addition, this allows us to relate the sosistedied with bis-
pectrum speckle interferometry with the overall star fargiiegion and we find new hints for triggered
star formation in this region.

7.2.1 Previous studies of NGC 7538

The NGC 7538 molecular cloud is located in the Cas OB2 assogia the Perseus spiral arm at a
distance of~ 2.8 kpc (Blitz et al. 198). Several authors noted that NGC 7538 might present a case
of triggered or induced star formation since it shows ongaitar formation at various evolutionary
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stages, apparently arranged in a northwest (most devéltpedutheast (youngest evolutionary stage)
gradient (/cCaughrean et al. 1991

At optical wavelengths, the appearance of the region is dated by difuse Hir emission, which
extends several arcminutes from the southeast to the nesti{wnds & O'Neil 1986. In 1974, Wynn-
Williams, Becklin, & Neugebauedetected eleven infrared sources (IRS1-11) in the NGC 7&8i®mn,
wherein IRS1-3 are located on the southeast-corner of thelfaped H emission in a small cluster of
OB-stars. IRS1 is the brightest NIR source within this @usind is embedded within an ultracompact
(UC) Hu region whose size was estimated to-bed’4 (ne ~ 10° cm~2, measured in 5 and 15 GHz
CO continuumCampbell 198). The spectral type was estimated to be @Zzbane & Kuno 200}
which implies a luminosity~ 9.6 x 104L®. VLA observations with a resolution down t620(=180 AU)
also revealed a double-peaked structure of ionized gasnwvitie UC core (peaks separated-by0!2),
which was interpreted as a disk collimating a north-soutbrded outflow Campbell 1987 Gaume et al.
1999. This interpretation is also supported by the detectiorlohgation of the dust-emitting region
at mid-infrared (MIR) wavelengths (am: Hackwell et al. 198211.7um and 18.3um: De Buizer &
Minier 2009 and imaging studies performed in the sub-millimeter gwniim (35Q:m, 450um, 800um,
850um, 1.3 mm: Sandell & Sievers 20Q4showing an elliptical source with a size-of116 x 776 along
PA! ~ —80°) and CO line emissiorgcoville et al. 1985 showing a disk-like structure extending22”
in the east-west direction). Also, polarization measurnasief the infrared emission around IRS1 can
be construed in favor of the disk interpretatiaiyCk & Capps 1978Tamura et al. 1991 Kawabe et al.
(1992 carried out interferometric CS£2 — 1) observations and found a ring-like structure, which
they interpret as a nearly face-on protostellar disk of denslecular gas.

Further evidence for outflow activity was found Byaume et al(1995, who measured the profile
of the H6Gy recombination line and derived high velocities of 250 km,sndicating a strong stellar
outflow from IRS1. CO (31 — 0) spectral line mapping showed a bipolar flowscher et al. 19895
The mass outflow rat®loyow from IRS1 was estimated to be 5.4 x 10-3 M@ yr~! (Davis et al. 1998
Interferometric observations kiycoville et al (1986 beam size 7) show that the blue and red-shifted
lobes are separated by”2®ith a position angle 0f-45°, and IRS1 is located on this axis just between
the lobes of this high-velocity{76 to —37 km s1) CO outflow. In comparing the data obtained with
various beam sizesgmpbell 1987Kameya et al. 1997 these seem to indicate a change in the position
angle of the flow direction at fferent spatial scales, ranging from RAQ° at &3, PA ~ —25° at 2/,
PA~ —35° at 7/, to PA—40° at 16'.

Within the immediate{ 05) vicinity of IRS1, a large variety of masers has been disced, includ-
ing OH (Dickel et al. 198), H,CO (formaldehyde,Rots et al. 198;1Hoffman et al. 2005 NH3 (am-
monia, Madden et al. 1985 CH3OH (methanol, five features A, B, C, D, E were detected at 6.7
and 12.2 GHz: Menten et al. 1986Minier et al. 1998 2000, ®NH3 (Johnston et al. 1999and

1Following the convention, we measure the position angle (RAn north to east.
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H,O (Kameya et al. 1990 Some of the masers show only vague signs for a systemégicnagnt
within linear (°NHs, PA ~ —60°) or ring-like structures (6O, methanol-maser feature E). However,
the methanol-maser feature A represents one of the mosinmimy cases of systematic alignment, in
both linear spatial arrangement (RA—62°) and well-defined velocity gradient, observed to date in any
maser source. The qualitative interpretation of this stnecas an edge-on circumstellar diskigier

et al. 1999 was later confirmed by the detailed modeling-afstalozzi et a(2004), which showed that
the alignment in the position—line-of-sight (LOS) velgaiiagram of maser feature A can be modeled
accurately assuming a protostellar disk with Kepleriaatio.

Aiming for a more complete picture, several authors (&lgnier et al. 1998 De Buizer & Minier
2009 also tried to incorporate the presence of methanol maagsrkes B, C, D, and E in the circumstel-
lar disk model for feature A and interpreted them as part obatfilow which is oriented perpedicular
to feature A. Since these maser features are southwards ptithtive circumstellar disk, it remains un-
clear why they appear blue-shifted with respect to featu(@iiier et al. 1999, whereas the southern
lobe of the CO-outflow is red-shifted.

Besides the circumstellar disk interpretation for the iorf the maser feature A mentioned above, an
alternative scenario was proposedby Buizer & Minier (2005, who suggested that feature A might
trace the walls of an outflow cavity.

The region was also intensively observed in the infraredv&uimages of the infrared continuum
emission were presented byampbell & Persso1988 H, K) andOjha et al.(2004 J, H, Kg) and
showed difuse emission, which extends from the IRS1-3 cluster in ssfaped structure towards the
northeast and north, approximately tracing the optical idgion. The northeast border of this NIR
emitting region also appears very pronounced in the contmsubtracted KH2.122um maps byDavis
et al. (1999, possibly tracing the illuminated surfaces of nearby roolar clouds or the inner walls
of a vast outflow cavity. Furthermor®avis et al (1999 discovered two bowshock-shaped structures,
centered roughly on the IRS1-3 cluster and orientated aaaing the northwest—southeast direction
(PA ~ —30°) in Hy 2.122um. With imaging at arcsecond resolution and the use of sesgeatral filters
(J,H, K, [Fell] 1.65um, Bry 2.165um, H, 2.122um, and 3.2um), Bloomer et al (1998 attempted
to identify the source and mechanism of the outflow. Based conzetary-shaped morphology in the
[Fe 1] line images and shell-like rings observed in théd, andK-bands, these authors propose a stellar
wind bowshock model in which the motion of IRS2 relative te tholecular cloud produces thefdise
NIR emission within the vicinity of the IRS1-3 cluster.

The firstK-band speckle images, taken with the 3.5 m-telescope om Blitawere presented bil-
varez et al (2004 and showed substructure in the vicinity of IRS1; namelyp tstrong blobs A4,
PA ~ —45°; B, PA ~ —7(°), a diffuse emission featur€( PA ~ 0°) as well as several faint point-like
sourcesd-f).
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7.3 Observations

7.3.1 Bispectrum speckle interferometry

The first set of observations was performed on 2002-09-2¢uie 6.0 m BTA (Big Telescope Alt-
azimuthal) telescope of the Special Astrophysical Obgerydocated on Mt. Pastukhov in Russia.
Additional data were gathered 2004-12-20 with the MMT (Nfié& Mirror Telescope) on Mt. Hopkins
in Arizona, which harbors a 6.5 m primary mirror. As detecteg used at both telescopes one 5522
pixel quadrant of the Rockwell HAWAII array in our specklewara. All observations were carried out
using aK’-band filter centered on the wavelength 248 with a bandwidth of 0.2um. During the
BTA observation run, we recorded 420 speckle interferogramNGC 7538 IRS1 and 400 interfero-
grams on the unresolved star BSD 19-901 in order to compefmathe atmospheric speckle transfer
function. The speckle interferograms of both objects waken with an exposure time of 360 ms per
frame. For the MMT observations, the star 2MASS 231345824049 was used for the calibration
and 120 (200) frames were recorded on the target (calibrattn an 800 ms exposure time. The
modulus of the Fourier transform of the object (visibilityas obtained with the speckle interferome-
try method (abeyrie 197). For image reconstruction we used the bispectrum specteeférometry
method (Meigelt 1977 Weigelt & Wirnitzer 1983 Lohmann et al. 1983Hofmann & Weigelt 198%h
With pixel sizes of 27.0 mas (BTA) and 28.7 mas (MMT) on the, skg reconstructed images possess
fields of views of 138 (BTA) and 131 (MMT), respectively.

We found that the BTA data allows the highest spatial regmiutand is therefore perfectly suited for
the identification of point-sources within the field), whasehe image reconstructed from the MMT data
allows a high dynamic range in theflilise emission. Therefore, we show thule emission within an
image of moderate resolution (reconstructed from MMT deda,Figuré’.2a) and perform point-source
identifications within the higher resolution image reconsted from BTA data (Figuré.2b). In order to
distinguish point-sources andilise structures reliably, we reconstructed images of variesolutions
(146 mas, 97 mas, 72 mas) and carefully examined changeg ipehik brightness of the detected
features. Whereas for point-sources the peak brightnessases systematically, it stays constant or
decreases for fluse structures.

To perform an absolute calibration of the astrometry in ooages, we measured the position of
IRS1 and IRS2 in the Two Micron All Sky Survey (2MASE), Atlas images and use the determined
absolute positions as reference for our astrometry. Weagtithat the accuracy reached in the relative
astrometry is~ 0'1. The absolute calibration introduces further errer<(2).
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2" E

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

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

—105—

Figure 7.2 Bispectrum
speckle images K’-band)
reconstructed from data taken
with a) the 6.5m MMT andb)
the 6m BTA telescope. To show
the weak emission features, the
intensity of IRS1 was clipped
to 2% of the total flux. Within
the high-resolution imagéb),
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
influence the reliability of the
identification of point sources
within the image. The absolute
coordinates of IRS1 are =23
13" 4535 andé =+61° 28
1084 (J2000, determined from
2MASS, accuracy- 0'5).
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Figure 7.3: Figure a) shows the SpitzdRAC 4.5 um image with the position of the infrared sources
(IRS1 to 11 and 2MASS sources) ang® masers marked. Furthermore, the position of the submatier
(450 um and 850 um) clumps reported byReid & Wilson (2005 are shown. The position of the
2MASS sources 2MASS 23135808130484, 2MASS 2313166128017, 2MASS 23134355129372,
2MASS 231446516129397, 2MASS 23131695129076, 2MASS 2313092$128184, and
2MASS 231331846125161 are labeled explicitly.

7.3.2 Spitzer IRAC Archive data

In order to relate our high-resolution images with the moipgy of the NGC 7538 molecular cloud at
large scales, we examined archival 3.6, 4.5, 5.8, andi®.0mages (Pl: G. G. Fazio), taken with the
Infrared Array Camera (IRACJfazio et al. 200)lon theSpitzerSpace Telescope. The four bands are
recorded simultaneously using two InSb (316, 4.5um) and two Si:As (5.&m, 8.0um) detectors. The
central wavelengths and bandwidths of the IRAC bantg ¢ et al. 200)are 3.56um (A1 = 0.75um),
4.52um (A2 = 1.01 um), 5.73um (A1 = 1.42 um), and 7.97um (A1 = 2.93 um). Each image
consists of 256x 256 pixels, corresponding toa 5 x 5 field-of-view on the sky. The data used
include 48Spitzerpointings taken on 2003 December 23 in the High Dynamic RéH&R) mode. In
HDR mode, for each pointing, images are taken with two exposmes (0.6 s and 12 s) in order to
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IRAC color composite: 3.6/4.55.8um

Figure 7.4: Color-composite produced from the 361 (blue), 4.5um (green), and 5.8m (red) IRAC bands. The
intensity of each image was scaled logarithmically. Nosthp and east to the left.
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IRAC color composite: 3.6/4.58.0um

Figure 7.5: Color-composite produced from the 361 (blue), 4.5um (green), and 8.0m (red) IRAC bands. The
intensity of each image was scaled logarithmically. Nosthp and east to the left.
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record both bright and faint structures. However, the twghiest sources, IRS1 and IRS9, are saturated
even within the 0.6 s exposure.

We used themopexsoftware (2005-09-05 version), released by the Spitzezrgei Center (SSC),
to process both the long and short exposure images. Besdeasic calibration steps applied by the
Basic Calibrated Data (BCD) pipeline (S11.0.2), we perfedrRadhit detection, artifact masking, and
pointing refinement. Finally we generated a mosaic in whiehdaturated pixels of the long exposure
image were replaced by the corresponding pixels of the Oxpeseire. The optical design of IRAC
induces a shift of~ 68 between the 3/6.8 um and 4.53.0 um pointings, leaving an overlap ot56
between all four bands.

In Figures7.4and7.5, color composites of the 346.55.8um and 4.%5.88.0um band images are
shown.

The difuse emission in three of the four IRAC bands is dominated thydyolic Aromatic Hydrocar-
bons (PAHsChurchwell et al. 200y} which trace the border of regions excited by the UV phofoos
HMPOs particularly well. Contributions are also expectexhf several vibrational levels of HSmith
& Rosen 2005)y atomic lines, CO vibrational bands, and thermal dustrgeanission.

7.4 Results

7.4.1 Bispectrum speckle interferometry: Small-scale str uctures around
IRS1/2

7.4.1.1 IRS1 Airy disk elongation and diffuse emission

In our speckle images, the Airy disk of IRS1 itself appeasgrasetric, being more extended towards
the northwest direction (PA- —70°, see Figur&’.2b and inset in the lower left of Figuré.6). In the
same direction (PA- —60°), we find two strong blobsA, B + B’) of diffuse emission at separations of
~ 1" and 2. These blobs and additionalfflise emission seem to form a conical (fan-shaped) region
with a 90 opening angle extending from IRS1 towards the northwest.
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1“ 2"

B T 5600 AU
2800 AU

IRS2b

K"+ 15GHz continuum

Methanol Masers 6.7 GHz

1"

2800 AU

Figure 7.6: Bispectrum speckle image with identified point sourcesfgies) atop marked. The astrometry for the
point-sources was performed using the high-resolution BfiAge, whereas the image shown was reconstructed
from MMT data. The contours trace 0.25%, 0.5%, 0.75%, 1.025%, and 1.5% of the peak intensity. The inset
on the upper left shows a reconstruction of the vicinity o8BRusing a resolution of 80 mas (BTA data). In the
lower left, IRS1 is shown using aftiérent color table, emphasizing the elongation of the IRSY disk (MMT
data) overplotted with the 15 GHz radio continuum (the corgshow -1, 1, 2.5, 5, 10, 20, ..., 90% of the peak
flux) and the position of the OH (circles) and methanol (ces$snasers (image fromutawarakorn & Cohen 2003
using data frontzaume et al. 1995 In the lower right we show the integrated brightness ofrtiethanol masers as
presented byestalozzi et a(2004 contour levels of 1, 3, 5, 10, 30, 50, 70, and 90% of the peakdénsity are
shown).
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Table 7.1: NGC 7538 IRS1 outflow directions reported for various tracer

Tracer Structure Beam Size Scale PA of Dynamical Ref. Contsnen
[ [ outflow Agef (Velocities in [km s71])
direction P] [108 yrs]
Methanol masers 0.03 +17d — [8] seeFig7.6
1.0 cm cont. inner corg 0’5 0.13 0.4 +08 <003 [9] te=015yrs
1.3 cm cont. inner corg 0’4 0.11 0.4 +08 <0.02 [5]
6.0 cm cont. inner corg; 0/75 0.35 0.4 +0 <0.04 [1]
1.0 cm cont. outer corg 0’5 0.13 1.0 -28 >003 [9] te=03yrs
1.3 cm cont. outer corg 0’4 0.11 1.0 -28 > 002 [5]
6.0 cm cont. outer corg 0775 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 6 [10] see Fig7.1k
MIR 18.3um IRS1 Elongation 0.54 4 -45 .16 [10] see Fig7.1d
NIR K’-band IRS1 Elongation 0.3 0.6 -78 .03 - seeFig7.6
NIR K’-band feature A 0.3 1.6 -65 @B - seeFig7.6
NIR K’-band feature F 0.3 2.1 -33 A - seeFig7.6
NIR K’-band feature B 0.3 3.0 -39 6 -  seeFig7.6
NIR K’-band feature B’ 0.3 3.3 -57 .8 - seeFig7.6
NIR K’-band feature C 0.3 4.8 +6 025 - seeFig7.6
NIR K’-band feature E 0.3 6.2 -20 3B - seeFig7.6
NIR K’-band feature D 0.3 7.4 +10 039 - seeFig7.6
NIR K’-band eastern wall 0.3 - +25 - — seeFigr.6
NIR K’-band western wall 0.3 - -65 - —  seeFi
[Fell] 1.65um 1 15 N-$ 0.8 [7] aroundIRS2; see Fig.10
Hy northern bow 30 N-S 15 [6]
Hy 1 27 -25° 1.4 [7] shell-like structure; see Fig.10
Hy southern bow 145 155 23 [6] seeFig7.1th




Table 7.1— Continued

Tracer Structure Beam Size Scale PA of Dynamical Ref. Contsnen

[ [ outflow Agef (Velocities in [km s1])

direction P] [108 yrs]

CcoO low velocities 7 b E-W 09 [3] -11<Vp< —6;2<V, <9;seeFig7.1Q
cO high velocities 7 1% -35 15 [3] -17<V, < —11;9< V, < 15; see Fig7.1(y
coO 34 18 507 15 [2] -24<Vpy<-8;9<V, <22
coO 16 13b -40 14 [4 -14<V,< —9;11<V, < 16; see Fig7.10f
coO 45 120 -507 10 [3] -24<Vy<-8;9<V, <22

Note —V; andV}, are measured relative to the velocity of methanol maseufedt (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 ®®i®given.

¢ For VLBI observations, we give the estimated error on thehlte 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$, which was measured byaume et al(1995 within the H6Gr recombination line. For
the CO emission, we also use the measured CO outflow velauitpeovide the corresponding dynamical age in bracketxeSat
velocities are measured along LOS, this timescale can aoljge upper limits.

References: [1Lampbell(1984; [2] Fischer et al(1989; [3] Scoville et al(1986); [4] Kameya et al(1989); [5] Gaume et al(1995;

[6] Davis et al(1998; [7] Bloomer et al(1998; [8] Minier et al.(2000; [9] Franco-Hernandez & Rodrigué2004; [10] De Buizer &
Minier (2005
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A careful examination of the power spectrum of IRS1 has shtivanh the detected asymmetry of
IRS1 is not caused by a companion, but seems to repregirgelemission. Therefore, we can rule out
a close binary system of similar-brightness componentsxdovthe ditraction limit of ~ 70 mas. For
the case of a binary system with components of significaritfgi@nt brightnesses, we can put upper
limits on the brightness of the hypothetical companion asnetion of the projected binary separation
(see Figure'.7).

The PA of the elongation of the Airy disk is similar to the PAKGfblobsA, B, andB’. Another strong
feature C) can be seen towards RA0°. The blobs seem to be connected by a bridgedfisé emission
extending from featur® to C. Overall, the dfuse emission seems to form a fan-shaped region which
is extending from IRS1 towards the northwest with an opeaimgje of nearly 90. We identified some
further features and list their position angles and sejmarsiin Table7.1 The directions, which were
reported for various outflow tracers, are also listed in télide and illustrated in Figure.8.

Our featured\, B + B’, andC appear to coincide with the featur@sB, andC identified byAlvarez
et al.(2004). A comparison suggests that featufes B + B’, C, D correspond to the peaks\4 1N,
and INWin Tamura et al(1997).

7.4.1.2 Binarity of NGC 7538 IRS2

IRS2 appears resolved as a close binary system. Using areinsagnstructed from BTA data with
a spatial resolution of 80 mas (see inset in the upper-lefteroof Figure7.6), we determined the
separation to be 195 mas and found a PA-AR23 for the 1'9 fainter companion (2002-09-24). We
designate the brighter component in Kieband as IRS2 and the fainter as IR%R2
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current outflow
direction? | cm cont.
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(>0.5")

S

' NIR/MIR

/ IRS1 Elongation

Figure 7.8: lllustration showing the outflow directions in the variouaders. The CO contours b

( ) red and blue) are overlaid on the hhap (greyscale) by ( ). The orientation of the conjectural
methanol maser disk (green), the fan-shaped structuretddten ourK’-band image (orange), and the averaged
direction of H, (red arcs) are shown schematically. The arrows indicatditietion prependicular to the alignment
of the methanol masers (green), the orientation of the i(wadr.5”) and outer & 0.5”) core detected in the 1.0, 1.3,
and 6.0 cm radio continuum (white), and the direction alofctvthe IRS1 Airy disk was found to be elongated
(MIR: » NIR: this study).
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Table 7.2: Point sources identified in our speckle images. For dethisialRS1 and the binary system IR$2
we refer to the text. We identify componerts$o f with the stars already discovered in the image‘byarez et al.
(2004).

Name RA (J2000) DEC (J2000) K’ Magnitud® Comment

a 23 13"4533 61 28 21702 1094
b 4481 1063 1129
c 4495 1233 1146
d 4511 0969 1173
e 4537 1812 11m77 embedded in featu@
f 45334 1393 1173 embedded in featu@
g 4536 1480 1173 embedded in featuf@
h 4531 1472 1186
i 45329 1374 1171
] 4527 1325 1173
k 4525 1305 1181
I 4524 1328 1183
m 4522 1271 1171
n 4536 1299 1175
0 4550 1450 1160
p 4529 1842 1173
q 4516 1969 1177
r 4533 0848 1171

a For the astrometry, the relative errors are of the ordef bf The absolute calibration using the
reference position of IRS1 in 2MASS introduces further s 2).

b The photometry was done relative to IRS1 with an uncertah@'3. For the conversion to
absolute photometry, we assumed a IRS1 magnitudB8®{@jha et al. 200}

7.4.1.3 Detection of fainter cluster members

Besides IRS1 and IR%2b, we were able to identify 18 additional fainter point-likesces &-r) within
the BTA image, whose positions aid-band magnitudes are listed in Tabl&.

In order to test whether these sources are physically tetatdGC 7538, one can compare the stellar
number density for the brightness rang&@1o 1270 in our speckle imagé\specke= 18/128 arcset~
2.1 x 10°/ded, with the number expected from the cumulati«band luminosity function (KLF) of the
NGC 7538 field Nreig ~ 1.8 x 10°/ded. Although these number densities were obtained witiecint
spatial resolution, the clear over-density of stars in @ackle image is significant and we conclude that
most of the detected stars are likely members of the NGC 7&8&@ming region. When using the
KLF for the IRS 1-3 region instead of the whole NGC 7538 fielah stellar over-density in our speckle
image becomes even more evideNikGc1—3cluster & 1.4 X 103/degz). Since these stars are about 5 to

2TheK-band luminosity function byzalog et al (2004 for the whole NGC 7538 region, corrected with the on-clukteF, and
cumulated for the magnitude range™dito 12"0 was used.

—115—



Chapter 7 Signatures of Outflow Precession from the Young High-Mass Star NGC 7538 IRS1

6 magnitudes fainter than IRS1, they are likely to be partefassociated intermediate mass stellar
population.

The arrangement of the stars within the fan-shaped neb@a miat appear to be random, but follows
the S-structure of the dfuse blobs (see Figurg6). Most remarkable, more than half of the stars seem
to be aligned in a chain reaching from feat@&t C (PA ~ 45°). Within the difuse blobs close to IRS1
(A, B, B'), no stars were found, whereas embedded in Blpihree stars could be detected.

7.4.2 Spitzer IRAC: Morphology at large spatial scales

Imaging of NGC 7538 at optical wavelengths showed thfitide emission can mainly be found in the
vicinity of IRS5 (Lynds & O’Neil 1986. At NIR wavelengths©jha et al. 200), a diffuse structure can
be found extending from the IRS1-3 cluster towards the megtt with the strongest emission around
IRSS5.

The SpitzeiRAC images reveal a more complex, bubble-like structuee (Bigures/.4 and 7.5),
whose western border is formed by a pronounced ridge-likengint connecting IRS1-3 with IRS4
and reaching up to IRS5 (see Figuied). At the western border of the bubble a wide conical struc-
ture is located, with a vertex on 2MASS 2313586830484. Another conical structure can be de-
tected close to the northern border of the bubble. Sevehak@utflow structures can be found in the
IRAC image; most noteworthy, the unidirectional reflecti@bula around 2MASS 231446566129397,
2MASS 231316946129076, and 2MASS 23130926128184 (see Figure.3).

The sources 2MASS 23131666128017 and 2MASS 23133188125161 appear to be embedded in a
shell-like cloud.

Besides the position of the strongest NIR sources, Figusshows also the position of the submil-
limeter (450um, 850um) clumps reported bizeid & Wilson (2005. These clumps trace the filaments
and knots of the bubble, which can be seen in the IRAC imageg well. Besides this, the submillime-
ter clumps suggest another bubble-like structure to théhsamst of IRS4 (see also the imagesiaid &
Wilson 2004. This bubble seems to be invisible at near- and mid-inéraravelengths, although several
NIR sources are located on its border (2MASS 231368428184, 2MASS 23133184125161).

As already pointed out byreid & Wilson (2009, it is interesting to compare the position of the
detected HO masers with the position of the centers of high-mass standtion in the region and to
find agreement in many cases (IRS1-3, IRS9, NGC 7538S). Hawas can be seen in Figure3,
for four locations of HO masers, no MIR counterpart can be found in the IRAC imadesdetection
limits for point sources in the four IRAC bands are roughly,%.3, 31, and 34Jy for the IRAC bands
at 3.6, 4.5, 5.8, and 8m assuming medium sky background).
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Figure 7.9: Comparison of the outflow direction imaged with Specklerifi@@®metry with the bubble-like structure
imaged withSpitzerIRAC.

7.5 Discussion

7.5.1 Nature of the observed K’-band emission

In the wavelength range of th€'-band filter Qo = 2.12 um, A2 = 0.21 um), we record not only

continuum radiation (e.g. scattered light, thermal dusission, stellar continuum emission), but also

line emission (e.g. b). However, both ( , see Figurg’.10 and ( )

did not detect significant amounts of ldmission around IRS1. Furthermore, deep optical imaging by
( ) and ( ) reveal a weak optical sourcdfset 22 north

of the radio source IRS1. The latter authors argue that tloagtextinction Ay = 13) derived for

IRS1 makes it highly unlikely that this optical emission snoected to IRS1 itself but that it most

likely represents scattered light. The measurfided suggests that the faint optical source should be

associated with blob& andB in our images, making scattering the most likely radiaticechranism for

the detectedk’-band emission. This conclusion is also supported by ptdn measurementsy

Ywhich show a strong polarization of theuth emission, tracing either scattered light
or light transmitted through aligned grains. Henceforthpresume continuum to be the most important
contributor to the detected emission.
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€)5.8um (120" x 120")

a)3.6um (120" x 120")

h)H, (Dav98) + K’ (120" x 120")

) 3.6 um + CO (Sco86 (120" x 120") i) Ha. [Fell] (Blo98) + K’ (60" x 60”)

10"
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Figure 7.10: Mosaic showing the IRS1-3 cluster at various wavelengtlesidg the speckl&’-band image (also
marked as red box) and IRAC images, data fronoville et al. (1986 CO),Kameya et al(1989 CO),Bloomer
etal (1998 J, H, K, Hp, [Fell]), Davis et al(1998 H,), andDe Buizer & Minier(2005 117 um, 183 um) was
incorporated. 118



7.5 Discussion

7.5.2 Methanol maser feature A: Protostellar disk or outflow ?

We note that the 2MASS position of IRS# (=23" 13" 4535, =+61° 28 10’8, J2000) and the
position of the methanol maser feature & £23" 13" 45364,5 =+61° 28 10'55, J2000) reported
by Minier et al.(2000) coincide within the errors Therefore, the methanol masers and the outflow driv-
ing source are likely causually connected, however a raramntidental alignment cannot be ruled out.

Since methanol masers can trace both protostellar diskatfldws, it is not a priori clear how
the linear alignment of the methanol maser feature A and biserwed velocity gradient should be in-
terpreted. For IRS1, both claims have been mates{alozzi et al. 20G0De Buizer & Minier 2009.
However, detailed modeling has provided strong quantgagupport for the disk interpretation but is
still missing for the outflow interpretation. Furthermoaestudy by Pestallozi et al. (in prep.) suggests
that simple outflow geometries cannot explain the observeggsties of feature A.

A major difference between these two scenarios is the orientation alisheassociated with the
outflow driving source: Whereas in the disk scenario the arathmasers are lined up within the disk
plane (PA~ —62°), the outflow scenario suggests an orientation of the diakgoperpendicular to the
maser alignment (PA- +28°). The observed asymmetry in our NIR speckle images, as weahea
elongation of the emission observed in the 11.7 and @@ 8nages by)e Buizer & Minier(2009, can
be explained within both scenarios:

Scenario A: If maser feature A traces anutflow cavity, the detected asymmetry might simply reflect
the innermost walls of this cavity (oriented northwest) gndas the southeastern cavity of a presumably
bipolar outflow might be hidden due to inclinatiofiexts.

Scenario B: Alternatively, if the masers trace an edge-@rcumstellar disk, the asymmetry of the
infrared emission could trace the western wall of an outflawity with a wide half-opening angle. The
asymmetry cannot be attributed to the disk itself becausel¢hection of stellar radiation scattere o
the disk surface at such a large distance is highly unlikely.

For completeness, we also mention the interpretatiodyeya et al(1989, who attributed the
change between the direction observed in the WQkEgion (PA ) and the high-velocity CO flow
(PA —60°) to flow deflection, either by large-scale magnetic fieldswe tb density gradients.

We proceed now to discuss both scenarios within an outfloxitycaodel (Sec7.5.3 and a precess-
ing jet model (Secr.5.4), incorporating the large amounts of evidence collecteddnipus authors over
the last three decades.

3The astrometric accuracy of the 2MASS catalogue was reptotbe~ 0715
(seehttp://ipac.caltech.edu/2mass/releases/allsky/doc/expl-sup.html).
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7.5.3 Scenario A: Outflow cavity model

Since the intensity of the fluse emission in our images seems to decrease with distanmoel RS1
and the vertex of the fan-shaped region appears centered®h e cannot support the hypothesis
by Bloomer et al(1999, who identified IRS2 as the likely source of théfdse NIR emission. Instead,
the observed fan-shaped region can be interpreted as § tiaatitwas formed by outflow activity from
IRS1. Because the walls of the fan-shaped structure aredeétied, we can measure the opening angle
of the proposed outflow cavity from the eastern wall (PR)2® blob A (PA —65°), obtaining a wide
total opening angle of 90

The unidirectional asymmetry of IRS1 in the NIR and MIR imagsee Figur&.10 is naturally
explained in this context as scattered light from the inrel 600 AU) walls of the cavity. This scenario
is also consistent with the southeast—northwest oriemtatf the CO outflow, aligned roughly parallel
to the methanol masers (PA —62°). BlobsA, B, B’ are located within the same direction and might
resemble either clumps in the cavity or recent ejecta froenathtflow. The various blobs might also
indicate the presence of several outflows.

In order to resolve the misalignment of the radio-continwzore with respect to the other outflow
tracers, it was proposed that the radio-continuum emissimht arise from a photoevaporated disk
wind (Lugo et al. 200).

However, as noted above, the methanol maser feature A lagkargitative modeling up to now.

7.5.4 Scenario B: Precessing jet model
7.5.4.1 Constraints from the methanol maser disk

The circumstellar-disk modeling presentedryystalozzi et a(2004) reproduces the observational data
for maser feature A in minute detail. Assuming a central ntds30M;) and Keplerian rotation, this
model confines the inner;(~ 290 AU) and outerr, ~ 750 AU) radii of the disk (these radii scale as
(M/30M@) /2 with the central masM). The model does not set strict constraints on the inctimati
and orientation of the disk on the sky.

An uncertainty in the disk inclination arises from the asption that methanol is formed within a
surface layer of the disk from photoevaporation gfCH The midplane of the disk might therefore be
inclined within certain limits. A distinct inclination isugigested by the fact that the NMRIR continuum
emission, as well as thestshock tracer line emission, appears more pronounced tevlaechorth than
towards to south (see Figuré and7.1th). An inclination of the northern outflow towards us is also
indicated by CO outflow observations (eigameya et al. 1989which show the blueshifted CO lobe of
IRS1 towards the northwest (see Figurek0f & 7.10g).

The disk orientation on the sky can only be constrained byntger observations with a limited
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Figure 7.11: Top: lllustration of
the analytic precession model pre-
sented in Sec7.5.4.3 Bottom:
MMT speckle image overplotted
with the trajectory of ejecta from
a precessing outflow projected onto
the plane of the sky (thick blue line)
as described by the analytic pre-
cession model. For the counter-
clockwise precession, the parame-
ters Pprec = 280 yrs,® = 40°,

a = —30°, ¢y = 0° (precession
axis within the plane of the sky),
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der to simulate a finite collimation
of the flow, we varied botlr and

Y by £5°, yielding the trajectory
given by the thin blue lines. The
red contours show the 15 GHz radio
continuum map bylutawarakorn &
Cohen 2004using data byGaume
et al. 1995.
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accuracy since the masers only trace a narrow latitudicalfahe disk, missing potential disk warping.
Nevertheless, it is still reasonable to identify the disieotation with the linearly-aligned feature A.

7.5.4.2 Indications for disk and jet precession

Assuming that the alignment of the masers is representaititree orientation of the disk midplane (i.e.
assuming disk warping is negligifle it is evident that the direction perpendicular to the didkne
(PA +19°, the expected outflow direction) is significantly misaligrfeom the axes of the bipolar CO
outflow and the NIR fan-shaped region (RA—20°; illustrated within Figurer.6). Also, the observed
bending Campbell 1984Gaume et al. 1995n the radio continuum could indicate a change in the
outflow direction. Whereas the inner cor€ ('5) is orientated along PA- 0°, the outer core (&

— 1/0) bends slightly towards the west (PA —25°). This might indicate that the outflow changed
its direction by this amount within the times needed by thidgepropagate the appropriate projected
distances+{ 25 and~ 50 years).

The bending detectable in the UCuHegion on scales of 170 seems to continue at larger scales
within the morphology observed in our speckle images, sstijgge anS-shaped fine-structure of the
diffuse emission extending from IRS1 initially towards the haest and further out towards north. The
blobsA, B, andB’ observed close to IRS1 (PA —60°) might represent the most recent ejecta, whereas
the weak features which appear further away in our image$] might trace earlier epochs of the
history of the outflow.

Based on these indications, we suggest a disk and jet precas®del. The fan-shapedftlise
emission in which thé&-structure is embedded can be explained as scatterediagrhtthe walls of an
outflow cavity, which was cleared by the proposed wandegnhg |

The western wall of this wide, carved-out outflow cavity ntigppear within our NIR and the MIR
images as an elongation of IRS1. Since this elongation dstemainly towards the northwest, there
must be an additional reason why the western wall of thistgesppears more prominent than the
eastern wall. A possible explanation might be shock exoitatf the western wall, which would cool
through emission in shock tracer lines likg,hvhich is contributing to the recordéd-band.

Assuming the precession period derived in Se6.4.3 the outflow (which currently points towards
PA ~ 19°) would have excited the western wall of this cavity 140 years ago, which corresponds
roughly to the H radiative cooling time.

The arrangement of the fainter cluster members embeddéihwiite difuse emission can be under-
stood in this context, too: Taking into account that IRStilsdeeply embedded in its natal circumstellar
cloud, the jet would have cleared the envelope along its wang path. The decreasing column density
results in lower extinction along the jet's path, revealthg fainter stars which likely formed in the

4Interestingly, the converse assumption (that disk warsimpn-negligible) implies disk precession as well, as ¢avould be
launched perpendicular to the warped surface of the inn¢iopthe disk.
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vicinity of IRS1. The fainter stars might therefore be dé&bte only in those regions where the precess-
ing jet reduces the extinction Siciently. Within the blobs closest to IRS1, stars may be uectable
because of either inclinatioritects or confusion with the significantly higher surface btigess of blobs
IRS1A, B, andB’ (limiting the sensitivity to detect point sources), or besa of the high density of the
outflowing material itself, providing intrinsic extinctio

The outflow tracers observed at rather large scales (CQsée FigureZ.10 are oriented roughly
in the same direction as the NIR fan-shaped structure. Thel@2@nel maps b§scoville et al.(1986
Figure7.1Qg) suggest a change in the orientation of the CO outflow lobekfe and high velocities.
Whereas the low velocity CO outflow is oriented along the-@astt direction, the high velocity lobes
are oriented along PA- —35°. As CO traces material swept-up by the outflow and has avelgtiong
cooling time (of the order of Hyrs), the diferent orientations observed at low- and high velocities are
more dificult to interpret.

Finally, we speculate that the precession model might adptagn why the velocities of the methanol
maser features B, C, D, and E are in the same range as thetiedafithe CO outflow{e Buizer &
Minier 2005, but show opposite signs for the LOS velocity with respedeature A (maser features B,
C, D, and E are blue-shifted, whereas the southern CO loleglishifted). Assuming precession, the
CO outflow would trace the average outflow direction arourdaitecession axis (with the southern axis
oriented away from the observer), whereas the methanolrasight trace clumps very close to the
source, which were excited more recently when the southamnop the outflow was pointing towards
the observex

In general, precession can explain the change in the flomtatien, but potential alternative expla-
nations include density gradients in the surroundings &lIRhe presence of multiple outflows, and
flow deflection.

7.5.4.3 Analytic precession model

In order to get a rough estimate for the precession parameter employ a simple analytical model
with constant radial outflow speed v. On the radial motion wegespose a precession with peri@glec,

leading to the wave number
2
k = ; 7.1
VPprec 1)

by the time that ejected material travels a distamitem the source, the direction of the jet axis changes
by the anglekr.

To describe the jet propagation in three dimensions wednite a Cartesian coordinate system cen-
tered on IRS1 whoseaxis is along the line of sight (see Figufel], top). The precession axis is in the

5This is consistent with the precession parameters detethimSect7.5.4.3 where we find that the half-opening angle of the
precessiom® is larger than the inclination of the precession axis wigpeet to the plane of the sky
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y — z plane inclined by anglg to the plane of the sky and the jet axis makes an an@ewith it. For
counter-clockwiséprecession, the coordinates of material at distarfoem the origin are

Sin® cosg
=1 x | cos®cosy + sin@singsiny (7.2)
z — €c0sO siny + sin® sing cosy

whereg = ¢ + kr is the jet's azimuthal angle from theaxis. The initial phaseg can be taken as°0
since the direction perpendicular to the methanol featuseéms to coincide with the eastern wall of
the outflow cavity. The PAv of they-axis can be set from the average angle of the fan-shapeahreqgi
in the speckle images as = —30°. Using v = 250 km s'%, as measured b§aume et al(1999
within the H6Gr recombination line, leaves as free parameys;, O, ¢, and the sense of rotation.
Trying to fit the orientation of the maser disk, the oriergatof the UC Hu region, and the position of
the NIR blobs with these parameters simultaneously, we fsadanable agreement with a precession
periodPpec = 280+ 10 yrs, a precession angbe= 40° £+ 3°, a counter-clockwise sense of rotation, and
small inclinationy = 0° £+ 10°. At larger inclination anglesX 10°) loops start to appear, significantly
degrading the agreement. In Figutd 1, we show the projected trajectory of the proposed wandering
jet with the thick line, whereas the thin lines give the pabtained with a variation of-5° in o andy,
resembling the finite width of the flow.

The analytic model presented in this section mighftise in order to get a rough estimate of the
precession parameters, although it does not take into attmiinteraction of the flow with the ambient
medium nor the excitation and cooling of the ambient malteria

These parameters can be used to predict how the orientdtibe methanol maser disk changes with
time. Using the PA at the phagg = 0° as reference, one expects that the PA changes only mayginall
(less than 1) within 10 yrs. A much more significant change of°120°) would be expected after
36 yrs (50 yrs), which would be detectable with future VLBkebvations.

7.5.4.4 Numerical molecular hydrodynamic simulations

A large number of studies about the structure and evolutigmexessing protostellar jets can be found
in literature (e.gRaga & Biro 1993Vaolker et al. 1999Raga et al. 2004Rosen & Smith 2004Smith

& Rosen 2005) although most of these studies focus on jets from low-rsts with rather narrow
precession angles. As the number of simulations carriedoowtide precession angles is much more
limited (e.g.Cliffe et al. 199}, we performed a new hydrodynamic simulation. Besides @eetal
morphology, we aim for comparing the position of the newlgodivered fainter stars with the column

8positive values o indicate an inclination out of the plane of the sky towards dbserver.
“For the sense of rotation, we follow the convention that ¢emolockwise rotation (as measured from the source albag t
precession axis) corresponds to a positive sign of the phase
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Figure 7.12: a), b): Synthetic images (1 — 0, 2— 1; CO R(1), R(5)) from our ZEUS-3D molecular hydrody-
namic simulation, shown for two fiierent projections. In Figura) the images are also shown after a convolution
with a Gaussian which roughly resembles the resolutioniédsn our speckle observation (Figure). Figurec)
shows the total gas column density and theddlumn density for the same projections. Finallydjwe show
channel maps of the CO outflow for four velocity bins. Eacloeiy bin has a width of 5 kms! and the central
velocity is given by the number on the left of each image (inskm). The two numbers on the right of each image
indicate the log of the maximum integrated luminosity in amgle element in the imagd@dp, in erg s) and the
log of the total integrated luminosity in the entire velgdiin (Bottor).

The anglep gives the angle between ta@xis and the LOS, corresponding to a rotation around theepsian axis
(xaxis). Please see the text (Sé&.4.9 for a description of the complete model parameters.
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density variations caused by a precessing jet, which wasrtzkthe scope of earlier studies.

We use the version of the ZEUS-3D code as modifiedshyith & Rosen(2003, which includes
some molecular cooling and chemistry, as well as the alidifpllow the molecular (H) fraction. The
large precession envisioned for the flow associated with N&&3 IRS1 requires that the simulation be
performed on a very wide computational grid. Due to compaonat limits, we were restrained to use for
this simulation a 3D Cartesian grid of 275 zones in each taecwhere each zone spans2L0** cm
in each direction. This grid balances the desire for somgapasolution of the flow with the ability to
simulate a sfiiciently large part of the observed flow associated with NGB87ERS1. Still, the total
grid size (~ 0.018 pc) is smaller than the projected distance between IR K'aband feature.

Owing to the rather small physical size of the grid, we haveseim a nominal speed of 150 km's
reduced from the inferred value of 250 km'dor this source. The flow is precessed with a nearly 30
precession angle, with the amplitude of the radial comptmehthe velocity 0.55 of that of the axial
component. The precession has a period of 120 years, wiadk te 1.25 cycles during a grid crossing
time. The flow is also pulsed, with a 30% amplitude and a 30 peaiod. This short period assists
in the reproduction of the multiple knots Kf-band emission near NGC 7538 IRS1. The jet flow also
is sheared at the inlet, with the velocity at the jet radiustfat of the jet center. We have chosen a
jet number density of f0hydrogenic nuclei cm?, while the ambient density is $0 The simulated
jet radius is 40 x 10" cm (20 zones). Thus, the time-averaged mass flux6s<210¢ M¢) yr—1,
which is three orders of magnitude lower than the value asraéed for the CO outfloni{avis et al.
1999. Similar calculations of the momentum flux and kinetic gyeftux, or mechanical luminosity,
yield values of 8 x 10~*km s7* M yr—* and 4.7L), respectively.

After the convolution with a PSF resembling the resolutibtained in real observations the Emis-
sion in our simulation shows a morphology which is similartie one seen in thK’-band speckle
image. In particular, the simulations might also explaiatfeesD andE as associated with the pro-
posed precessing jet (compare Figudr&Za with Figure7.6). The simulations also show that the CO
emission, which can be expected for a precessing jet atrldigiances from the driving source, appears
very smooth, which is also in accordance with the CO obsemvamade for NGC 7538 IRS1.

We note that the fainter staesto n reported in Sec7.4.1.3are located in the region where the
column density in our precessing jet simulation appearsquéarly low (see Figur&.1x, left column),
supporting the scenario proposed in Seé.4.2

7.5.4.5 Possible precession mechanisms

Several mechanisms have been proposed which can causadgindper jet precession, although most
of them were established for low- and intermediate starscancdcause precession angles of only a few
degreesiendt & Zinnecker 199&isloffel & Mundt 1997). For the case of high-mass stars and larger
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precession angle®(~ 40°), Shepherd et a(2000 summarized the three most promising concepts that
could induce precession into circumstellar disks. We disdwow well these mechanisms can explain
the observations of IRS1. For all cases, it is assumed tleabutflow is launched close to the center
of the disk and that a precession of the inner parts of the wilkranslate into a precession of the
collimated flow Bate et al. 200))

1. Radiative-induced warping: Armitage & Pringle(1997) suggested that geometrically thin, optically
thick accretion disks can become unstable to warping iftle@&lent radiation from the stellar source is
strong enough. As this warping instability is expected touswnly at disk radii larger than a critical
radiusR.i;, we can estimate whether radiative-induced disk warpirxjEected at the inner part of the
IRS1 disk. Using a stellar mass bf ~ 30 M, (Pestalozzi et al. 2004a mass accretion rate of the
order of the mass outflow ratacc ~ Moutiow ~ 5.4 x 1073 M@ yr—* (Davis et al. 199% and a lumi-
nosityL ~ 9.6 x 10* Lo (Akabane & Kuno 200y we use equation 5 byrmitage & Pringle(1997)
and the assumptions listed &hepherd et a(2000 and obtain a critical radiuR.;; ~ 200 pc. Since
this is far beyond the inner edge of the disk where the jeirnalion is expected to happen, it is very
unlikely that the radiation emitted by the star or due to etion causes any noticeable warping within
the disk.

2. Anisotropic accretion events:The impactmerging of (low mass) condensations can change the ori-
entation of the disk angular momentum vector. In such a diiaregent, angular momentum can be
transferred from the impactor onto the accretion disk, ety resulting in a net torque in the rota-
tion of the disk. To estimate the precession angle, whichdcasult from anisotropic accretion, very
detailed assumptions about the disk, the impacting coradiems and their kinematics must be made.
Since no data is available to estimate these quantitiesefee to the example computed Bynepherd

et al. (2000 and note that in extreme cases, such an accretion evertt cause a diiciently large
precession angle in the case of NGC 7538 IRS1 as well. Howevéris scenario one would expect
rather sudden changes in the jet direction rather than atsnpoecession.

3. Tidal interactions with a companion: Warping and precession of the disk could be caused by tidal
interactions with one or more companions on non-coplanaitor We assume the simplest case of a
binary: with stellar massed, (primary) andMs (secondary), an orbit with inclinatiarwith respect to

the disk plane, and a semimajor a&isThe mass ratio shall be denotge: M,/Ms and will be assumed

as unity. Our observations place an upper limit on the s¢iparaf such a companion (see Figurg).

Two cases can be considered:

3a) circumprimary disk (a > r,): Because tidal torques would truncate the disk at about &gt
the binary separatiori((bow & Ogilvie 2000, we obtain a lower limit for the binary separation (for
a circular orbit), namelya > 2500 AU. However, a binary with such a large separation weldhot
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suited to explain the observations since the orbital pesiodid be> 2 x 10% yrs (M, + Ms = 30 M),
implying a disk precession rate of 4 x 10° yrs (Bate et al. 200)) Assuming an extreme eccentricity
might yield a short precession period of the order of ¢6 but implies strong, periodic interactions
between the companion and the disk during each perihelissgg. As this would quickly distort and
truncate the disk, we see this assumption contradicts tlieamel maser structure, which suggests a
smooth extension of the methanol layer fren290 AU to ~ 750 AU.

3b) circumbinary disk (a < rj): Smoothed particle hydrodynamic simulations lbyrwood & Pa-
paloizou(1997) showed that a binary on a non-coplanar orbit with largemationi could cause strong
quasi-rigid body precession of the circumbinary disk ¢for 10) and strong warping, especially on the
inner edge of the disky(~ 1). The same authors report that the disk precession fregugj. should

be lower than the orbital frequency of the binasynay. To make an order-of-magnitude estimation
for the orbital period that would be expected for this hymtital IRS1 binary system, one can assume
Wprec X Wpinary/20 (Bate et al. 200Pto obtainPyinary ~ 14 yrs for the binary period, corresponding to
a separation odyinary & 19 AU (~ 7 mas). This binary separation then puts a lower limit on #uus

of the inner edge of the circumstellar disk. As this sceneaio trigger the fast disk precession without
truncating the extended disk structure traced by the metimasers, we consider a circumbinary disk
as the most plausible explanation.

7.5.5 The IRS2 companion and flow interaction with the IRS2 UC H 1 region

The spectral type of IRS2 was estimated to be OAl&pane & Kuno 200} corresponding to a lumi-
nosity of ~ 6.4 x 105L®. Using the measurel’-band flux ratio, one can make rough estimates for
the spectral type of the two components reported in $ecl1.2 By assuming the total luminosity is
attributed only to the two components, we obtain a specyr bf O5 for IRS2 and 09 for IRSH
(using the OB star luminosities fronacca et al. 1995

Within our images, the wide-opening angle outflow cone frd®$1 seems to extend well out to
IRS2. This dfers an explanation for the shock tracer line emitting redlmat was imaged around
IRS2 Bloomer et al. 1998 see Figurer.10). The bowshock-like morphology of the [Fell] and, H
emission suggests that the shock is excited from the sodticifvis roughly the direction towards IRS1).
In the direction opposite IRS1, the [Fe Il]] and Eimission even shows a cavity-like structure, which also
appears in the 6 cm-radio continuuBioomer et al(1999 suggested a stellar wind bowshock scenario,
in which IRS2 moves with a speed 6fl0 km s™! towards the southwest through the ambient molecular
cloud. We note that the morphology could also be explainethtgyaction between the IRS1 outflow
and IRS2 outflows. Based on its young age, IRS2 might alsataarpowerful wind itself, causing the
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distinct shock zone which appears within the shock tracésson (see Figuré.10) and which is also
detectable in ouK’-band image (arc-like morphology between feat@emdH).

7.5.6 Outflow structures from IRS1 at larger spatial scales

Figure7.10a to d shows mosaics of the vicinity of IRS1 in the four IRAC banddthaugh IRS1 and
IRS2 appear saturated in these images (shown in logaritboaiing) and banding (vertical and hori-
zontal stripes produced by IRS1 and IRS9) appears espeitidie 5.8 and ® um images, structures
potentially related to IRS1 can be observed. About #ards the southeast of IRS1, a bowshock
structure can be seen, which is also present in thénthge byDavis et al.(1999. This bowshock
points in the same direction as the redshifted lobe of the Qtfosv (see Figurg.1() and just opposite

to the outflow direction identified in our speckle image at bswales. Thus, it is possible that this bow
traces the southeastern part of the IRS1 outflow. In our $p@uvlage, the inner part of this southeastern
outflow is not visible; likely a result of strong interveniegtinction.

Furthermore, it is interesting to note that the “ridge” ceating the IRS1-3 cluster with IRS4 and
IRS5 follows the western wall of the outflow direction idéietdl in our speckle image (see top of Fig-
ure7.10. Itis possible that the total extent of the IRS1 outflow alsaches much further northwest
than the structure seen in the speckle image, contributirthe excitation of the western part of the
bubble seen in the IRAC bands and the shocks in thieidge byDavis et al (1998 see Figurg.1h).

7.6 Evidence for Triggered Star Formation in the NGC 7538 Star
Forming Region

It has been proposed by many authors that star formationsseepropagate southeastwards through-
out the NGC 7538 complex/(erner et al. 1979VicCaughrean et al. 199Djha et al. 2000 This is
indicated by the spatial arrangement of the members of thisfearming region, which also seems to
agree with the expected evolutionary sequence: startingté®ynorthwest of IRS1, O stars located in
the Hu region represent the most developed evolutionary stadtewied by the IRS1-3 cluster and their
associated UCH regions, with the compact reflection nebula around IRS9esgrting the youngest
member of this star formation site. In agreement with thisype,Balog et al (2004 measured the red-
dening of stars throughout NGC 7538 and found a gradientidemring with the most heavily reddened
sources in the southeast.

The presented IRAC images can also be interpreted in supfpitiis scenario since the ridgelike fea-
ture connecting IRS1-3, IRS4, IRS5 seems to trace the ateiietween the northeastern bubble (visible

at NIR/MIR wavelengths) and the submillimeter bubble, which appeathe 45Q:m and 85Q:m-maps
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by Reid & Wilson (2005 see Figur&.3). This suggests thatin NGC 7538, star formation was trigger
by the compression of gas just at the interface layer of tegpanding bubbles, sequentially initiating
the formation of the observed chain of infrared sources.

Ojha et al.(2004) suggested that IRS6, the most luminous source in the NGB #&flon, might
be the main exciting source responsible for the opticalrdgion. Inspecting the IRAC color com-
posites, this scenario is supported by the morphology ofitiight, curved structure west of IRS6.
In the IRAC 8um band (red in Figure.5), this structure appears particularly prominent. As it is
known that emission in this IRAC band is often associatedh WiAHs, this suggests that this region
is illuminated by strong UV radiation from IRS6. Other fe@s, such as the conical structure around
2MASS 231358086130484 and the structure northeast of IRS7, also show a syipiowards IRS6.

7.7 Summary and Conclusions

Bispectrum speckle interferometry and archipltzefIRAC imaging of the massive protostars NGC 7538
IRSY/2 and their vicinity are presented. We summarize our resslfsllows:

1. The clumpy, fan-shaped structure seen in our speckleamawst likely traces recent outflow
activity from IRS1, consistent with the direction of the &lghifted lobe of the known CO outflow.
A bowshock structure noticeable in the IRAC image40” southeast of IRS1 suggests that the
total extent of the outflow might be several parsecs. The autfhight have also contributed
to shaping and exciting the bubble-like structure, whiclprieminent in all four IRAC bands
(although contributions from several other sources, gafetRS6, are also evident).

2. A companion around the high-mass star NGC 7538 IRS2 waswdised. Furthermore, we see
indications for interactions between the IRS1 flow and out$lor stellar winds from IRS2 (neb-
ulosity surrounding IRS2).

3. A jet precession model seems suitable to describe therésabbserved within our NIR im-
ages, simultaneously explaining the misalignment betvileeputative methanol maser disk, the
UCH region, and the outflow tracers detected at larger scale3. (€&@mple analytic preces-
sion model was used to extract order-of-magnitude estsriatehe precession parameters. Using
these we estimate tidal interaction of a close binary systéma circumbinary disk as the most
plausible gyroscopic mechanism, which is triggering thecpssion.

4. The presented molecular hydrodynamic simulations carodeice some of the fine-structure ob-
served in our NIR images and indicate that the arrangemeheadetected fainter stars might be
explained as a column-densitffect, caused by the proposed precessing jet.
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5. The prominent sites of ongoing high-mass star formatiadGC 7538 seem to be located just at
the interface between two bubble-like structures — onediblé in the presented IRAC images,
the other traced by submillimeter observations. The gagpcession caused by the expansion of
these bubbles might have triggered star formation in thygore

While it is well established that the outflows of HMPOs geligrappear less collimated than those
of their low-mass counterparts, the recent discovery aavie for outflow precession for an increas-
ing number of massive YSOs might indicate a common launchiaghanism for all outflow driving
sources of all stellar masses. The observed widening in HMd&@ows might be due to selection ef-
fects Shepherd 2005andor precession of a collimated jet. The large precessioneasnglported for
IRAS 20126+4104 Shepherd et al. 20005140 IRS1\(Veigelt et al. 200}, IRAS 2315145912 (\Veigelt
et al. 2009, and now NGC 7538 IRS1 (this study) might point towards &eatlramatic precession
mechanism, maybe the presence of very close, high-massatooms on non-coplanar orbits.

We strongly encourage further observations of IRS1, eafigtd detect potential companions either
by NIR long-baseline interferometry or radial velocity maeements.
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8 Visual/Infrared Interferometry of the Orion
Trapezium stars 6'OriC and D

Based on an article which appeared i¢-A:
Kraus, S., Balega, Y. Y., Berger, J.-P., et al»;/ 466, 649-659 (2007)

8.1 Overview and Context

2005, IOTA

Aperture Synthesis Imaging
p=0014

Schertl et al. 2003
p=0.038"

Figure 8.1: Mosaic zooming in from an HST image of the M42uHegion into the Trapezium cluster and the
6*0ri C system, as seen with our speckle and IOTA imaging.
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The Orion Nebula Cluster, at a distance of just 450 pc frortherthe nearest high-mass star-forming
region and a perfect laboratory for studying the birth of sngsstars. In particular the brightest and
most massive (44 5Mc), Donati et al. 200pof the Trapezium star§)'Ori C (see Figuré.1), has been
the target of numerous studies. With an age of just 200 000-warth & Prinja 198Y, this O7V-type
star is also one of the youngest O-type stars known in theaskd/its strong Lyman radiation dominates
the whole Orion Nebula®*Ori C also illuminates the proplyds and shapes its envirartwith strong
stellar winds ¥ ~ 4 x 107 Mg yr—1, Howarth & Prinja 198).

One very unique aspect of this star was revealed by a longssefspectroscopic observations, show-
ing strictly periodic P = 15422+ 0.002 d) variations both in the intensity and profile of variensis-
sion and absorption lines detected towati3ri C (Stahl et al. 19931996). To explain this periodicity,
in 1997Babel & Montmerleapplied themagnetically confined wind sho@klCWS) model tos*Ori C.
This model, originally developed for magnetic Ap-Bp statsscribes how radiation-driven winds from
both hemispheres are channeled along the magnetic fiekl diné collide at high velocities, forming
a thin, nearly stationary shock region in the equatoriah@léabel & Montmerle 1997Donati et al.
2002 Gagneé et al. 20055imon-Diaz et al. 2006 Within this disk-like structure, the plasma corotates
with the field lines, cools, and is then either transferreckbanto the star or expelled as asymmetric
wind (Donati et al. 200p. Recently, the same period was detected in spectropa@#iombservations,
tracing the strength of the magnetic field, which furtherfoams this interpretation{/ade et al. 2006

Besides its amazing properties as a magnetic rowtorj C was found to be a particularly interesting
close binary system. Since the discovery of the companiasupygroup in 1997\(/eigelt et al. 199)
we have detected significant orbital motion using bispectspeckle interferometry. Tracing the orbital
motion opens the prospect of determining dynamical massie @ystem, yielding a characterization
of the individual components and, ultimatively, also newmstoaints for stellar evolution models in the
high-mass regime. In 1999, the largest binary separatienfauand to be 43 massChertl et al. 20013
Since then, the separation has constantly decreased. swv2®@ound that the system was unresolved
on the Russian 6 m BTA telescope with near-infrared (NIRERfgeinterferometry. Thus, we performed
first NIR long-baseline interferometric observationsb@ri C in December 2005 using the IOTA. With
baseline lengths of up to 38 m, we obtained the most precisiiggomeasurement of the binary so far.

The combined Speckle and IOTA position measurements cbeeinterval 1997.8 to 2005.9, from
which we determined a preliminary orbital solution, whiclggests a highly eccentrie & 0.91) and
short-period P ~ 10.9 yrs) orbit. As the current astrometric data only allowheatweak constraints
on the total dynamical mass, we present the two best-fitoordit these two, the one implying a system
mass of 48V, and a distance of 434 pc to the Trapezium cluster can be fdvi@veen also taking the
measured flux ratio and the derived location in the HR-diagirsto account, we find good agreement
for all observables, assuming a spectral type of O5.8%0ri C1 (M = 34.0 M@, Ter = 39900 K) and
09.5for C2 M = 155 M), Ter = 31900 K).
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We find indications that the companion C2 is massive itsdfictvmakes it likely that its contribution
to the intense UV radiation field of the Trapezium cluster an+megligible. Furthermore, the high
eccentricity of the preliminary orbit solution predictsery small physical separation during periastron
passage+ 1.5 AU, next passage around 2007.5), suggesting strong wind-wteraction between the
two O stars.

The IOTA data org*Ori C was also used to reconstruct the first NIR long-baselprezture synthesis
image of a young star. With IOTA, we also obtained first irgesfnetric observations @hOri D, finding
some evidence for a resolved structure, maybe by a fairgeadompanion.

All speckle observations for this project were acquirechvtite BTA 6.0 m telescope and recorded
in the context of observing programmes by our Russian aglie&’uri Balega (measurements at visual
wavelengths) or by members of the MPIfR group (measurenamidR wavelengths). The fits to the
power spectra of these observations were performed by nresnolb¢éhe Balega group and by Dieter
Schertl. The IOTA observations were performed by Keiichn@ka and myself within an observing run
covering 10 nights in November and December 2005. As therebdsources were significantly fainter
than the sources to which the IDRS data reduction softwaseapplied earlier, this software had to be
refined and new algorithms had to be implemented both fobiityi and closure phase estimation (see
Sect.3). For the IOTA data, | performed the model fits and the apersynthesis image reconstruction
using the BBM image reconstruction algorithm (Chagdef). As the measurement of the dynamical
masses is a major scientific objective, it is also necessargrmpute orbital elements from the obtained
relative position measurements, yielding the total systemss and the orbital parallax. The algorithm
by Docobo(1985 is an orbit calculation method, which, for the last two ddes, has also provided
robust results for orbits where the observational datarsamely a small fraction of the complete orbit. |
implemented this and another algorithm (which scans therseimensional parameter space on a grid)
in order to find first preliminary orbital solutions for tidéOri C orbit.
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8.2 Introduction

The stellar mass is the most fundamental parameter, detegniogether with the chemical composi-
tion and the angular momentum, the entire evolution of argstar. Stellar evolutionary models connect
these fundamental parameters with more easily accessililalso highly uncertain observables such as
the luminosity and the stellar temperature. Particulanlyerds the pre-main-sequence (PMS) phase and
towards the extreme stellar masses (i.e. the low- and higgsmiomain), the existing stellar evolutionary
models are still highly uncertain and require further emcpirverification through direct and unbiased
mass estimates, such as those provided by the dynamicatsressessible in binary systems. Recently,
several studies were able to provide dynamical massesvenlass PMS stars (e.glamazian et al.
2002 Schaefer et al. 200Boden et al. 2005, while direct mass measurements for young O-type stars
are still lacking.

Furthermore, in contrast to the birth of low-mass starsféhmation mechanism of high-mass stars
is still poorly understood. In particular, the remarkablgtbinary frequency measured for young
high-mass stars might indicate that the way high-mass atarsorn difers significantly from the mass
accretion scenario via circumstellar disks, which is vesllablished for low- and intermediate-mass
stars. For instance, studies conducted at the nearesniaghk-star-forming region, the Orion Nebular
Cluster (ONC, at a distance of 43050 pc, Genzel & Stutzki 198) revealed> 1.5 companions per
primary (for high-mass stafd > 10M¢), Preibisch et al. 1999which is significantly higher than the
binary frequency for intermediate and low-mass stars.

In the very center of the ONC, four OB stars form the Orion Bzpm; three of whichd*Ori A, B, C)
are known to be multiple\eigelt et al. 1999Schertl et al. 200 #*Ori D (alias HD 37023, HR 1896,
Parenago 1889) has no confirmed companion, although a jmmaliyranalysis of the radial velocity by
Vitrichenko (20029 suggests that it might be a spectroscopic binary with agesf ~ 20 or 40 days.

A particularly intruiging young€ 1 Myr, Hillenbrand 199y high-mass star in the Trapezium cluster
is 0*Ori C (alias 41 OriC, HD 37022, HR 1895, Parenago 1891ri C is the brightest source within
the ONC and also the main source of the UV radiation ionizirgggroplyds and the M42 hiregion.

A close (33 mas) companion with a near-infrared flux ratio~00.3 between the primarygtOri C1)
and the secondary{Ori C2) was discovered in 1997 using bispectrum specklefaremetry {Veigelt

et al. 1999. Donati et al.(2002) estimated the mass 6tOriC to be 44+ 5M@, making it the most
massive star in the cluster. The same authors givefectae temperature of 450001000 K and a
stellar radius of  + 1.1 R). Long series of optical and UV spectroscopic observatiensaled that
the intensity and also some line profiles vary in a strictlyigmic way. With 15422 + 0.002 days, the
shortest period was reported Byahl et al(1993. Several authors interpret this periodicity, which in
the meantime was also detected in X-r&a(ne et al. 1997within an oblique magnetic rotator model,
identifying 15.422 d with the rotation period of the starahl et al(1996) detected a steady increase in
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radial velocity, confirmed biponati et alin 2002, which suggests a spectroscopic binary with analrbit
period of at least 8 year&/itrichenko (20021) searched for long-term periodicity in the radial velocity
and reported two additional periods of 66 days and 120 yedrish he interpreted as the presence of,
in total, three components in the system.

Given the unknown orbit of the speckle companion, it stik @ be determined which one of these
periods corresponds to the orbital motion of C2. Since thealiery of C2 in 1997, three measurements
performed with bispectrum speckle interferometry shovhed the companion indeed undertakes orbital
motion (Schertl et al. 200)3 reaching the largest separation of the two componentsiianan 1999
with 43 + 2 mas. In order to follow the orbital motion, we monitored #ystem using infrared and
visual bispectrum speckle interferometry and in 2005 Herfirst time, also using infrared long-baseline
interferometry.

An interesting aspect of the dynamical history of the ONC prasented byan (2004). He proposed
that the Becklin-Neugebauer (BN) object, which is locatBlt the northwest of the Trapezium stars,
might be a runaway B star, ejected from #eri C multiple system approximately 4 000 yrs ago.
This scenario is based on proper motion measurements wiish that BN and*Ori C recoil roughly
in opposite directions, and by the detection of X-ray emisgiotentially tracing a wind bow shotk
Three-body interaction is a crucial part of this interptieta, and C2 is currently the only candidate
which could have been involved. Therefore, a high-prenisicbit measurement of C2 mightfer
the unique possibility to recover the dynamical detailshig tecent stellar ejection. However, another
study Rodriguez et al. 200%lso aimed to identify the multiple system from which BN vegected, and
identified Source | as the likely progenitor system. Latermez et al(2005 added further evidence to
this interpretation by identifying Soureeas a potential third member of the decayed system.

8.3 Observations and Data Reduction

8.3.1 Bispectrum speckle interferometry

Speckle interferometric methods are powerful technigaes¥ercoming the atmospheric perturbations
and for reaching the ffraction-limited resolution of ground-based telescopet) lat near-infrared and
visual wavelengths. Since the discoverygdOri C2 in 1997, we have monitored the system with the
Big Telescope Alt-azimuth@BTA) 6.0 m telescope of the Special Astrophysical Obsemydbcated on
Mt. Pastukhov in Russia. For the speckle observations aaligavelengths, a 12801024 pixel CCD
with a multialkali S25 intensifier photocathode was usede Mmear-infrared speckle observations were
carried out using one 5512 pixel quadrant of the Rockwell HAWAII array in our speeldamera,

IHowever, the more recent detection of X-ray variability mensity and spectrum makes it unlikely that this X-ray esiois
really originates in a wind bow shock, as pointed outthysso et al(2009.
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Table 8.1: IOTA Calibrator Stars Information

Star V H Spectral Adopted UD diameter
Type [mas]
HD 14129 55 3.3 G8.5lll D1+0.012
HD20791 5.7 3.5 G8.5l @9+ 0.012
HD?28322 6.2 3.9 Gall B2+ 0.012
HD 34137 7.2 4.4 K2Ill B0+ 0.012
HD36134 5.8 3.2 K1l 16+ 0.02
HD50281 6.6 4.3 K3V (074 0.10°
HD63838 6.4 3.6 K2l ®5+ 0.012
HD 74794 5.7 3.5 KOolll 107 + 0.012

Notes —* UD diameter taken from the CHARM2 catalogiChichi et al. 200Q
b UD diameter taken from getCal tool
(http://mscweb.ipac.caltech.edu/gcliieb/gcWeb. jsp).

with pixel sizes of 13.4 mas)(band), 20.2 masH{-band), and 27 mas¢band) on the sky.
For the speckle observations at infrared wavelengths, werded interferograms @fOri C and of

the nearby unresolved st@Ori D in order to compensate for the atmospheric specklefeafunction.
The number of interferograms and the detector integratiomes (DITs) are listed in Tabl@.1

The modulus of the Fourier transform of the object (visti)liwas obtained with the speckle inter-
ferometry methodl(abeyrie 197). For image reconstruction we used the bispectrum spegctdefér-
ometry method\(Veigelt 1977 Weigelt & Wirnitzer 1983 Lohmann et al. 1983Hofmann & Weigelt

1986.
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Table 8.2: Observation Log.

Target  Instrument Date Filtér DetectoP No. Interferograms  Calibratdts
and Configuration [UT] and Mode TargetCalibrator

6'OriC  BTA 6nySpeckle 1997.784 H P/DIT=150ms 518641 6*0riD

6*OriC  BTA 6mySpeckle 1998.838 K’ H/DIT=120ms 43R65 6*OriD

6*OriC  BTA 6mySpeckle 1999.737 J H/DIT=100ms 51/@44 6*OriD

6*OriC  BTA 6mySpeckle 1999.8189 G’ S/DIT=5ms 500- -

6'OriC  BTA 6nySpeckle 2000.8734 V' SDIT=5ms 1000~ -

6*OriC  BTA 6nySpeckle 2001.184 J H/DIT=80ms 6841523 6'oriD

6*OriC  BTA 6nySpeckle 2003.8 J H/DIT=160ms 31M24 6'oriD

6*OriC  BTA 6mySpeckle 2003.9254 V’ SDIT=2.5ms 1500~ -

6*OriC  BTA 6mySpeckle 2003.928 V'’ SDIT=2.5ms 2006~ -

6'OriC  BTA 6nySpeckle 2004.8216 V' SDIT=5ms 2000 -

6*OriC  BTA 6nySpeckle 2006.8 V', R - - -

6*OriC  I0TAA35-B15-CO 2005 Dec04 H 1L7R, 2L7R 11 4008050 HD 14129, HD 36134, HD 34137,
HD 50281, HD 63838

6'0riC  10TA A35-B15-C10 2005Dec02 H 2L7R, 4L7R 44004950 HD 34137, HD 50281, HD 63838

6'0riC  10TA A35-B15-C10 2005Dec03 H 2L7R 46002450 HD 28322

6'0riC  10TA A35-B15-C15 2005Dec01 H 2L7R, 4L7R 72506000 HD 20791, HD 34137, HD 36134

6*OriC  I0TA A25-B15-CO 2005 Dec06 H 2L7R, 4L7R 525M 875 HD 28322, HD 34137, HD 36134,
HD 74794

6*OriD I0TA A35-B15-CO 2005Dec 04 H 2L7R 80023800 HD 14129, HD 36134, HD 34137,
HD 50281, HD 63838

6*OriD IOTA A25-B15-CO  2005Dec06 H 2L7R, 4L7R 180/ 875 HD 28322, HD 34137, HD 36134,

HD 74794

Notes - Filter central wavelength and bandwidth, in nig/\1) — V’: 54530;G’: 610°20; R': 800/60; J: 1239138;H: 1613304;
K’:2115214.

b) P: PICNIC detector, H: HAWAII array, S: Multialkali S25 imsifier photocathode

° For the IOTA measurements, we useffefient detector read modes to adapt to the changing atméspbaditions. The two
numbers in the given 4-digit code denote the value ofdbe andreadparameteriedretti et al. 200¢of the PICNIC camera. Since data
taken in diferent readout modes is calibrated independently, thesstagtbetween the data sets also resembles the typicatatdito errors
(see Figures.5).

9 The dash symbol in the calibrator column indicates specldasurements for which no calibrator was observed.
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Chapter 8 Visual/Infrared Interferometry of the Orion Trapezium stars 6*Ori C and D

8.3.2 I0TA long-baseline interferometry

The Infrared Optical Telescope Ar- a0 | ' ' ' M% ' Q—E § ' 1
ray (IOTA) is a three-telescope long- 3 B-C
baseline interferometer located atthe | % e A 1
Fred Lawrence Whipple Observatory You )@{_@X fx:x

on Mount Hopkins, Arizona, operat- 10 b *x | |
ing at visual and near-infrared wave- : )

lengths ((raub et al. 200) Its three E oF ——————————————————————————————————— 4
45 cm primary Cassegrain telescopeg

can be mounted on stations along an -10 |- R - i
L-shaped track, reaching 15 m to- *:’; x% me

wards a southeastern and 35 m to- -20 f o . ++4:x X ¢
wards a northeastern direction. Af-

ter passing a tip-tilt systens¢huller -30 1 %W - .

et al. 2009, which compensates the
atmospherically induced motion of u [m]

the image, and path-compensating
delay lines, the three beams are felgigure 8.2: uw-plane coverage obtained 6t0ri C with the four IOTA

into fibers and coupled pairwise ontémay configurations used. The relatively strong asymmietithe uv-

. . I inl Its f h iti i lativel
the IONIC3 integrated optics beamo ane coverage mainly results from the positiond8®riC relatively
close to the celestrial equator.

combiner Berger et al. 20083 The

interferograms are recorded by tem-

poral modulation around zero optical path delay (OPD). Byidata acquisition, a fringe tracker soft-
ware (Pedretti et al. 200Bcontinuously compensates potential OPD drifts. Thisvedlos to measure
the three interferograms nearly simultaneously withindtraospheric coherence time, preserving the
valuable closure phase (CP) information.

For our IOTA observations, we used fouffdrent array configurations (see TabBlé&), obtaining the
uv-coverage shown in Figu@&2. #'Ori D was observed on two fierent array configurations, as shown
in Figure8.3. During each night, we systematically alternated betwhertdarget star and calibrators in
order to determine the transfer function of the instrumEnt.more details about the calibrator stars and
the number of recorded Michelson interferograms, refeiatol&8. 1

In order to extract visibilities and CPs from the recordedAQnterferograms, we used the IDRS
data reduction software. Basic principles of the algorghmplemented in this software package were
already presented iraus et al (2005}), although several details have been refined to obtain @ptim
results for fainter sources as well, such as those obsemvisistudy (see Sectid).
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8.4 Aperture Synthesis Imaging

Interpreting optical long-baseline in-

AB + terferometric data often requires

0 r - | é:g « a priori knowledge about the ex-

20 | +* - 1 pected source brightness distribu-

. tion. This knowledge is used to

10 L i choose an astrophysically motivated
* X model whose parameters are fitted to

S rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr . the measured interferometric observ-

> | ables (as applied in Se@.5).

210 k * X 4 However, the measurement of CPs
allows a much more intuitive ap-

-20 g proach; namely, the direct recon-

’ v struction of an aperture synthesis im-

-30 N 1 age. Due to the rather small num-

ber of telescopes combined in the
u [mj current generation of optical interfer-
ometric arrays, direct image recon-
Figure 8.3: uv-plane coverage obtained 6ROri D with two IOTA ar-  struction is limited to objects with

ray configurations. The meaning of the colors and symbolsesame 5 rather simple source geometry, in

particular multiple systems (for im-
ages reconstructed from IOTA data,

as in Figure8.2.

seeMonnier et al. 2004Kraus et al. 20050

Using our software based on tiBeiilding Block Mappingalgorithm (Hofmann & Weigelt 199}
we reconstructed an aperture synthesis image of'tbei C system from the data collected during our
IOTA run. Starting from an initial single delta-functiori¢ algorithm builds up the image iteratively
by adding components in order to minimize the least-squiatarite between the measured bispectrum
and the bispectrum of the reconstructed image.

The resulting image is shown in FiguBet and provides a model-independent representation of our
data. By combining the data collected during six nights, vakenthe reasonable assumption that the
orbital motion over this interval is negligible.

The clean beam, which we used for convolution to obtain thed finage, is rather elliptical (see inset
in Figure8.4), representing the asymmetries in thecoverage.
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Figure 8.4: Left, Middle: Bispectrum speckld andV’-band images reconstructed from BTA-deRaght: Aperture synthesis image &¥Ori C reconstructed
from our IOTA H-band data. Besides the false-color representation ingheruow, we show the images below as contours with the biést-foositions
marked with star symbols (see Tal@de9). In the image in the lower right corner, the restoring beantlie IOTA aperture synthesis image is shown as 4
inset. Over the six year interval covered by the imagestalrbiotion is clearly conceivable (1929042005: p=43/24/14 mas®=214/191°/163").
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8.5 Model Fitting

8.5 Model Fitting

8.5.1 Binary model fitting for  #*OriC

Although the aperture synthesis image presented in theséation might also be used to extract pa-
rameters like binary separation, orientation, and intgnsitio of the componentdd,/lci = 0.26,

p =141 mas® = 162°), more precise values, including error estimates, can terad by fitting the
measured visibilities and CPs to an analytical binary model

The applied model is based on equations 7—-12 presenteéchins et al (2005 and uses the least-
square Levenberg-Marquardt method to determine the hdsinfiry separation vector and intensity
ratio. In order to avoid potential local minima, we vary théial values for the least-square fit on a grid,
searching for the global minimum.

As the apparent stellar diameter@Dri C is expected to be only 0.2 mas at the distance of Orion,
for our fits we assume that both stellar components appeetigatly unresolved to the IOTA baselines.
Furthermore, we assume that the relative position of thepoomants did not change significantly over
the 6 nights of observation.

Figure 8.5 shows the measured 13 ; ;

IOTA visibilities and CPs and the ob- 12 | B
servables corresponding to our best- 11| : } ,
fit binary model ¢2,/dof = 1.35, P S S R | ¥ S

x&p/dof = 1.48). The separatiop,

2 09 B . B
PA @, and intensity ratio of this bi- g os | E E |
nary model are given in Tabl8.3, o ‘ |
together with the positions derived ;
from the speckle observations. To el |
ilustrate more clearly that the mea-  ° [ |
sured IOTA visibilities resemble a  ** 3 20 10 0 0 2 2

binary signature, in Figur&.6 we xIml

show a projection of the sampledtigyre g.6: Projection of the sampled Fourier plane along the fitted
two-dimensional Fourier plane alonginary PA of 16274° (x = ucos® — vsin®), clearly revealing the
the binary vector, revealing the cobinary signature. The dashed line shows the theoreticaleossibility
sine modulation corresponding to therofile for a binary star with separation 13.55 mas and iritgmatio
Fourier transform of a binary bright-0.28.
ness distribution.

For the speckle data (providing a complete Fourier sampljnig the spatial frequency corresponding
to the diameter of the telescope primary mirror), we deteenthe binary parameters by fitting a two-
dimensional cosine function directly to the 2-D speckleifgrogram power spectrum.
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Figure 8.5: Visibilities and Closure Phases derived from the recor@hinterferograms fo#*Ori C as a function
of hour angle (points with error bars). The solid line shols binary model fit, described in more detail in
Section8.5. The diferent symbols represent thdfdrent detector modes used (see Tablg. The data for each
detector mode was calibrated separately, so the scatt#rihg data groups represents the typical calibration grror
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Table 8.3: Relative astrometry and photometry for #©ri C binary system
(O-C) Orbit #1 (O—C) Orbit #2

Telescope Date Filter  Flux ratio Ok Je Ref. © 0 €] o
Fca/Fc1 [°] [mas] [°] [mas] [’ [mas]
BTA 6m/Speckle 1997.784 H .P6+0.02 2260+ 3 33+ 2 b +3.0 +05 +3.0 +0.0
BTA 6m/Speckle 1998.838 K’ 32+0.03 2220+5 37+ 4 b +3.8 -2.5 +3.8 -2.6
BTA 6m/Speckle 1999.737 J B1+0.02 2140+2 43+ 1 c -0.9 +15 -0.9 +15
BTA 6m/Speckle 1999.8189 G’ B9+ 0.04 2135+2 42+ 1 - -1.1 +0.5 -1.1 +05
BTA 6m/Speckle 2000.8734 V' 89+0.03 2100+2 40+ 1 - -0.9 -0.8 -0.8 -0.8
BTA 6m/Speckle 2001.184 J 29+ 0.02 2080+2 38+1 c -1.7 -2.1 -1.6 2.1
BTA 6m/Speckle 2003.8 J B0+ 0.02 1993+2 29+ 2 - 428 +05 +3.9 +05
BTA 6m/Speckle 2003.9254 V' - 199+ 2 29+ 2 - 434 +13 +3.6 +1.3
BTA 6m/Speckle 2003.928 A - 199+ 2 29+ 2 - 436 +1.3 +3.8 +1.3
BTA 6m/Speckle 2004.8216 V' 38+0.04 1905+4 24+ 4 - 440 +24 +4.2 +2.4
IOTA 2005.92055 H ®8+0.03 16274+2 1355+05 - -1.0  +0.0 -0.5 +0.0
BTA 6m/Speckle 2006.8 V', R - - <15 - - - - -

Notes — a) Following the convention, we measure the positaie (PA) from north to east.
References — bjeigelt et al. 1999c¢) Schertl et al. 2003
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Chapter 8 Visual/Infrared Interferometry of the Orion Trapezium stars 6*Ori C and D

8.5.2 Resolved structure around  6*OriD: Potential detection of a companion

Besides the main target of our observational programh@r;j C, during the two nights with the best see-
ing conditions, we also recorded four datasetg'@ri D. Despite lower flux*Ori D: H=5.9,6*Ori C:
H=4.6), the quality of the derived visibilities and CPs seemimble, although slightly larger errors
must be assumed!Ori D appears resolved in our measurements with a signifitamizero CPs signall
(~ 10°) on the A35-B15-CO0 baseline. This CP indicates deviatioosifpoint-symmetry, as expected
for a binary star. We applied the binary model fit describe8eet.8.5.1and found as best-fit model
(x?/dof = 1.36) a binary system with an intensity ratio of 0.p4+ 18.4 mas an® = 41° (Figure8.7).

However, considering thev-coverage of the existing dataset, this solution is likedy mnique and
it can not be ruled out that other geometries, such as foinietIcircumstellar disk geometries with
pronounced emission from the rim at the dust sublimatioiusasee e.g.Monnier et al. 200)3 might
also produce the asymmetry required to fit the data.

8.6 Results

8.6.1 Preliminary physical orbit and dynamical masses of th e 6*0ri C binary
system

Our multi-epoch position measurements of #@ri C system can be used to derive a preliminary dy-
namical orbit. To find orbital solutions, we used the methesladibed by>ocobo(1985. This method
generates a class of Keplerian orbits passing through thase points. From this class of possible so-
lutions, those orbits are selected which best agree witimi@sured positions, where we use the error
bars of the individual measurements as weight. In order éidaswver-weighting the orbit points which
were sampled with several measurements at similar epogbsnfeasurements in 1999.7-1999.8 and
three measurements in 2003.8-2003.9), we treated eaclesd tHusters as single measurements. The
dynamical mass of the total system is computed using Keytleird lawMc; + Mc, = a3/P? (wherea

is given in AU, P in years andM in solar masses).

In Table8.4we give the orbital elements corresponding to the two bdstadrsolutions found. As
the y?/dof values of the two presented orbits are practically idahtthe existing data does not allow
us to distinguish between these solutions. These orbitgtendorresponding O—C vectors are shown
in Figure 8.8 (see Table8.3 for a list of the O—C values). As the ephemerids in Tablgand also
the position predictions (dots) in FiguBe8 show, future high-accuracy long-baseline interferorgetri
measurements are needed to discriminate between thets sdbitions.

Potentially, additional constraints on th&Ori C binary orbit could be provided by radial velocity
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Figure 8.7: Visibilities and Closure Phases derived from the recor@fthlinterferograms fo6*Ori D (points with
error bars). The solid line shows the binary model fit, désatiin more detail in Sectio®.5.2
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Figure 8.8: Top: Two best-fit apparent orbits of ti#@Ori C binary system (solid and dashed line). Each position
measurement (see Talded) is connected to its predicted position with @aC line. Besides our orbital solutions
(see Table3.4), the line of nodes, and the predicted positions for theruiale2007.0 to 2008.5 (step 0.25 yrs) are
shown. North is up and east is to the |dbttom: Radial velocity variations of both components computecdfar
orbital solutions using the method presented-byirbaix(1999. For the mass ratiVcz/Mci, we assume 0.42, as
obtained from our modeling of the flux ratio presented in S&é€&.4 When computing the radial velocity curve,
the (unknown) system velocity, represents a free-parameter corresponding to a veloffggtowhich we set to
—5 km st for this plot. The radial velocity measurements (pointshvétrorbars) were taken froiitrichenko

(20021). a8



8.6 Results

Table 8.4: Preliminary orbital solutions fo#*Ori C

Orbit #1 Orbit #2
P [yrs] 10.98 10.85
T 1996.52 1996.64
e 0.909 0.925
a [mas] 41.3 45.0
i O[] 105.2 103.7
Q[ 56.5 56.9
w [ 65.7 68.2
x?/dof 1.61 1.59
mayn®  [mas] | 2.304+ 0.066 | 2.585+ 0.074
dayn®  [pc] 434412 387+ 11
(Mc1+ Mc2)?  [Mg] | 47.8+4.2 448+ 3.9

Notes - The errors on the dynamical parallaxes and correspondsigriies were estimated by
varying the measured binary flux ratio within the observalaincertainties, the assumed spectral types
for the bolometric correction by one sub-class, the exitimchy +0.2 magnitudes, and by using three
different MLRs (byBaize & Romani 194gHeintz 1978 Demircan & Kahraman 1991 However, the
given errors do not reflect the uncertainties on the orblehentsa andP. Due to the presence of the
multiple orbital solutions, it is currently not possibleqaantify these errors reliably.

measurements, such as those publisheditiy:henko(2002) and in the references therein. However,
the complexity of the'Ori C spectrum — including the line variability correspamgito the magnetically
confined wind-shock region expected towaédi®ri C — makes both the measurement and also the in-
terpretation of radial velocities f@tOri C very challenging. Since it is unclear whether thesedities
really correspond to the orbital motion of the binary systamperhaps to variations in the stellar wind
from 6*Ori C, we did not include these velocity measurements as ghtoonstraint in the final orbital

fit, but show them in Figur®.8 together with the radial velocities corresponding to owstii orbit
solutions.

Both orbital solutions suggest that during periastron @gssthe physical separation between the C1
and C2 decreases to 1.5 AU, corresponding to just 30 stellar radii. Besides the strong dynamical
friction at work during such a close passage, strong winaevinteraction can also be expected.

It is worth mentioning that besides the presented bestHitarsolutions, a large number of solutions
with longer orbital periods exist, which are also fairly sstent with the astrometric measurements.
However, since these orbits have slightly higlérdof values than the solutions presented above and
also correspond to physically unreasonable maddes ¢ Mc. < 20 or2, 140M(,), we rejected these
formal solutions.
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Table 8.5: Ephemerides for thé*Ori C orbital solutions presented in Talsiet

Epoch Orbit #1 Orbit #2

® P ® o

[°] [mas] [l [mas]
2007.0 100.9 8.7 101.8 8.7
20075 286 1.9 224 0.8
2008.0 229.1 21.7 227.9 23.0
2008.5 224.6 30.1 2238 31.0
2009.0 221.7 35.1 221.1 35.8
2010.0 217.5 40.2 217.0 405
2011.0 213.9 41.6 213.4 416
2012.0 210.3 40.5 209.8 40.2
2013.0 206.3 37.5 205.8 37.0
2014.0 201.4 33.0 200.8 323
2015.0 194.6 27.1 193.7 26.3
2016.0 183.4 20.1 181.7 19.2
2017.0 159.7 12.8 155.1 12.0

8.6.2 Dynamical masses and parallaxes

Kepler’s third law relates the major axésand the orbital perio® with the product of the system mass
and the cube of the parallax; i@c;1 + Mc,) - 7° = a3/P? (wherea andr are given in masP in years,
andM in solar masses).

In order to separate the system mass and the parallax in@bsespectroscopic orbital elements, the
method byBaize & Romani(1946 can be applied. This method assumes that the componengsnass
follow a mass-luminosity relation (MLR), which, togetheitlva bolometric correction and extinction-
corrected magnitudes, allows one to solve for the systens iMas + Mc, and the dynamical parallax
mayn. When using the MLR byemircan & Kahramai(1997), the bolometric correction for 05.5 and
09.5 stars byvartins et al (2005, and the extinction corrected magnitudes given in T8dewe derive
the dynamical masses and parallaxes given in TalsleWhen comparing the distances corresponding
to the dynamical parallaxes derived for Orbit #l = ”Jyln = 434 pc) and Orbit #2dgyn = 387 pc)
with distance estimates from the literature (elg= 440+ 34 pc fromJe&iries 2007 see also references
herein), orbit solution #1 appears much more likely. Theaigital system mass corresponding to Orbit
#1is 478 M, which must be scaled by a fact(n‘/ddyn)3 when distances other thalg,, = 434 pc are
assumed.
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8.6.3 The orbital parameters in the context of reported peri odicities

Several studies have already reported the detection ajdieity in the amplitude, width, or velocity of
spectral lines aroun@Ori C. This makes it interesting to compare whether one odéhmeriods can be
attributed to the presence of companion C2:

P ~ 15422+ 0.002 d: By far the best established periodicity towaéd®ri C was detected in hydro-
gen recombination lines and various photospheric andasteind lines Gtahl et al. 19931996
Walborn & Nichols 19940udmaijer et al. 1997 Later, the same period was also found in the
X-ray flux (Gagne et al. 1997and even in modulations in the Stokes parametéisde et al.
2006. Although possible associations with a hypothetical lmass stellar companion were ini-
tially discussed $tahl et al. 199) this period is, in the context of the magnetic rotator nipde
most often associated with the stellar rotation period. Afertle out that C2 is associated with

this periodicity, as we do not see significant motion of C2hwitthe seven days covered by the
IOTA measurements.

60d< P < 2yrs, P~ 120yrs: Vitrichenko (20020 fitted radial velocity variations assuming the
presence of two companions and determined possible pefit®0.6/L days (withL an integer
< 13) for the first, and- 120 yrs for the second companion. As our orbital solutionsatanatch
any of these periods, we consider an associatigd©fi C2 very unlikely.

P = 8yrs: Stahl(1999 reported a steady increase in radial veloditgnati et al(2002) confirmed
this trend and estimated that this increase might correbfthe orbital motion of a companion
with a period between 8 yrs (for a highly eccentric orbit) ddyrs (for a circular orbit). With
the found period of 11 yrs, it is indeed very tempting to associét®ri C2 with this potential
spectroscopic companion. However, as noted in Se6t], the set of available spectroscopic
radial velocity measurements seems rather inhomogenealfagmentary and might contain

observational biases due to the superposed shorter-mgrémiroscopic line variations, as noted
above.

8.6.4 Nature of the 6'Ori C components

Most studies which can be found in literature attributedwhele stellar flux o#*Ori C to a single com-
ponent and determined a wide range of spectral types imgudb.5 Gagné et al. 200506 (Levato
& Abt 1976; Simon-Diaz et al. 200607 (van Altena et al. 1998to O9 (Trumpler 193). In order to
resolve this uncertainty, it might be of importance to take presence of*Ori C2 into account. Be-
sides the constraints on the dynamical masses derived tm88d5.1, additional information about the

spectral types of*Ori C1 and C2 can be derived from the flux ratio of the compamanthe recorded
bands.
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Figure 8.9: Measured intensity ratio of tr&Ori C components as a function of wavelength (points witbrars).

For various spectral type combinations, the curves showstpected intensity ratio, assuming the stars contribute
purely photospheric emission (black-body emission witinihosities and #ective temperatures as given in the
stellar evolution models frorivlartins et al (2005 MO05) andClaret(2004 C04)).

Table 8.6: Derived dereddened magnitudes and colors fopti@i C components. For the photometry of the total
system, we used data fronillenbrand et al(1998 J=4.63,H=4.48,K=4.41) andHillenbrand(1997 V=5.12).
An extinction of Ay = 1.74 (Hillenbrand 199y was assumed (using the reddening lawhixythis 1990and, similar
to Mathis & Wallenhorst 198]1a highR, = 5.0).

Vv J H K V-3 V-H V-K JH JK HK
6'0riC1 3.70 4.35 4.38 4.49-065 -069 -0.80 -0.04 -0.15 -0.11
6'OriC2 4.87 565 581 5.73-078 -094 -0.86 -0.15 -0.08 0.07

In contrast to our earlier studieg/gigelt et al. 1999Schertl et al. 2003 we can now also include
theV-band flux ratio measurement to constrain the spectral typte individual components. Thé
band is of particular interest, as a relative increase ofitheratio Fc,/Fc1 from the visual to the near-
infrared would indicate the presence of circumstellar malteeither as near-infrared excess emission
or intrinsic extinction towards C2 (assuming simildfeetive temperatures for both components). Our
speckle measurements indicate tRag/Fci1 stays rather constant from the visual to the near-infrared.
Therefore, in the following we assume that the major coutiim of *Ori C2 to the measured flux is
photospheric.

In Figure8.9we show the measurdek,/Fc; as a function of wavelength and compare it to model
curves corresponding to various spectral-type combinatior C1 and C2. To compute the model
flux ratios, we simulate the stellar photospheric emiss®ohlack-body emissioB(Te) with effective
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Figure 8.10: HR-diagram with PMS evolutionary trackg & 0.02; thin solid lines with the corresponding masses
labeled aside). For masses7Mcq,) (= 9M(y) the tracks fronSiess et al. 200(Bernasconi & Maeder 19)awere
used. The three dashed lines represent the isochrone8f@.®. and 1.0 Myrernasconi & Maeder 1996Using
synthetic colors and bolometric corrections frémnyon & Hartmanr(1995 andMartins et al(2009; Martins &
Plez(2006), we converted the measured photometrydf@®ri C1 and C2 into the corresponding allowed locations
in the HR-diagram (thin red lines).
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temperature3¢r and stellar radiR, as predicted by stellar evolutionary modelgsret 2004 Martins

et al. 200%: o R(Z:
F B(Ter)
(F_SD (1) = 7B(T§1)Ré (8.1)

Under these assumptions, the companion C2 would have tdher raassiveNlco/Mci = 0.45+0.15)

to obtain reasonable agreement with the measured flux r@gesFigure3.9). Using a value forAy
from literature, the flux ratios can also be used to estintaghotometry of the individual components
(Table8.6). Then, the spectral type of C1 and C2 can be determined bypanng the location of the
stars in the HR-diagram with stellar evolution models. Fos,twe adopt the procedure froathertl

et al. (2003 and convert the derived photometry into locations in the-di&ram using the colors
and bolometric corrections frofenyon & Hartmanr(1995 and references therein) anthrtins &
Plez(2006. Assuming coevality for both stars, the spectral type efitidividual components can be
constrained by finding the location where the curves for #gous spectral bands and the isochrone
intersect. As can be seen in FiguselQ, the allowed locations for C1 intersect the Zero-Age Main
Sequence(ZAMS) aroundTe; = 46 000+ 4000 K, logL/Le = 5.3+ 0.2 (corresponding to O5) and
aroundTer = 33000+ 2000 K, logL/L = 4.5+ 0.1 (corresponding to O9) for C2.

We conclude that the spectral type combination, which siameélously provides good agreement to
the measured flux ratios, the HR-diagram, and the dynamiaates derived in Sed.6.1, is given by
the following stellar parameters (using the evolutionapdels from\iartins et al. 200}

C1:05.5M = 340 Mg, Ter = 39900K, logL /L = 5.41)
C2:09.5M = 155 M, Ter = 31900 K, logL /L = 4.68)

8.6.5 Nature of the potential #'Ori D companion

Although the#'OriD binary parameters presented in Seéx6.2 must be considered preliminary, it
might be interesting to determine the spectral type of thatjue components. We apply the procedure
discussed in Seds.6.4to determine the photometry of the components from the nedsutensity ratio
(photometry for the unresolved system frofilenbrand et al. 1998H=5.84) and derivélp1=5.98 and
Hp2=8.12, respectively. Searching again for the intersectatwben the allowed locations in the HR-
diagram with the isochrones applicable to the ONC (Fighdd) yields for D1 best agreement with
Ter = 31500+ 4000 K, logL/Le = 4.25+ 0.1 (corresponding to 09.5). Accordingly, D2 might be
either a B4 or B5 type star which has just reached the ZAM$ & 16 000+ 4000 K, logL /Lo =
2.6+ 0.2) or a pre-main-sequence KO type stég(= 5000+ 1000K, logL/Lo = 1.3+ 0.2).
Vitrichenko (20029 examined radial velocity variations 6fOri D and presented preliminary spec-
troscopic orbital elements for a companion with a 20.2 dquk(or twice that period, £40.5 d). As-

2with a dynamical age of 3 x 1C° yrs, it seems justified that the Trapezium stars are real ZAWMS Gchulz et al. 20083
although the strong magnetic activity frafhOri C was also associated with a pre-main-sequence ofiigindii et al. 200y

—154—



8.7 Conclusions

suming 20Mc, as the system mass, these periods correspond to a majof &@$mr 0.08 AU ( 0.1
or 0.2 mas). Since this is far below the 18 mas suggested by ournyhinadel fit, we do not associate
our potential companion with the proposed spectroscopigamion.

The multiplicity rate in a young stellar population suchles Trapezium cluster is an important quan-
tity, which might allow us to draw conclusions about the matblms controlling the star formation pro-
cess. In particular, the significantlyftérent binary frequencies determined for the low- and higissn
population in the ONC were interpreted as evidence th@mint formation mechanisms (e.g. stellar
coalescence vs. accretion) might be at work ifiedent mass regime&(eibisch et al. 1999 The de-
tection of a new companion aroustri D further increases the multiplicity rate for high-masars in
the ONC, althouglikohler et al.(2006 have recently also presented an upwards-correction gorete
of low-mass star binaries.

8.7 Conclusions

We have presented new bispectrum speckle interferometddrdrared long-baseline interferometric
observations of the Orion Trapezium stat®ri C and D. This data was used to reconstruffraction-
limited NIR and visual speckle images of th&Ori C binary system and, to our knowledge, the first
model-independent, long-baseline aperture-synthesigénof a young star at infrared wavelengths.

For 6*OriD, we find some indications that the system was resolvethbylOTA interferometer.
Although the non-zero closure phase signal suggests astriamia the brightness distribution (maybe
indicative of a close companion star), further observatie required to confirm this finding.

From our multi-epoch observations 6HOri C (covering the interval 1997.8 to 2005.8), we derived
the relative position of the companions using model-fittexhniques, clearly tracing orbital motion. We
presented two preliminary orbital solutions, of which oaa be favoured due to theoretical arguments.
This solution implies a period of 10.98 yrs, a semi-majorsaxi 41.3 mas, a total system mass of
~ 48Me, and a distance of 434 pc. Furthermore, we find strong indicsithaty*Ori C2 will undergo
periastron passage in mid 2007. As the binary separatiogresron is expected to be 1 mas, further
long-baseline interferometric observations®@ri C are urgently needed to refine the orbital elements,
the stellar masses, and orbital parallaxes. Through cdegmawith stellar evolutionary models and
modeling of the measured intensity ratio, we find evidenaéttie companio#'Ori C2 is more massive
(Mc2/Mc1 & 0.45+ 0.15) than previously thought; likely of late O (@05) or early B-type (B0). The
contribution of the companion to the total flux @Ori C and the interaction between both stars might
be of special importance for a deeper understanding of miigyuing object. Therefore, we strongly
encourage observers to acquire high dispersion spectna sf/stem in order to trace the expected radial
velocity variations and the wind-wind interaction of thessgm.
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9 Near-Infrared interferometry of n Carinae
with high spatial and spectral resolution
using the VLTI/AMBER instrument

Based on an article which appeared i¢-A:
Weigelt, G., Kraus, S., Driebe, T., et al&A 464, 87-106 (2007)

9.1 Overview and Context

Although located in the active star-forming
region NGC 3372 (Carina Nebula),Cari-
nae is already approaching the end of i
stellar evolution. Of course, this is dud :
to the comparatively short lifetime (roughl
10° yrs) of a star as massive as100 M@,
andn Car might end its life in a supernova
explosion within the next 0yrs.

Due to its extreme mass and the LB
evolutionary stage; Car is highly unstable
and undergoing violent outbursts. Photdg
metric measurements reaching back to 15{
show that the star has undergone several o
bursts; the mostimportant one in 1843 whe
n Car became the brightest star in the sk¥igure 9.1: Image of the Homunculus nebula surrounding
(V = —1) after Sirius { ). After 5 Carinae, as seen by HST. Besides the bipolar lobes, it also
this event, the brightness droppecdMox 7 reveals the equatorial disk-like feature.
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within two decades, likely due to obscuration by dust egemund that time, nowadays forming the
famousHomunculus Nebulésee Fig.9.1). Besides the Homunculus (extending about@vards the
northwest and southeast),L#itle Homunculugs known, perhaps originating from a minor eruption
event around 1890<hibashi et al. 2003 However, the major source of opacity between us and the sta
is caused by an optically thick stellar wind, which origiesfromn Car. Besides continuum emission,
this wind is also traced by various lines from ultravioletinérared wavelengths, whose intensity and
profile could be reproduced by the line radiative transfedet®fromHillier et al. (2001). By measur-
ing the spectrum of the reflected light at various positidriti® Homunculussmith et al (2003 found
indications for latitude-dependenffects in the stellar wind, suggesting an aspherical geonvéthy
enhanced mass loss in the polar direction. This can be uoderd the context of equatorial gravity
darkening on a rapidly rotating star, as predicted’bypel(1925.

One particularly puzzling piece of evidence is the periagliectroscopic variability, which was dis-
covered in spectral lines in various wavelength regimegeE&islly the 5.54 yr period, which has also
been detected in the X-ray flux, was proposed as a strongaitiaiicfor wind-wind interaction, sugges-
tive of the presence of a hot companion star.

As the separation of the Car components is expected to be only 8 mas, any direct dwtexftthe
proposed companion requires the high spatial resolutioy achievable with optical interferometry.
Besides the potential to directly image the continuum eimrisef the companion, the unique spectro-
scopic capabilities of VLTIAMBER provide the possibility to study the proposed windidiinteraction
zone in spectral lines. One line which is believed to be a goaxkr for the associated bow shock and
ionization front is the He | line at 2.058n.

We obtained observations on this enigmatic object in theexarof AMBER’s GTO programme
using three 8.2 m Unit Telescopes and baselines from 42 to ,86omesponding to a high spatial
resolution of 5 mas (11 AU). The raw data are spectrally asginterferograms obtained with spectral
resolutions of 1500 (MR-K mode) and, for the first time, al&000 (HR-K mode). This allows us to
investigate thavavelength dependencoéthe visibility, differential phase, and closure phase)@ar.
The MR-K observations were performed in the wavelengtheargund both the He 12.0%8n and the
Bry 2.166um emission lines; the HR-K observations only in thesBne region.

In this project, | was responsible for the reduction of the B&R data (Sec©9.3). As our group had
no earlier practical experience in the processing of tms kif data, this required the development of the
AMBER data reduction pipeline (described in more detail raSter4). The results of the data process-
ing were discussed in a working group, including Gerd Wejgéiomas Driebe, Karl-Heinz Hofmann,
and Dieter Schertl. Following these meetings, | continlyoimsproved the data reduction pipeline, im-
plementing various methods for data selection, data aireyagnd data presentation. The wavelength
calibration was done in collaboration with Thomas Driebeyield an independent confirmation of our
findings, Karl-Heinz Hofmann applied his own AMBER data retiion software to the Car data.
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Starting in summer 2005, we continued within the same teadisttuss the astrophysical interpreta-
tion. Geometrical model fits to the measured visibilitiethivi the continuum and within the line were
performed by Thomas Driebe (Se8t4). To yield a physically motivated model which would allow a
quantitative interpretation not only of the visibilitidsyt also of the measuredftérential phases and
closure phases (Se&.4.9, | adopted my self-made modeling software to also comghésé observ-
ables for wavelength-dependent brightness distributidvetivated by theoretical work about stellar
winds with enhanced polar mass loss, | considered an aspheiind, whose velocity distribution is
latitude-dependent, as geometry for this modeling, yigJdhe Biy model presented in Se&.4.6 The
Hel P-Cygni line data, potentially tracing the wind-windaraction zone between theCar primary
and the proposed hot companion, was modeled using a simndaegure (Sec®.4.7.). It shows that
all observables can, in fact, be represented reasonablyag®iming a He I-emitting region which is
offset by a few mas from the continuum emitting region, such asebed by the wind-wind interaction
scenario. To make statements about the direct detecyadiiithe continuum emission from the hypo-
thetical hoty Car companion, | adopted the software to simulate ffeceof such a companion on the
visibilities and closure phases. Using a statistical argninand the measured non-zero closure phase
signal allowed us to put upper limits on the flux ratio of th@bthetical companion. For the manuscript,
| was responsible for writing Sed@.3,9.4.59.4.6 9.4.7,9.4.7.1, and9.4.7.2

9.2 Introduction

The enigmatic object Car is one of the most luminous and most massMe+{ 100Mg) unstable
Luminous Blue Variables gtering from an extremly high mass lossgvidson & Humphreys 1997

Its distance is approximately 238000 pc Qavidson & Humphreys 199 Davidson et al. 20G1Smith
2006). n Car, which has been subject to a variety of studies over #tdda decades, is surrounded by
the expanding bipolar Homunculus nebula ejected duringsiteat Eruption in 1843. The inclination
of the polar axis of the Homunculus nebular with the linesigfht is ~ 41°, with the southern pole
pointing towards usi{avidson et al. 20G1Smith 200§. The first measurements of structures in the
innermost sub-arcsecond region of the Homunculus werenaatdy speckle-interferometric observa-
tions (Weigelt & Ebersberger 198&lofmann & Weigelt 198) These observations revealed a central
object (component A) plus three compact and surprisinglyhibiobjects (components B, C, and D) at
distances ranging from approximatef{l@o 2. HST observations of the inner fiegion {//eigelt et al.
1999 provided estimates of the proper motion of the speckleatbjB, C, and D (velocity 50 knys;
the low velocity suggests that the speckle objects areddoaithin the equatorial plane), and follow-up
HST spectroscopy unveiled their unusual spectrim/(dson et al. 1995 The central object (speckle
object A) showed broad emission lines, while the narrow sioislines came from the speckle objects
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B, C, and D. Therefore, A is certainly the central object @lid|C, and D are ejecta. Recent observations
of n Car byChesneau et a(2005 using NACO and VLTIMIDI revealed a butterfly-shaped dust envi-
ronment at 374 and 405um and resolved the dusty emission from the individual speokjects with
unprecedented angular resolution in the NIR. Chesneau alsal found a large amount of corundum
dust peaked- 1" south-east of the central object.

Spectroscopic studies of the Homunculus nebula showedteatellar wind of; Car is aspherical
and latitude-dependent, and the polar axes of the wind anlddimunculus appear to be aligned (bipolar
wind model;Smith et al. 2008 Using Balmer line observations obtained with HSTIS, Smith et al.
(2003 found a considerable increase of the wind velocity fromafeator to the pole and that the wind
density is higher in polar direction (parallel to the Homulus; PA of the axis~132°; Davidson et al.
2007 than in equatorial direction by a factor ef2. van Boekel et al(2003 resolved the optically
thick, aspheric wind region with NIR interferometry usimgtVLTI/VINCI instrument. They measured
a size of 5 mas (50% encircled-energy diameter), an axis 0&tl.25+ 0.05, and a position angle (PA)
of the major axis of 1344 7°, and derived a mass-loss rate & % 103 Mg /yr 1. The aspheric wind
can be explained by models for line-driven winds from lumigdot stars rotating near their critical
speed (e.gQwocki et al. 19961998. The models predict a higher wind speed and density aloag th
polar axis than in the equatorial plane. In addition, vank&bet al. showed that th& broad-band
observations obtained with VINCI are in agreement with treglfctions from the detailed spectroscopic
model byHillier et al. (2007).

TheHillier et al. (2001, 2006 model was developed to explain STIS HST spectra. The lusitiynof
the primary (5« 10° L) was set by observed IR fluxes (see discussiombyidson & Humphreys 1997
and the known distance of 2.3 kpcrii@Car. Any contribution to the IR fluxes by a binary companiorswa
neglected. Modeling of the spectra was undertaken using@BMNE, a non-LTE line blanketed radiative
transfer developed to model stars with extended outflowingpapheresHillier & Miller 1998). For
the modeling of; Carinae (aliag Car, HD 93308), ions of H, He, C, N, O, Na, Mg, Al, Si, S, Ca, Ti, C
Mn, Fe, Ni, and Co were included. The mass loss was derived fn@ strength of the hydrogen lines
and their associated electron scattering wings. Due to ardegcy between the mass-loss rate and the
He abundance, the/He helium abundance ratio could not be derived, but was geflaby number),
which is similar to that found byavidson et al(1986 from nebula studies. CNO abundances were
found to be consistent with those expected for full CNO pssggg. With the exception of Na (which
was found to be enhanced by at least a factor of 2), the adopfisolar abundances for other metal
species was found to yield satisfactory fits to the STIS spe@ more recent discussion of the basic
model, with particular reference to the UV and outer windjiieen byHillier et al. (2006).

Because the wind is optically thick, the models are fairlgeinsitive to the radius adopted for the
hydrostatic core (i.e., the radius at which the velocitydmees subsonic). One exception was the Hel
lines, which decreased in strength as the radius increambdrageneral, were very sensitive to model
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details. Additional HST STIS observations show that the Heds are strongly variable and blue-
shifted throughout most of the 5.54-year variability pdriolThese observations cannot be explained
in the context of a spherical wind model. It now appears jikblat a large fraction of the Hel line
emission originates in the bow shock and an ionization zassgciated with the wind-wind interaction
zone in a binary systenb@vidson et al. 199Davidson 2001Hillier et al. 2006 Nielsen et al. 2006
Consequently, the hydrostatic radius derived-byier et al. (2007) is likely to be a factor of 2 to 4 too
small. Because the wind is so thick, a change in radius willaffect the By formation region, and it
will only have a minor influence on the Bicontinuum emitting region. If this model is correct, the He |
emission will be strongly asymmetrical anffset from the primary star.

A variety of observations suggest that the central souree@dr is a binary.Damineli (1996 first
noticed the 5.5-year periodicity in the spectroscopic gesrof this object (seeamineli et al. 1997
200Q Duncan et al. 1999shibashi et al. 199PDavidson et al. 199200Q van Genderen et al. 2003
Steiner & Damineli 2004Whitelock et al. 2004Corcoran 2005Weis et al. 200k On the other hand,
to date, the binary nature of the central objecyi@ar and its orbital parameters are still a matter of
debate (see, e.¢Zanella et al. 1984Davidson 19992001 Davidson et al. 199200Q 2005 Ishibashi
et al. 1999 Smith et al. 200pFeast et al. 20Q1shibashi 2001 Pittard & Corcoran 2002Smith et al.
2003 Martin et al. 2009.

The 1997.9 X-ray peak with the subsequent rapid drop to anf@mth-long minimum was detected
by RXTE (seeCorcoran 200% Then the first spectra with HEFTIS were obtained at 1998.0, demon-
strating changes in both the central star and the aforeoredtispeckle object®@vidson et al. 1999
Gull et al. 1999. Pittard & Corcorar(2002 demonstrated that the CHANDRA X-ray spectrum can be
explained by the wind-wind collisions of the primary stit & 2 x 1074 Mg /yr—t at 500 knjs) and a
hot companion! = 105 Mg /yr—1 at 3000 knfs). Verner et al (2005 used models calculated with
the CLOUDY code to demonstrate that during the spectrosaopiimum, the excitation of the speckle
objects is supported by the primary stellar flux, but thatiheflux of a hot companion consistent with
an O7.5V, 09I, or early WN star was probably necessary taexice speckle objects during the broad
spectroscopic maximum.

In this paper we present the first spectro-interferométrltand observations of Car obtained with
the VLTI beam-combiner instrument AMBER with medium and thigpectral resolution and in the
projected baseline range from 28 to 89 m.

The paper is organized as follows: In Sect. 2 we give an ogeraf the AMBER observations af
Car and describe the data reduction procedure in detailira8éct. 3, the analyses of the continuum
data and the measurements within thg Bnd He | lines are discussed individually.
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Table 9.1: Summary of the AMBER; Car observations using the UT2, UT3, and UT4 telescopes.

Date [UT] Time [UT]  Orbital spectral  line within ~ DIT N,; car Calibrator NZ . Calibrator
Start End phase mode  spectral range uniform disk
[ms] diameter [mas]
2004 Dec. 26 07:52 08:16 0.267 MR-K Br 40 7500 HD93030 5000 0.89
08:19 08:32 0.267 MR-K Hel2.058n 40 5000 HD93030 5000 0.39
2005 Feb. 25 04:33 04:43 0.298 MR-K Br 50 5000 HD89682 2500 3.68
04:55 05:05 0.298 MR-K Hel2.0%m 50 5000 HD89682 2500 3.08
2005Feb. 26 08:16 08:557 0.299 HR-K “Br 82 7500 L Car 2500 2.70

Notes - Uniform disk (UD) diameter estimated using the method dbsedrbyDyck et al.(1996).

b UD diameter taken from the CHARM2 catalagi¢hichi et al. 200%

¢ UD diameter of L Car at the time of the AMBER high-resolutidrservations derived from the limb-darkened diamdigr= 2.80 mas
at the L Car pulsation phage-0.0 (Kervella et al. 20042006 anddyp/d.p = 0.966 (Kervella et al. 2004r

d Detector integration time per interferogram.

€ The orbital phase was computed assuming a zero point at JD&3B0 and a period of 2024 days{rcoran 200k

f Number ofy Car interferograms.

9 Number of calibrator interferograms.
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9.3 AMBER Observations and Data Processing

n Car was observed with AMBER on 2004 Decem-
ber 26, 2005 February 25, and 2005 February 26 with.175 um
the three 8.2 nUnit Telescope&)T2, UT3, and UT4.
With projected baseline lengths up to 89 m, an an-
gular resolution of~5 mas was achieved in th¢-
band. As listed in Tabl®.1, the MR-K observa-
tions were performed in the wavelength range around
both the He | 2.052m and the By 2.166um emission
lines. The HR-K observations were only performed in
a wavelength range around theyBme. The widths
of the wavelength windows of the obtained MR-K and
HR-K observations are approximately 00% and
0.02um, respectively.
Figure 9.2 shows two AMBER raw interferograms
taken in the wavelength range around the Bne in
HR (top) and MR (bottom) mode. In the MR data sets,, ;54 -
the Doppler-broadened Biine covers~ 8 spectral HR 2005-02-26

channels, whereas in HR mode, the line is resolved by 183 um
~ 50 spectral channels.
For the reduction of the AMBER data, we used ver-
sion 2.4 of theamdlibsoftware package. This software
uses the P2VMixel-to-visibilities matriy algorithm
( ) in order to extract complex visi- 2.135 um

MR 2004-12-26

bilities for each baseline and each spectral channel of
an AMBER interferogram. From these three compldsigure 9.2: Spectrally dispersed VLTAMBER
visibilities, the amplitude and the closure phase are déichelson interferograms of Car. The two panels

rived. While the closure phase is self-calibrating, tH#1ow the spectrally dispersed fringe signal (IF) as

visibilities have to be corrected for atmospheric and ¥l as the photometric calibration signals from the

strumental &ects. This is done by dividing theCar three telescopes (P1-P3) in high (HR, upper panel)

T S . and medium spectral resolution mode (MR, lower
visibility through the visibility of a calibrator star mea- ) ) )

. o panel). In both panels, the bright regions are associ-
sured on the same night. In order to take the finite size

) _ _ —ated with the Doppler-broadened)Bemission line.
of the calibrator star into account, the calibrator visi-
bility is corrected beforehand through division by the

expected calibrator star visibility (see Tallel). In the case of the MR measurement performed on
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MR 2004-12-26 MR 2005-02-25 HR 2005-02-26
velocity [km/s] velocity [km/s] velocity [km/s]
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T T T T T T T T T T T

Spectrum
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Figure 9.3: AMBER observables derived from oyrCar data around the Brine for three independent mea-
surementsl(eft: MR, 2004 December 26Viiddle: MR, 2005 February 25Right: HR, 2005 February 26). The
first row shows the continuum-normalized spectra as exdaitom the interferometric channels, followed by the
derived calibrated visibilities and theffiérential visibilities. In the fourth and fifth row, theftérential phase and
the closure phase are presented. In the spectra we mark vieéewgth regimes, which we defined as continuum for
our analysis (shaded regions). The vertical grey line ménd&sest-wavelength of Br(Asc = 2.1661um; the small
correction due to the system velocity of -8 la{Smith 200 has been neglected). We shovifelient error bars
within each panel: The left error bars correspond to thd {oteluding statistical and systematic) error estimated
for the continuum wavelength range, and the error bar tosvéel right visualizes the total error for the wavelength
range within the line. For the HR 2005-02-26 measuremetd, sfaitting showed that for a small wavelength range
(hatched areas in the two lower right panels), théedential phase for the longest and middle baseline as well as
the closure phase become very noisy and are therefore retlesl Furthermore, the HR fiiérential phase of the
longest baseline is noisy at all wavelengths. See Segfor further details.
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2005-02-25, the interferograms recorded on the calibredotain only fringes corresponding to the
shortest baseline (UT2-UT3). Thus, the&ar visibility for this night could only be calibrated forih
shortest baseline.

Besides the calibrated visibility and the clo-
sure phase, the spectral dispersion of AMBER 1qg

. . MR.O4-12.Bré
also allows us to compute ftirential observ- MR.05-02.BrG

Orem

ables; namely the fferential visibility and the
differential phaseHetrov et al. 2003a20063b;
Millour et al. 2009. These quantities are par-

hal

ticularly valuable, as they provide a measure OE 0 “ a
the spatial extent and spatiaffget of the line- - 8
emitting region with respect to the continuum :
emission. Since the measured complex visibili-
ties are #ected by wavelength-dependent atmo- EA_T
spheric piston (optical pathfiierence), the piston ~ -100 ‘ ‘

-100 -50 0 50 100
has to be estimated and subtracted. This was done B, [M]

using theammyoricktool (version 0.56).
Figure 9.4: uv-coverage of the AMBER, Car observa-

Since a large fraction of the interferograms i ) ) ) )
9 9 tslons. The data obtained with medium spectral resolution

fh Dec. 2004 and Feb. 2005 are indicated by red squares
Malbet et al. 2006); we removed a measurement, green bullets, respectively

of low contrast (probably due to vibration; se

while the high-resotutio
from the data sets {fa) the intensity ratio of tWo measurements are shown as blue triangles. Filled sym-
of the photometric channel signals is larger thabls denote observations around thes Bine, and open
4 (a large ratio means that the interferograms asygmbols denote observations around the Hel line.
very noisy since the signal is very weak in one
channel) or(b) it belongs to the 70 percent of the interferograms with theelst fringe contrast SNR
(with the SNR defined as inatulli et al. 200§. In order to optimize the selection for each baseline of
the telescope triplet, both of these criteria are applie@ézh telescope pair individually. Furthermore,
the first 10 frames in each new sequence of recorded intgrfams are removed since they are degraded
by electronic noise.

Figures9.3and9.5show the spectra as well as the wavelength dependence a$ibiities, differen-
tial visibilities, differential phases, and closure phases derived from the AMBERérograms for the
observations around the Band He | emission lines. The~coverage of the observations is displayed
in Fig.9.4.

Then Car spectra were corrected for instrumentédets and atmospheric absorption through division
by the calibrator spectrum. For the HR 2005-02-26 measuneme found that the calibrator itself
(L Car) shows prominent Brline absorption (see Fi@.14). Therefore, we had to remove this stellar
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line by linear interpolation before the spectrum could bedutor the calibration. The wavelength
calibration was done using atmospheric features, as testim more detail in Appendis.6.

In order to test the reliability of our results, we split eathhe raw data sets into 5 subsets, each con-
taining the same number of interferograms. The resultsmddavith these individual subsets allowed
us to test that the major features detected in the visibitferential visibility, diferential phase, and
closure phase are stable, even without any frame seleqtiglied. As an exception, we found that for
a small wavelength range of the HR 2005-02-26 data set (bdtaleas in the two lower right panels
of Figure9.3), the diferential phase corresponding to the middle and longestibeseand the closure
phase vary strongly within the subsets and are, therefarejiable. This is likely due to the very low
visibility value on these two baselines, resulting in a laimge SNR within this wavelength range.
Furthermore, with this method we found that th&etiential visibility, diferential phase, and closure
phase extracted from the MR 2005-02-25 He | data set are \@sy and not reliable. Therefore, these
differential quantities and closure phases were dropped frofudber analysis.

The subsets were also used to compute statistical errorgstiveated the variance for each spectral
channel and derived formal statistical errors for both thatiouum and line wavelength ranges. In each
panel of Figure®.3and9.5, we show two types of error bars corresponding to these megighich not
only take these statistical errors but also a systematic égrg. resulting from an imperfect calibration)
into account.

9.4 Observational Results and Interpretation

9.4.1 Comparison of the observed wavelength dependence of t he visibility
with the NLTE radiative transfer model of Hillier et al. (200 1)

For the analysis presented in this chapter, we used the AM&ER sets from 2004 Dec. 26 and 2005
Feb. 25 and 26, presented in Figs3and9.5, and compared the AMBER visibilities and spectra with the
NLTE radiative transfer model dfillier et al. (2001). To directly compare the AMBER measurements
with this model, we derived monochromatic model visibdé#tifor all wavelengths between 2.03 and
2.18um (with A1 = 10~*um) from the model intensity profiles, assuming a distance.8fkpc for
n Car. The comparison is visualized in Fig6 for the individual AMBER HR and MR measurements.
The first row displays the AMBER and model spectra, while #fleo panels show the AMBER and
model visibilities for the dferent projected baselines. We note that for the comparismmrsin Fig.9.6,
we used the original model ofillier et al. (2007) without any additional size scaling or addition of a
background component.

As the figure reveals, the NLTE model afllier et al. (2001) can approximately reproduce the AM-
BER continuumobservations for all wavelengths (i.e. 2.03—-2ub® and all baselines. Moreover, the
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Figure 9.5: Similar to Fig.9.3, but showing the MR measurement from 2004 December 26 cayéhe region
around the Hel line. The vertical grey line marks the He |-keavelength {,ac = 2.0586um).

—167—



Chapter 9 Near-Infrared Interferometry of  Carinae using VLTI/AMBER

wavelength dependence of the model visibilities insideRheline is also similar to the AMBER data.
There is a slight tendency for the model visibilities in theyBine to be systematically lower, which
can be attributed to the overestimated model flux in the li@e.the other hand, there is an obvious
difference in the wavelength dependence of the visibility actios He | line between the observations
and the model predictions. Thisfilirence probably indicates that the primary wind model dags n
completely describe the physical origin and, hence, théadrrale of the Hel line-forming region.
The discrepancy is possibly caused by additional He | eonisBom thewind-wind interaction zone
between the binary components and by phienary’s ionized wind zoneaused by the secondary’s UV
light illuminating the primary’s wind (e.gavidson et al. 199%avidson 2001 Pittard & Corcoran
2002 Steiner & Damineli 2004Hillier et al. 2008 Nielsen et al. 2006Martin et al. 2009, as discussed
in Sects9.2,9.4.4.2 and9.4.7.2in more detail.

Figure9.7 shows the AMBER and model visibilities as a function of spldtiequency and the corre-
sponding model center-to-limb intensity variations (C)Yts seven selected wavelengths (2 continuum
wavelengths; center, blue-shifted, and red-shifted wisfg3ry emission; center of both He | emission
and absorption). As Fi@.7reveals, at several wavelengths we find a very good agredraaméen the
visibilities measured with AMBER and the visibilities pietéd by the model ofillier et al. (2007).
This is especially true for the continuum data (upper twogtsn

From the model CLVs, FWHM model continuum diameters of 2.2&6m@nd 2.33 mas can be derived
for A = 2.040 and 2.174m, respectively. If we allow for a moderate rescaling of tize ®f the model,
we find that the begg? fit at both continuum wavelengths can be obtained with sgdtotors of 1.015
and 1.00, respectively. This means that the model size Hasitecreased by only 1.5% at= 2.040um
and that the best fit at 2.1 74n is indeed obtained with the original Hillier model with aalng factor
of 1.0. Thus, taking the slight rescaling for the bg&fit into account, we can conclude that, based on
the NLTE model fromHillier et al. (2001, 2006 and the AMBER measurements, the apparent FWHM
diameters ofy Car in theK-band continuum at = 2.040um and 2.174m are 2.27 mas and 2.33 mas,
respectively (see Table 2), corresponding to a physical&iapproximately 5 AU.

Since the deviations between the model and the measurearenierger in the case of theBand
Hel line data (lower 5 panels in Fi§.7), the scaling factors corresponding to the heésit in the lines
show stronger deviations from unity. For theyBrmission line, we find scaling factors of 0.74, 0.76,
and 0.78 forl = 2.1661 2.1635 and 21669um, corresponding to FWHM diameters of 1.83, 9.52 and
2.02 mas (see Table 2).

For the He | emission line, rescaled models with scalingofacof 1.24 and 1.11 provide the bgst
fit for the peaks of the emission and absorption within the el (1 = 2.058 and 2056um), resulting
in FWHM diameters of 4.24 and 4.19 mas, respectively.

In addition to the inner CLV core, at several wavelengthg, @LVs show a very extended wing
corresponding to the extendedyBand Hel line emission regions. Since the intensity in thegwin
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Figure 9.6: Comparison of the AMBER spectra and visibilities with theTdmodel predictions oflillier et al.
(2000). The figure displays the spectra (upper row) and visibgit{lower three rows, see labels for projected
baselines) of the four AMBER measurements (green lines)tlamdorresponding data of the Hillier et al. NLTE
model (red lines). The errors of the AMBER continuum and lirgbility measurements are indicated by the two
vertical error bars (see Figd.3and9.5; the left bar is the continuum error bar), and the uncenaihthe AMBER
wavelength calibration is indicated by the horizontal efsar. As the figure shows, we find good agreement
between the AMBER data and the model predictions for theigouin visibilities as well as the shape and depth
of the visibility inside the By line. In the case of the Hel line, the wavelength dependehtteeanodel visibility
inside the line diers considerably from the AMBER measurements, indicatidigi@arent physical process involved
in the line formation(see Sect9.4.1). The He | wavelength shift can be attributed to a combimatitboth Doppler
shift (e.g.Nielsen et al. 2006Hillier et al. 200§ and uncertainties in the wavelength calibration of the ABB
data. Note that no additional scaling has been applied télillier et al. model. The model spectra and visibilities
have a spectral resolution (A1 ~ 20 000) comparable to the HR measurements.
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Figure 9.7: Left Comparison of the AMBER visibilities (filled green squarésmseline range 28-89 m) as a
function of spatial frequency with the NLTE model predicisoof Hillier et al. (2001) (solid red lines) for two
continuum wavelengths (upper two panels; see labels foexhaet wavelengths), the central wavelength of the
Bry emission line (third), wavelengths in the blue and red wifighe Bry emission line (fourth and fifth row;

at these wavelengths, the AMBER data show the strongésteiitial and closure phase signals), and the central
wavelengths of the He | emission and P Cygni absorption {léwe panels). The blue triangles are the background-
corrected VINCIK-band measurements froman Boekel et al(2003. Right Center-to-limb variation (CLV;,

i.e. intensity as a function of angular radius) of the momontatic Hillier et al. (2001) NLTE models for the
wavelengths indicated by the labels. As the figures showtyhieal FWHM diameter of the models is of the order
of ~2-4 mas for an assumed distance of 2.3 kpg)f@ar. See text for details.
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is much lower than 50% of the peak intensity, the FWHM diamétaot very sensitive to this part
of the CLV. In other words, in the case of CLVs with multiplevary extended components, a FWHM
diameter can be quite misleading. In such a case, it seenestmbe appropriate to use, for instance, the
diameter measured at 10% of the peak intensity) or the50% encircled-energy diametédsoy, eep).

For example, aft = 2.1661um we obtaindipy, = 9.39 mas andlsgy,eep = 9.58 mas, while for the
continuum at 2L74um we finddigey, = 5.15 mas andlsoy,eep = 4.23 mas. Thus, based @Boo,eep,

n Car appears- 2.2 times larger al = 2.1661um compared to the continuum at= 2.174um.
The best-fit model diameters at the other wavelengths desllia Table 2. The errors of the diameter
measurements ared% for the two continuum diameters afrd 0% for the line diameters, derived from
the visibility errors and the uncertainty of the fitting pealure.

Table 9.2: Diameters obtained by fittingillier et al. (2001 model visibilities to the measured AMBER visibilities.
Errors aret4% for the diameters in the continuum a#td0% in the lines (see text).

Spectral region Wavelengthdewiv diow  ds09 EED

[m] [mas] [mas] [mas]
continuum 2.0400 227 485 3.74
continuum 2.1740 233 5.15 4.23
Bry (center) 2.1661 1.83 9.39 9.58
Bry (blue wing)  2.1635 9.52 16.46 9.60
Bry (red wing) 2.1669 202 961 9.78
Hel (absorption) 2.0560 424 822 5.36
He | (emission) 2.0580 419 4.30 6.53

drwhv = FWHM diameter,
dioy = diameter measured at 10% peak intensity,
dsoo eep= 50% encircled-energy diameter.

9.4.2 Continuum visibilities

9.4.2.1 Comparison of the continuum visibilities with the H illier et al. (2001) model

predictions

The comparison of the AMBERontinuumvisibilities with the NLTE model fronHillier et al. (2001,
2009 is shown in the two upper left panels of Figy7 for the continuum near the He I@359um and By
2.166um emission lines (the exact wavelengths are described ir6lrigraking a slight rescaling into
account, we concluded in the previous section that, basé¢ldeoNLTE model fromHillier et al. (2007)

and the AMBER measurements, the apparent 50% encircledpedemeterslsoy, eep Of 7 Car in the
K-band continuum at = 2.040um and 2.174m are 3.74 mas and 4.23 mas, respectively (see Table
2). These diameters are in good agreement with the 50% tetienergyK-band diameter of 5 mas
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reported byvan Boekel et al(2003).

For comparison, we also fitted the AMBER visibilities withngile analytical models such as Gaussian
profiles, as described in more detail in SEc¥ in the Appendix. From a Gaussian fit of the AMBER
visibilities, we obtain a FWHM diameter afgauss ~ 4.0 + 0.2 mas in theK-band continuum. As
outlined in Sect9.7, the diameter value strongly depends on the range of pegjdwiselines used for
the fit, since a Gaussian without an additional backgroumdpzmment is not a good representation of
the visibility measured with AMBER. As discussed in Appenéli7, using a Gaussian fit with a fully
resolved background component as a free parameter reswdtbeést fit with a 30% background flux
contribution (see alsBetrov et al. 20009a

9.4.2.2 Comparison of the VINCI and AMBER continuum visibil ities

In Fig. 9.7 (left, second row) displaying the averagedyBrontinuum data, the visibilities of Car
obtained with VLTJVINCI are shown in addition to the AMBER data. These VINCI rm@@ments
were carried out in 2002 and 2003 using the 35 cm test sidgsoat the VLTI with baselines ranging
from 8 to 62 m (for details, seean Boekel et al. 2003 Like AMBER, VINCI is a single-mode fiber
instrument. Therefore, its field-of-view is approximatetyal to the Airy disk of the telescope aperture
on the sky, which is~ 1”4 in the case of the siderostats. From the VINCI measurensmtaising
only the 24 m baseline dataan Boekel et al(2003 derived a FWHM Gaussian diameterdyf;yss~ 7
mas for the wind region af Car. At first glance, this diameter measurement seems toazhat the
deauss~ 4.0 mas FWHM diameter derived from the AMBER data. This is net¢hse, however, since
the diameter fit is very sensitive to the baseline (or spatgjuency) fit range, because a Gaussian is not
a good representation of the visibility curve at all, as carséen in Fig9.15 If only the VINCI data
points are fitted, which have spatial frequencie®0 cyclegarcsec (corresponding to projected baselines
< 28 m),dgauss~ 7 mas provides the best fit. On the other hand, if the data pbih36 cycleg@arcsec
(corresponding to a projected baseline~062 m) is included in the fit, we obtaitsauss~ 4.3 mas (see
also the discussion Seét.7). Thus, when using comparable baseline ranges for the Gauf#s, there

is good agreement between the AMBER and VINCI measurements.

To account for the background contamination of the VINChdztused by nebulosity within VINCI's
large 14 field-of-view (in which, for instance, all speckle obje&sC, and D are located), van Boekel
et al. introduced a background component (derived from NAfa€) providing 55% of the total flux.
Adding this background component to the model-ofier et al. (2007), they found a good match
between the model and the observations. Since our AMBER ¢dtiens were carried out with the 8.2 m
Unit Telescopes of the VLTI, the field-of-view of the AMBER sdrvations was only60 mas. Thus,
the background contamination of the AMBER data can be erpdotbe much weaker, if not negligible,
compared to the VINCI measurements. To check this, we firfbpaed a fit of theHillier et al. (2007)
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model, which not only contains the size scaling as a freempeter, but also a fully resolved background
component. As we expected, we found the best fit (smaliswith no background contamination.
L Therefore, when we finally compared the AMBER observatioith e model fromHillier et al.
(2007, we did not introduce a background component. In Big.(second row, left) we plot both the
AMBER visibilities (no background correction requireduplthe background-corrected VINCI data
(assuming a 55% background contribution; blue trianglés)can be seen from the figure, these VINCI
points nicely match the AMBER data and the corresponding fihe NLTE model fromHillier et al.
(2001). Therefore, from the analysis of the continuum data, we aamnclude that the background
contamination in the AMBER measurements is negligible drad the AMBER measurements are in
good agreement with both the previous VINCI measuremerdgtas model predictions fromlillier

et al.(200D).

9.4.3 Elongated shape of the continuum intensity distribut ion

To look for detectable elongations of the continuum intgnsistribution, we fitted an elliptically
stretched 2-D version of the radiative transfer model Visigs from Hillier et al. (2007) to the mea-
sured visibilities. Our begt? fit reveals a projected axis ratio f= 1.18+ 0.10 and PA= 120+ 15°.
Comparison with the results found bwn Boekel et al(2003 shows that the projected axis ratfo
derived from the AMBER data is in basic agreement withKhbroad-band values @f = 1.25+ 0.05
and PA= 138+ 7° fromvan Boekel et al(2003).

We also studied the elongation inside theyBmission line att = 2.166um, following the same
procedure as in the continuum; i.e., we fitted an ellipticattetched 2-D version of the Hillier et al.
model shown in Fig9.7to the AMBER data. However, since the global shape of the irfadetion at
A = 2.166um shows stronger deviations from the measurements tham icaitinuum, the elongation
determination sfiiers from larger uncertainties, resulting in large erroisharthe fit parameters. For
instance, fonl = 2.166um we obtained = 1.66+ 0.60 and PA=81+40° from the best ellipse fit.

The 2-D ellipse fitting was also performed for the continuusamthe He | emission line and in the
center of the He | line{ = 2.057um), where our model fits give an axis ratiof 1.35+ 0.30 and a
PA of the major axis of 98 40° in the continuum, and = 1.74+ 0.60 and PA= 159+ 4(° in the center
of the He | emission line. It should be noted that for the Haé Iregion, only four visibility points are
available, covering the small PA range of only’6@ecause of this limited number of data points and
the small PA coverage, we conclude that the He | elongaticasomements in the continuum as well as
the line region are not reliable and abandoned in the fuglmgrgation analysis of the He | data.

1 An additional argument in favor of only a very faint backgndwontribution in the AMBER UT observation can be found in
the shape of the high spectral resolution line: the lightftbe speckle objects B, C, and D is produced in areas witlciigls
smaller than 50 kris. Therefore, it produces a narrow emission line which shappear in the center of the broadyBine.
Just looking at the shape of the line, it can be concludedstiti an &ect is negligible.
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From theK-band VINCI datayan Boekel et al(2003 derived a PA of 138 7° for the major axis,
very well aligned with the Homunculus (132Davidson et al. 200land in agreement with our results
(PA =120+ 15°). Van Boekel’s and our continuum elongation measurements the physical model
according to which; Car exhibits an enhanced mass loss in polar direction aopea for instance,
by Owocki et al.(1996 1999 or Maeder & Desjacque@001) for stars rotating close to their critical
rotation speed. Axis ratios of the order of 1.2 appear reasienin the context of such polar-wind
models. Suppose, for example, that the wind’s pelgwatorial density ratio is 2 at any given radius
r, as reported bysmith et al.(2003 to explain latitude-dependent changes in the Balmer Ihoéilps.
Relevant absorption and scattering iméents have radial dependencies betwegn- r—2 (Thomson
scattering) and? ~ r—4 (most forms of thermal absorption and emission). A meridianap of
projected optical thickness through the wind would shovesfsections of prolate spheroids, correlated
with the appearance of the configuration. With the radiabaelencies and pol@quatorial density ratio
mentioned above, these spheroids have axial ratios bewrrri 1.2 and 1.4; i.e., appreciably less than
2. Viewed from an inclination angliex 45°(Davidson et al. 200)} the apparent (projected) axis ratios
are between 1.1 and 1.2. This is merely one example, and veedmaitted many details, but it illustrates
that the polgiequatorial density ratio is around 2, in agreement withith et al.(2003).

Finally, Smith et al. (2003 suggested that the stellar wind should become basicdfigrigal during
an event at periastron. This prediction can be tested if YAMBER data are obtained at the next
periastron passage.

9.4.4 Continuum-corrected visibilities
9.4.4.1 Continuum-corrected visibility in the Br ~ y emission line

To investigate the brightness distribution in theyBine in more detail, we tried to disentangle the
continuum and pure line emission from both the AMBER data el &s the model data to derive the
size of the pure Br line-emitting region. Since the visibility measured ireseh emission or absorption
line is the composite of a pure line component and an unaeylydntinuum, the measured line visibility,
Viot (S€€ Fig9.8top), has to be corrected for the continuum contributiontitaim the visibility Ve of
the line emitting (absorbing) region. As discussedlimbet et al (20061, Vjine can be calculated if the
continuum level within the line is known. If the continuumthin the line is equal to the continuum
level outside the line for an optically thin environmentaasumed in Figd.8, we obtain:

Viine = Viot * Frot I;I-Vcont' Fcont (9.1)
ine

with Fiot = Feont + Fiine being the total measured flux ak; being the measured visibility (also see
Fig. 9.81top for illustration). As outlined in the Appendix, taking@n-zero diferential phas®’ into
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Figure 9.8: Left, top The solid and
dashed red lines show the continuum-
corrected visibility inside the Brline of
the HR measurement with the shortest
projected baseline (29 m). The contin-
uum correction follows Eq.92). Ex-
cept for the phase, all quantities enter-
ing Eq. @.2 are indicated in the fig-
ure. We assumé; = Feont + Fiine
and thatF..n inside the line is approx-
imately equal to the level outside the
line. The continuum-corrected visibility
in the blue-shifted region of the emis-
sion line is shown with a dashed line
since it is highly uncertain due to the
presence of the P Cygni-like absorption
component (see text for details).eft,
bottom Continuum-corrected AMBER
visibilities (filled blue squares) in the red
region of the By line as a function of
spatial frequency. To derive the visibil-
ities according to Eq.9.2), the data in
the wavelength range 2.1661-2.1Ga#
(red-shifted line region) were averaged
before the continuum correction. The
solid red line shows the continuum-
corrected model visibility. Obviously,
observations at shorter baselines are
needed to further test the model predic-
tions.
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Figure 9.9: Visibility in the He | line. Right,
top: The figure is similar to Fig9.8 (top)
but displays the MR-2004-12-26 data with the
shortest projected baseline (43m). As in the
case of the By emission, the figure reveals
that the region dominated by line emission
is fully resolved by the AMBER measure-
ments. As in Fig.9.8 (top), the continuum-
corrected visibility is shown with a dashed
line in the blue-shifted region of the emission
line to indicate that in this region, the line
visibility is highly uncertain due to the pres-
ence of the P Cygni absorptiorRight, bot-
tom Continuum-corrected AMBER visibili-
ties (filled blue squares) in the red region of
the Hel emission line as a function of spa-
tial frequency and continuum-corrected visi-
bility curve (solid red line) according to the
NLTE model of Hillier et al. (2001). To de-
rive the visibilities according to Eq9(2), the
data in the wavelength range 2.057—-2.058

were averaged before the continuum correc- 2

tion. The model curve predicts much larger
visibility values in the line, which indicates
that the size of the line-emitting region in
the model is probably underestimated by the
model. A rescaling of the size of the model
by a factor of~2.3 (green line) reveals better
agreement with the AMBER measurements.
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account introduces an additional term in Eg1j, leading to

\/ ViotFrot|? + [Veontcont? — 2ViotFtotVeontcont - COSP!
I:Iine

We applied Eg. 9.2) to the line-dominated AMBER data in the 2.155-2.1n% Bry wavelength
range to derive the continuum-corrected visibility of tkgion emitting the By line radiation. Ondig

VIine = (9-2)

uncertaintyin this correction is the unknown continuum flux within thedi Due to intrinsic absorption,
the continuum flux might be considerably lower within theelithan measured at wavelengths outside
the line. Especially the blue-shifted wing of theyBemission line might beftected by the P Cygni-
like absorption, as discussed below. In case such an alsog@mponent is present, our continuum-
correction would overestimate the size of the line-engttiagion. The influence of thistect on the
red-shifted wing of the line is likely to be much smaller, a€¥yni-like absorption mainlyféects the
blue-shifted emission.

The visibility across the Brline is shown in Fig.9.8 (top) for the HR data corresponding to the
shortest projected baseline. The results for the other sktgaare similar. From Fi@.8 (top), one
can see that after the subtraction of a continuum contdhutqual to the continuum outside the line,
the visibility reaches very small values in the center of ¢éhaission line. This means that the pure
line-emitting region is much larger than the region pronglihe continuum flux.

Fig. 9.8 (top) shows a strongsymmetrybetween the blue- and red-shifted part of the visibility in
the line with respect to the spectrum. While the visibilitf{ as well asViie) rises concomitantly
with the drop of the line flux on the red side, the situationasyditerent on the blue side line center.
In agreement with the model predictions fraoidlier et al. (2007), this indicates the existence of a P
Cygni-like absorption component in this wavelength regimnfact, at1 = 2.1625um, we see a small
dip in the Bry spectrum in both the model spectrum froilier et al. (2001) and the HR AMBER
observations. If such an absorption component is pregerdaniexplain the asymmetric behaviour of
the line visibility with respect to the spectrum. The P Cyghsorption in the blue wing of the Br
line makes the continuum correction of the visibility urte@r for wavelengths shorter than the central
wavelengthi; of the emission line. Because of this uncertainty, in Big(top) the continuum corrected
visibility is shown with a dashed line fot < A, and the following discussion is restricted to the red-
shifted region of the Brline emission.

The continuum-corrected AMBER visibilities in the red{&kd region of the By line are displayed
in Fig. 9.8 (bottom) for all data sets. To derive the visibilities in ttesl region, the data in the wave-
length range 2.1661-2.164fh were averaged before the continuum correction. To now eoenp
the continuum-corrected AMBER visibilities with the mogekdictions (2.1661-2670um), we con-
structed a model intensity profile of the pureyBymission line region by subtracting the Hillier et al.
intensity profile of the nearby continuum from the combiriaé # continuum profile.
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As Fig. 9.8illustrates, the model prediction is in agreement with the Visibilities found for spatial
frequencies beyond 60 cyclascsec. On the other hand, the figure also clearly indicht@smea-
surements at smaller projected baselines are needed heffuxdnstrain the Hillier et al. model in the
line-emitting region. With the baseline coverage provittgdhe current AMBER measurements, we
obtain a FWHM diameter gf, 15.4 mas (lower limit) for the (continuum-corrected) line-¢tinig region
in the red line wing.

9.4.4.2 Continuum-corrected visibility in the He | emission line

As can be seen in Fi@.5 the AMBER spectrum of the Hel line shows a P Cygni-like psofilith
a prominent absorption and emission component. This isieesgent with earlier findings bymith
(2002 from long-slit spectroscopy using OSIRIS on the CTIO 4resebpe.

To estimate the spatial scale of the region emitting the Haiksion line, we followed the same
approach as outlined in the previous section for the IBre; i.e., we first applied Eq9(2) and then
compared the continuum-corrected visibility with the éontim-corrected radiative transfer model of
Hillier et al. (2001). Figure9.9 (top) shows the measured flux and visibility for the MR-200%426
measurement with the shortest projected baseline (43meHdsg/ithe continuum-corrected visibility
across the He | emission component (solid red line). Becaiitbe P Cygni-like absorption component,
the continuum subtraction is highly uncertain in the blugioe of the emission line (dashed red line in
Fig.9.9), as already discussed in the context of the Bre in Sect9.4.4.1

In Fig. 9.9 (bottom), the continuum-corrected visibility of all AMBE®ata in the red region of the
Hel emission line (averaged over the wavelength range 228%8:m) is shown as a function of
spatial frequency. As the figure reveals, similar to the Bmission, the visibilities inside the He
emission line region reach rather low values. As the comsparshows, the line visibilities predicted by
the model are much higher than the line visibilities meagwith AMBER, indicating that the size of
the line-emitting region in the model is too small. Resaalifi the model size by a factor of 2.4 results
in a much better agreement between the model and observ#tjoeen curve in Figd.9, bottom) and
a FWHM diameter o> 8.2 mas, which is 3.6 times larger than the FWHM diameter of 2a3 in the
continuum. Due to the lack of interferometric data at smadjgcted baselines, this value can only give
a rough lower limit of the size.

The results for the visibility inside the Hel line can posgibe explained in a qualitative way in
the framework of the binary model for the central objecyi@ar (e.g.Davidson et al. 199%Davidson
200%; Pittard & Corcoran 20GHillier et al. 2006 Nielsen et al. 2006 In a model of this type, Hel
emission should arise near the wind-wind interaction zagtevben the binary components. The hot
secondary star is expected to ionize helium in a zone in thealprimary wind, adjoining the wind-
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wind interaction region. Such a region can produce He | réspation emissio. The wind-wind
shocked gas, by contrast, is too hot for this purpose, whitedensity of the fast secondary wind is
too low. Since the AMBER measurements (Dec. 2004 and Felh, 20®@rbital phaseg = 0.268 and

¢ = 0.299, see Tabl®.1) were obtained at an intermediate phase between periastduty 2003 and
apoastron in April 2006, the extension of the He | emissionezis expected to be ratherfldise and
larger than the continuum size. In other words, the He | eéorssone should be fairly extended and
larger than the Hillier et al. model prediction, which is igraement with the AMBER data.

9.4.5 Differential Phases and Closure Phases

The measurement of phase information is essential for temstruction of images from interferometric
data, but such an image reconstruction is only possible aitlappropriate coverage of the-plane.
Nevertheless, even single phase measurements, in partifuhe closure phase andférential phase,
provide important information.

The closure phase (CP) is an excellent measure for asynesetrine object brightness distribution.
In our AMBER measurements, as illustrated in FigRand9.5, we find that the CP in theontinuum
is zero within the errors for all the various projected biamss of the UT2-UT3-UT4 baseline triplet,
indicating a point-symmetric continuum object. Howevaerthe line emission, we detect a non-zero
CP signal in all data sets. In both MR measurements coveniadty line, we find the strongest CP
signal in the blue wing of the emission line.at= 2.164um (-34° and -20) and a slightly weaker CP
signal in the red wing of the emission lineat 2.167um (+12° and+18°). We also detected non-zero
CP signals in the HR measurement aroung tken at a dterent epoch. In the case of the Hel line,
a non-zero CP could only be detectedlat 2.055um, just in the middle between the emission and
absorption part of the P Cygni line profile.

The diterential phase (DP) at a certain wavelength bin is measetative to the phase at all wave-
length bins. Therefore, the DP measured within a wavelebmtftontaining line emission yields ap-
proximately the Fourier phase of the combined object (cwniin plus line emission) measured relative
to the continuum. This Fourier phase might contain contidms from both the object phase of the
combined object and a shift phase, which corresponds tohilfteo$ the photocenter of the combined
object relative to the photocenter of the continuum obj&ignificant non-zero DPs were detected in
the Doppler-broadened line wings of theyBine. Particularly within the blue-shifted wings, we found
a strong signal (up te- —60°), whereas the signals are much weaker within the red-gHifte wings.
These DPs might correspond to small photocenter shiftsilplgsarising if the outer By wind region
consists of many clumps which are distributed asymmetyicdlhe small diferential phases of up to

2For a qualitative sketch of the geometry, see “zone 4” in Fdhiof Martin et al.(2006), even though this figure was drawn to
represent H& * in a different context. For reasonable densities, the predictédzeee has a quasi-paraboloidal morphology.
In addition, some extremely dense cooled gas, labeled “@bivethe same figure, may also produce He | emission.
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~ —15° for the diferent baselines of the blue-shifted light in the He | line parhaps also be explained
by the above-mentioned asymmetries or within the framewbtke binary model discussed in previ-
ous sections. In the binary model, a large fraction of the ldgilossibly emitted from the wind-wind
collision zone, which is located between the primary andstteondaryQavidson et al. 199Davidson
2001, Pittard & Corcoran 20GHillier et al. 2006 Nielsen et al. 2006

9.4.6 Modeling with an inclined aspherical wind geometry

The goal of the modeling presented in this section is to findodehwhich is able to explain several
remarkable features in our data; in particul@) the asymmetry in the Brline profile (showing less
emission in the blue-shifted wing than in the red-shiftedigyiand the P Cygni-like absorption dip
in the blue-shifted By wing, (b) the strong DP in the blue-shifted wing and a weaker DP signdié
red-shifted wing, anc) the structure of the CP, showing a change in the sign betvixedslite- and red-
shifted line wing. We aimed for a geometrical but physicatigtivated model which would reproduce
these features at all wavelength channels simultaneoBslythis, we concentrate on the-Bline, as
this line shows a stronger phase signal than the He | line asdmeasured with a bettev-coverage.

As Smith et al (2003 convincingly showed, the stellar wind fropCar seems to be strongly latitude-
dependent, with the highest mass flux and velocities at thespd his anisotropy can be understood
in the context of theoretical models (see, elgaeder & Desjacques 20))Iwhich take the higher
temperatures at the polegef-effect) and the equatorial gravity darkening on a rapidly motastar
into accountyon Zeipeleffect, Zeipel 192Y. As these models are quite successful in explaining the
bipolar structure of the Homunculus nebula, we investidatbether such bipolar geometries with a
latitude-dependent velocity distribution might also biesiito explain our interferometric data.

Due to its success in reproducing both the spectrum and tteesumed visibilities, we based our
wind model on the spherical Hillier et al. (2001) model andesposed a weak aspherical stellar wind
geometry, which is inclined with respect to the line-offgigOur model includes three components (see
Fig. 9.10; namely,

(1) acontinuum component (using the Hillier et al. continuunvVCQee Fig9.7top) with a blue-shifted
absorption component,

(2) a spherical stellar wind (using the Hillier et al. continwgobtracted By CLV), and
(3) an aspherical wind geometry, represented by“aiddlined ellipsoid.

The relative contribution of theseftirent constituents to the total flux is given by the input s@ec
shown in the upper row of Fig.11 For the spherical and aspherical wind component, we assume
Gaussian-shaped spectra. The original Hillier et al. Cl\gh#y underestimate the size of the observed
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structures (see Fi@.6). Therefore, we rescaled them by 10% to obtain a better axggeefor the
visibilities at continuum wavelengths.

The aspherical wind of Car is simulated as an ellipsoid with an inclination simitathe inclination
angle of the Homunculus (41Smith 200§. While the south-eastern pole (which is inclined towards
the observer) is in sight, the north-western pole is obsturke latitude-dependent velocity distribution
expected for they Car wind was included in our model by coupling the latituggendent brightness
distribution of the ellipsoid to the wind velocity. At thedfiestblue-shiftedvelocities, mainly thesouth-
eastern polar regiorcontributes to the emission (see Figl(a). In thered-shiftedline wing, mainly
the (obscuredyorth-western poleadiates (see Fi@.1M). The axis of the ellipsoid was assumed to be
oriented along the Homunculus polar axis (PA 1,32mith 200§ and its axis ratio was fixed to 1.5.

As our simulations show, such an asymmetric geometry caadyr explain the measured DPs and
CPs with a rather small contribution of the asymmetric strreeto the total flux (see black line in
Fig. 9.11, upper row). Although the large number of free parameteesgnted us from scanning the
whole parameter space, we found reasonable agreement siitl af the ellipsoid major axis of 8 mas.
Fig. 9.11shows the spectrum, visibilities, DPs, and CPs computed the model.

As our model was inspired by physical models, but does net tlaé complicated radiation transport
and hydrodynamics involved in reality into account, we vablike to note that our model allows us to
check for consistency between the considered geometryrendNMBER spectro-interferometric data,
but can neither constrain the precise parameters of a p@ssipherical latitude-dependent stellar wind
aroundn Car, nor can it rule out other geometries. We summarize samaétative properties of our
wind model as follows:

e The strong underlying spherical component mainly accdienttie very low visibilities measured
within the line.

e The aspherical wind component introduces the asymmetuyinedjto roughly explain the mea-
sured phase signals. In particular, it reproduces the ld§s and CPs within the blue-shifted
line wing compared to the red-shifted wing, as the red-stifmission region is considerably
obscured. It also accounts for the flip in the CP sign, as tloégaenter of the line emission shifts
its location between the blue- and red-shifted wing retativthe continuum photocenter.

e The absorption component which we introduced in the bluiteshwing of the Biy line allows
us to reproduce the asymmetry measured in the shape of henBission line profile (showing
an increase of flux towards red-shifted wavelengths) and/dak dip observed at far-blue-shifted
wavelengths. Furthermore, with the decrease of the camtinzontribution, the absorption com-
ponent helps to lower the visibilities in the blue-shiftetelwing, simultaneously increasing the
asymmetry in the brightness distribution (increasing thage signals). Finally, with the interplay
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Figure 9.11: Observables computed from our optically thick, latitudgendent wind model (see Fig.10for a
model illustration). The points (crosses) represent thasmeements (as also shown in Fgd), and the solid lines
give the observables computed from our model. The upper hows the contributions from the various model
components to the total flux. Besides the continuum emiggorple line), we introduced a spherical (blue line)
and an aspherical (black line) wind component.
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between the absorption and emission component, our simnil@produced umpin the visibil-
ity similar to the one observed on the shortest baseline oHBumeasurementi(~ 2.163um).

9.4.7 Feasibility of the detection of the hypothetical hot ¢ ompanion and the
wind-wind interaction zone

One of the most intriguing questions regardin@ar is whether or not its central object is a binary, as
suggested to explain cycle (e.doamineli 1999,

9.4.7.1 A simple binary continuum model

To investigate whether the AMBER measurements presenteddaa shed more light on the binarity
hypothesis, we used the following approach: We construatsidnple binary modetonsisting of a
primary wind component with a CLV according to the continutnodel of Hillier et al. (2006; FWHM
diameter~ 2.3 mas; see upper panels in Fig7) and an unresolved binary companion represented
by a point-like source (uniform disk with- 0.1 mas FWHM diameter). The secondary component
is predicted to be approximately located at PA =86th a separation of 8 mas from the primary for
the time of the AMBER observation$l{elsen et al. 2005 The continuum flux ratia was treated

as a free parameter. We would like to note that in our modelasgaimed that alK-band light from

the secondary is reaching us unprocessed; i.e. we ignoredsibte dilution or re-distribution of the
secondary’s radiation.

We calculated the 2D visibility function (see Fig.12) of this model intensity distribution for dif-
ferent values 0§, as well as the closure phases for the baselines and PAspon@ing to our AMBER
measurements (Fi§.12). Finally, we compared the results with those obtainethfeosingle compo-
nent model where only the primary wind is present (Rid.2b). The diferences of the visibilities and
closure phases between the single star and the binary naidbg(baselines and PAs corresponding to
our AMBER measurements) are displayed in FidLAd as a function of th&-band flux ratio of the
binary components.

Fig. 9.1 shows two interesting results: First, the closure phasmi® sensitive to the binary sig-
nature than the visibilities and, thus, a more suitable adde to constrain the binary hypothesis. And
second, given the accuracies of our first AMBER visibilitydariosure phase measurements (indicated
by the horizontal dashed-dotted lines), we can concludetht® particular model shown in Fi§.12
that the AMBER closure phases put an intensity ratio ligpit, ~ 110 on the binarK-band flux ratio.
This limit is in line with the estimatg ~ 200 given byHillier et al. (2006. Thus, based on the model
shown in Fig.9.12 the AMBER measurements are not in conflict with recent mpdediictions for the
binary.
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To investigate whether we can put similar constraints onnti@mum K-band flux ratiogmin for
arbitrary separations and PAs, we calculated a larger dfdhary models and compared the residuals
of visibilities and closure phases analogue to the exantyge/s in Fig.9.12.

For these grid calculations, we used values in the range #aoonl14 mas for the binary separation
with increments of 1 mas, and PAs of the secondary in the wiaolge from O to 360 in steps of 10.
TheK-band flux ratiog of the binary components was varied in the range from 1 to 280 &g = 4.

As a result of the grid calculation, we obtained the minimkiaband flux ratiogmi, as a function of
binary separation and orientation.

Whereas the study with a fixed companion position presetedssallowed us to put rather stringent
constraints ogmin (see Fig9.12), this systematic study revealed that due to the ratherypsooverage,

a few very specific binary parameter sets exist where we dyesensitive togmin ~ 10. Nevertheless,
for the above-mentioned separation interval (4 to 14 mas)found that we are able to detect com-
panions up tamin = 50 at more than 90% of all PAs. In order to push this sengjtiuinit in future
observations, a betten-coverage will be required. Together with the expected éigiosure phase ac-
curacy, AMBER will be sensitive up tg > 200 and, therefore, have the potential to probe the cuyrentl
favored binary models.
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Figure 9.12: Simulation illustrating the
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9.4.7.2 Can AMBER detect a He | wind-wind interaction zone shifted a few mas from the
primary wind?

In the context of the binary hypothesis, it is also importandiscuss the implications for the interpre-
tation of the AMBER He | measurements. According to the bimaodel, a large fraction of the Hel
line emission should arise from the wind-wind collision 2oexpected between the primary and the
secondary@avidson et al. 199Davidson 2001 Hillier et al. 2006 Nielsen et al. 2006 The exact in-
tensity ratio of primary He | wind and He | emission from thendiéwind interaction zone is not known.
Figure 9.6 suggests that during the AMBER observations, the total Hed flas roughly two times
larger than the model prediction sillier et al. (2007) for the primary He | wind.

At the orbital phases of the AMBER measurements, the wirntwollision zone should be at resolv-
able distances from Car’s primary (resolution~ 5 mas; companion separatien8 mas, PA~ —36°,
Nielsen et al. 200) Looking at the AMBER He | data, we see that th&eliential as well as the closure
phases are zero everywhere except for the transition rdggtmeen the absorption and emission part
of the He | line, where we find @ierential phases of 10—-20 and a closure phase ef—30; i.e., the
phases measured across the He | line are significantly weakgpared to the Brline. The question is
now, why AMBER measured weaker phase signals within the Heldnd if this result is in line with
the predictions of the wind-wind collision model.

One possible explanation for the small measured phased beuhe orientation of the binary orbit.
If the orbit’s major axis is nearly aligned with the line-sifght, the photocenter shift inside the He | line
will be very small. In addition, the deviations from pointnsgnetry would be rather small. Therefore,
in the case of this special geometry, botffetiential phases and the closure phase would be small, in
qualitative agreement with the AMBER data. Another exptemacould be that the contribution of
the wind-wind collision zone to the Hel line emission is mwebaker than that of the primary wind.
However, this is not very likely (seeillier et al. 2008).

A different explanation for the weak phases can be found from almga@gproach similar to the one
for the Bry line region outlined in Secf.4.6 Based on the results presented in Sexts.1and9.4.4.2
we constructed a simple He | model consisting of a spherigalgry wind component with a Hillier-
type CLV (2.5 mas FWHM diameter) and an extended sphericaliHe-emitting region with Gaussian
CLV and a 7 mas FWHM diameter (i.e., for simplicity, we assdriet all He | flux is emitted from the
wind-wind interaction region; however, some fraction oflktealso emitted from the primary wind; see
Hillier et al. 2006 and Fig9.6 of the present paper). The center of the line-emitting camepbof this
model is located 3 mas away from the primary wind componematds PA 132; i.e., in the direction
of the Homunculus axis. The spectra of the continuum anddiméting components were chosen in
such a way that the combined spectrum resembles the obddeddthe spectrum.

The modeling results show that this simple model is apprakéhy able to simultaneously reproduce
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Figure 9.13: Observables computed for our He | line model. For this modehesume beside a Hillier-type CLV

for the continuum emission a He | emitting region with Gaassprofile, dfset by 3 mas along the Homunculus
axis (PA 132).

—188—



9.5 Conclusions

the observed spectrum and the wavelength dependencelufities, differential phases (10-2)) and
closure phases~(—30°). Thus, our simple model example illustrates that the AMBBE&asurements
can be understood in the context of a binary modelf@ar and the predicted He | wind-wind collision
scenario (e.gDavidson et al. 1999Davidson 2001 Hillier et al. 2006 Nielsen et al. 2006 We note
that the model parameter values given above are of prelipimaure. A more detailed, quantitative
modeling is in preparation and will be subject of a forthcoghpaper. Furthermore, we would like to
emphasize, as already discussed in previous sectionghtrat are likely to béhree sources of Hell
emission - the primary wind, a wind-wind interaction zonewWhshock), and the ionized wind zone
caused by the ionization of the secondary. For both the baekshnd the ionized wind zone, the
ionizing UV radiation field of the secondary is of crucial iorpance. On the basis of the observed
blue-shift and the weakness of the He | during the event, ieugethat the primary wind contribution
is small. It is not yet possible to decide on the relative dbations of the bow shock and the ionized
wind region.

9.5 Conclusions

In this paper we present the first near-infrared spectreri@tometry of the enigmatic Luminous Blue
Variablen Car obtained with AMBER, the 3-telescope beam combiner dBYLTI. In total, three
measurements with spectral resolutiondRof 1500 andR = 12000 were carried out in Dec. 2004
(¢ = 0.268) and Feb. 2005( = 0.299), covering two spectral windows around the Hel angl Br
emission lines at = 2.059 and 2166um, respectively. From the measurements, we obtained spectr
visibilities, differential visibilities, diferential phases, and closure phases. From the analysis déta,
we derived the following conclusions:

e In the K-band continuum, we resolveg Car’s optically thick wind. From a Gaussian fit of
the K-band continuum visibilities in the projected baselinegafrom 28—89 m, we obtained a
FWHM diameter of 0 + 0.2 mas. Taking the dlierent fields-of-view into account, we found
good agreement between the AMBER measurements and praxiglig/INCI observations of
n Car presented byan Boekel et al(2003.

e When comparing the AMBERontinuunvisibilities with the NLTE radiative transfer model from
Hillier et al. (2007), we find very good agreement between the model and obsemgafl he best
fit was obtained with a slightly rescaled version of the avéiHillier et al. model (rescaling
by 1-2%), corresponding to FWHM diameters of 2.27 mas at 2.040um and 2.33 mas at
A =2174um.

e If we fit Hillier et al. (2001) model visibilities to the observed AMBER visibilities, vebtain, for
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example, 50% encircled-energy diameters of 4.2, 6.5, ahh@s in the 2.1gm continuum, the
Hel, and the By emission lines, respectively.

¢ In the continuum around the Biine, we found an asymmetry towards position angle-PAC® +
15° with a projected axis ratio of = 1.18 £ 0.10. This result confirms the earlier finding of
van Boekel et al(2003 using VLTI/VINCI and supports theoretical studies which predict an
enhanced mass loss in polar direction for massive starsngtzose to their critical rotation rate
(e.g. Owocki et al. 19961998.

¢ For both the By and the He | emission lines, we measured non-zeferdintial phases and non-
zero closure phases within the emission lines, indicatiograplex, asymmetric object structure.

e We presented a physically motivated model which shows thatasymmetries (DPs and CPs)
measured within the wings of tHgry line are consistent with the geometry expected for an as-
pherical, latitude-dependent stellar wind. AdditionalVJAMBER measurements and radiative
transfer modeling will be required to determine the prepmemeters of such an inclined aspher-
ical wind.

e Using a simple binary model, we finally looked for a possibileaby signature in the AMBER
closures phases. For separations in the range from 4 to 14nuharbitrary PAs, our simple
model reveals a minimurd-band flux ratio of~50 with a 90% likelihood.

Our observations demonstrate the potential of YVAMBER observations to unveil new structures of
n Car on the scales of milliarcseconds. Repeated obsergatiitirallow us to trace changes in observed
morphology over; Car’s spectroscopic 5.5 yr period, possibly revealing tldion of the wind-wind
collision zone as predicted by tlgeCar binary model. Furthermore, future AMBER observatioiits w
higher accuracy might be sensitive enough to directly deechypothetical hot companion.
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9.6 APPENDIX: Wavelength Calibration

c
=.
(3}

tell
100 F L
n

Figure 9.14: Left, top Spectral calibration
of the AMBER observations. The figure
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line obtained from the HR measurements in
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line in the L Car spectrum was interpolated
before the division. See text for further de-
tails. Left, bottom Same as top panel, but
for both MR measurements around the Hel
emission line. Together with theCar spec-
tra, the spectra of the calibrators HD 93030
and HD 89682 are displayed. In addition,
the telluric spectrum obtained at Kitt Peak
with R = 40000 and a spectrally convolved
telluric spectrum is shown, which matches
the spectral resolution of the MR measure-
ments R = 1500). The figure illustrates
that the forest of telluric lines forms a quasi-
continuum which modulates the AMBER
spectra.
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To obtain both an accurate wavelength calibration of the A®Braw data and properly calibrated
spectra ofy Car, we compared the AMBER raw spectrano€ar as well as the calibrator stars L Car,
HD 93030, and HD 89682 with K-band telluric spectrum recorded at the Kitt Peak Obseryatith
a spectral resolution of 40 000. For the comparison with tMBE&R spectrum, this telluric spectrum
was spectrally convolved to match the spectral resolutidthe@AMBER measurements with higR (~
12 000) and mediunmR ~ 1 500) spectral resolution.

The result of the comparison is shown in F&gl4 In the upper panel, the high spectral resolution
AMBER spectra of Car and the calibrator L Car are shown together with therielgpectrum wittR =
10000. From the comparison with the telluric spectrum, venitdied 7 prominent telluric absorption
featuresin the L Car spectrum, which are indicated by thbethsertical lines. The strongest absorption
line seen in the L Car spectrum is not telluric, but can betified as intrinsic By absorption in L Car.
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Therefore, to properly calibrate theCar spectrum with the L Car spectrum, we had to interpolae th
Bry line region in the L Car spectrum before dividing the two gpecFrom the spectral calibration
shown in Fig9.14 we estimated a wavelength calibration error of the AMBERda = 3 x 10~%um
The lower panel in Fig9.14shows the wavelength calibration of the medium spectraluésn data
in the wavelength region around the He l line. The figure dostthe twor; Car MR spectra and the
spectra of the two corresponding calibrator stars, HD 920@0HD 89682, as well as the telluric spectra
with spectral resolutions d® = 40000 andR = 1500. As the telluric spectra reveal, there is a forest
of telluric lines in the spectral region around the He | lids.can be seen in Fig.5, the modulation of
the continuum flux introduced by the telluric quasi-contimicancels out completely when theCar
spectra are divided by the corresponding calibrator spgethich show no prominent intrinsic line
features. Since there are no sharp spectral features inGQBe208:m region of either the calibrator or
telluric spectras which could be used for the spectral catiibn, we estimated a wavelength calibration
errorAd = 6 x 10~%um for the MR He | data. On the other hand, for the MR data arohadty line,
we foundAd = 4 x 10~4um.

9.7 APPENDIX: Continuum Uniform Disk and Gauss Diameter
Fits

For each spectral channel as well as for an averaged continue performed 1-D fits to the visibility
data using simple uniform disk (UD) and Gaussian modelshikgtep of the analysis, possible asym-
metries were ignored and all visibility points at a given el@ngth were fitted together, regardless of the
position angle of the observations. The results of thesefits@re illustrated in the two upper panels of
Fig. 9.15for the averaged continuum data in the wavelength rang@s-2.08um and 2.155-2.174&m,
respectively. As the figure reveals, neither a uniform digskasingle Gaussian provides a good fit to
the continuum data. At least, this is true as long as no cantgion by a fully resolved background
component is taken into account.

The wavelength dependence of the apparent size obtainadfi®UD and GAUSS model fits for the
individual spectral channels is shown in the lower left parfié-ig. 9.15 This panel illustrates that the
equivalent UD and GAUSE&-band diameters of Car derived from the AMBER data are4 and~6.5
mas, respectively.

It should be added here that a good fit of the AMBER data usargnstance, a Gaussian can indeed
be obtained when a certain amount of contamination due tdyaréasolved background component is
taken into account (see alstetrov et al. 2006a To illustrate that, we performed Gaussian fits to the
AMBER data, where we introduced such a fully resolved congpbras a free fitting parameter. We
found that the best Gaussian fit is obtained with a FWHM dianmi, ss= 3.01 mas and a~ 29%
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background contamination for the He | continuum region dggss = 3.32 mas and a 30% back-
ground contamination for the Brcontinuum region. Thus, from this fit we would derive a backgrd
contamination which is only 50% smaller than in the VINCI data. We think that such a lamgeant

of background contamination is not very likely given the $n/AMBER fiber aperture (60 mas) of the
8.2 m telescopes. We think that the large amount of backgkcontamination needed to find a rea-
sonable Gauss fit just reflects the fact that a Gaussian isppobpriate to describe the observations.
This is confirmed by the fact that for the fit of the radiativensfer model ofillier et al. (2001), no
background component has to be taken into account to repedtie AMBER measurements.

We would like to note here that the Gaussian FWHM diametetymitally ~ 4 mas found from
the AMBER measurements are not in contrast to the valisgss~ 7 mas found byan Boekel et al.
(2003 from VLTI/VINCI observations for the following reason: Since a Gaaisss not a good rep-
resentation of both the VINCI and the AMBER visibilities etdiameter resulting from a Gaussian fit
strongly depends on the fit range. This is illustrated in Bigi6for the four VINCI measurements given
in Fig. 1 of van Boekel et al(2003. As the figure shows, from a Gaussian fit of all four data Eint
dcauss= 6.0 mas is obtained. If only the data point wih= 45 cyclegarcsec is fitted (corresponding
to a projected baseline length ef 24 m), we getdgauss = 7.65 mas. This is in agreement with the
values given invan Boekel et al(2003 for the elliptical Gaussian fit of the large number of VINCI
measurements with a projected baseline of 24 m (see theiRFi@®n the other hand, if we fit only the
VINCI data point corresponding to the longest projectecebas (Q = 136 cyclegarcsec), a Gaussian
fit providesdgauss= 4.39 mas (see Fid.16), which is very close to the diameter we obtain from the
AMBER measurements fot ~ 2.174um (dcauss= 4.35 mas). This is not surprising since the spatial
frequency of this VINCI data point agrees with the averageiapfrequency of our AMBER observa-
tions (@ ~50-200 cyclemrcsec). Thus, it can be concluded that good agreement &etive Gaussian
FWHM diameters derived from the AMBER and VINCI measuremsésnfound if a comparable spatial
frequency range is used for the fit.
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9.8 APPENDIX: Visibility and Differential Phase of an Emission
Line Object

We assume that the target’s intensity distribution can serteed by two components: the continuum
spectrundgeni( X, y; 4) and the emission line spectrupe(X, y; 4). In the part of the spectrum containing
the emission line, botlecon: and ojipne contribute to the total intensity distributiamy.. According to
the van-Zittert-Zernike theorem, the Fourier transfo@as(B/1) andOjine(B/2) Of 0con(X, Y; ) and
Oine(X, y; 1) are measured with an optical long baseline interferométemaelengtht and projected
baseline vectoB. In the following, we assume that all Fourier spectra arenadized to 1 at frequency
zero. The complex Fourier spectr@®g,(B/1) of the intensity distributiom,; measured at the emission

line Ajine is given by
1

Otot = =———=—
? Fcont + Fline

(Fcont‘ Ocont + l:Iine . Oline), (9-3)

whereFcont and Fjine are the fluxes of the continuum componegd,: and the line componertie,
respectively. In the emission line, the total flux measusdéld; := Fcont + Fiine-

From the spectrally dispersed interferometric data, wedsaive the diferential phase, which is the
difference of the Fourier phases of the continuum componghtand the total intensityy; in the
emission line. The dierential phas@’(B/Ajine) in the emission line atjine is given by

P

Ocont' OtT)t = Vcont' Vtot ' eI(D s (9-4)

where®’(B/Ajine) := Dcont(B/Aline) — Dtot(B/Aline). Pcont(B/Aiine) is the Fourier phase of the contin-
uum component, and(B/Aine) denotes the Fourier phasemd; at the position of the emission line
Adiine- The asterisk in this equation denotes conjugate complex operati@ps( B/Aiine) describes the
visibility of the continuum component at the position of #mission lin€ljine, andViei(B/Aiine) is the
visibility measured at the position of the emission likg.. Inserting Eq. 9.3) into Eq. ©.4) yields

i
Vcont . VtOt . el

VCOFII

= Forit Fra (FeontVeont + Fiine Vine€ A®), (9.5)

whereA®(B/jine) denotes the dlierence of the Fourier phases of the continuum and line coergsn
i.e., Aq)(B//lhne) = (Dcont(B//lhne) - @“ne(B//lhne). q)cont(B//lhne) and @hne(B//lhne) are the Fourler
phases of the continuum and line components, respectively.

In the vector representation of complex numbers, the thueetifiesFcontVeont FiineViine, aNdFiotViot
form a triangle with one corner placed at the center of thedioate system. According to the law of
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cosines, the correlated flux of the line component is giveRdpy©.2) (see Sect9.4.4.):

|FlineVIine‘2 = |FtotVtot|2 + |Fconthont‘2 -
—2 FiotViot - FeontVeont - COS D). (9.6)

Since the fluxFjine can be calculated from the measured flukes,: and F, the visibility Vjine Of the
line component can be derived using Eg 4.

Applying the law of sines to this triangle in the complex @ayields the dierential phasA®(B/Ajine),
which is the dfference between the Fourier phasgn(B/Aine) Of the continuum component and the
Fourier phas@®iine(B/iine) Of the line component:

‘ FtotVtot|

Sin(A®) = sin(d’) - TFrmeVine]”

(9.7)

whered’(B/Ajine) is the diferential phase measured at the position of the emission|lipe
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As part of my PhD thesis, | have used state-of-the-art ieftanterferometric techniques to investigate
a selection of massive stars and their circumstellar enwilent with unprecedented angular resolution.
For these studies, the VLTI (AMBER and MIDI) and the I0TA irferometer as well as bispectrum
speckle interferometry on 6 m-class telescopes were usgavdvk included the development of...

e a comprehensive IOTA data reduction software package (€hap

e an AMBER data processing pipeline which pre-processes ARIB&wv data files, reduces them
using theamdlib consortium software, and post-processes and presentbdeevables (Chap-
ter4).

For the astrophysical modeling and interpretation of thiaioled data, | have worked on...

e radiative transfer modeling of circumstellar disk and déope geometries (see Chap&r For
this purpose, the Monte Carlo radiative transfer code byckeDhnaka Ohnaka et al. 200&vas
extended to perform an iterative refinement of the dust gérgmieurthermore, the software was
embedded in a framework, which allowed us to scan with hudsloé models a wide range of the
parameter-space, varying both the complex dust geometirjhendust chemistry.

¢ the modeling and least-square fitting of spectro-interfextric data, using either radiative transfer
images (such as applied for MWC 147, see Chaptand HR 5999, seereibisch et al. 200r
geometric, wavelength-dependent models (such as appligd@ri C, see Chaptes, andy Car,
see Chapte).

e the implementation, refinement, and testing of aperturth&gis image reconstruction algorithms
(Chapter5), in particular of the Building Block mapping algorithm ddeped by Karl-Heinz
Hofmann.

¢ the implementation of sophisticated orbit fitting algonitk, in particular bybocobo(1985 see
Section8.6.7).

In the following, | review the astrophysical results of myPWork and give an outlook of potential
future interferometric investigations on these targets.
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10.1 Radiative Transfer Modeling of the Active Accretion Disk
around MWC 147

Summary:Herbig AeBe stars provide excellent targets for studyiregginucture of circumstellar disks
and the accretion process. With MWC 147 (spectral type B6)¢chose a star in the upper mass range
of the Herbig Be classM ~ 7 M). We obtained VLT/AMBER and VLTI/MIDI long-baseline in-
terferometric data which was complemented by archival Rifhdresolving the circumstellar environ-
ment around MWC 147 on the AU-scale. To also optimally caistthe SED, we used archival high-
resolution mid-infrare®pitzeflRS spectroscopy. When applying sophisticated 2-D radiatansfer
modeling, we found that the commonly favoured irradiategk dhodels can easily reproduce the SED
of MWC 147, but are in strong conflict with the interferometdiata. As this discrepancy could not be
resolved by modifying the disk geometry (e.g. including &@drup inner rim) nor by varying the disk
chemistry, we modified the radiative transfer code to inelad actively accreting inner gaseous disk.
Using a flared Keplerian disk geometry with an outer radiusGif AU, an outer envelope, and an inner
accretion disk with an mass accretion rate & % 10*5M®yr*l resulted in a good fit both to the SED
and the NIR and MIR visibilities. Combining this surprisiresult (obtained from our detailed, physical
modeling of the SED and the N¥MIR interferometric data) with the general trend founddynnier
(2003 in the size-luminosity relation for Herbig AeBe stars ntighiggest that with increasing mass
and stellar luminosity, the NIR emission gets dominated dgretion luminosity originating from an
optically thick gaseous disk close to the star.

Outlook: The best-fit geometry which we found with our radiative tfensodeling (including an inner
accretion disk and an outer irradiated disk) predicts andisvisibility profile, especially for higher spa-
tial frequencies. Besides the continuum visibility profieew observations using VLJAMBER (and
the VLTI fringe tracker) could separate the accretion anst @mission using spectro-interferometric
observation on accretion diagnostic hydrogen recomlungg.g., By) or atomic lines (e.g., Nal, O|,
or Call).

10.2 Signatures of Outflow Precession from the Young
High-Mass Star NGC 7538 IRS1

Summary:Likely at a similar evolutionary stage as MWC 147, but withpaatral type of O7 far more
massive W ~ 30 M), we searched for indications of accretion and outflows mdddGC 7538 IRS1
using bispectrum speckle interferometry. Earlier radioBVlobservations had detected a Class I
methanol maser feature, which was interpreted as a Kepleoi@ting circumstellar disk, providing
indirect evidence for an accretion-based high-mass stardtion scenario. However, as an alternative
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explanation (and in better agreement with the directiomeefby the CO outflow), it has been suggested
that the linear alignment and systematic velocity-gradidrihe maser feature could trace an outflow
cavity. In order to clarify this issue and to resolve the riggament found between various outflow axes,
we imaged the NIR emission with unprecedented resolutioudjfg a fan-shaped cavity and several
blobs of difuse emission, likely indicating outflow activity from IRSWUsing archival high-sensitivity
SpitzerIRAC images, we can trace the same outflow out to large scedasing in a bow-shock-like
structure. Although we cannot rule out that the potentigjlgtematic arrangement of the discovered
blobs results from the presence of multiple outflows, we eygd an analytic flow precession model,
as well as a full hydrodynamic simulation, and found that thiR morphology could also be caused by
a precessing outflow originating from a compact disk. As tkely mechanism triggering the potential
short period ¢ 280 yrs), wide-angle< 40°) precession, we identified tidal interaction with a closet (y
undiscovered) companion. Indeed, for the nearby, even massive protostar NGC 7538 IRS2 (04.5
type), we discovered a close (195 mas) companion in our #penkges.

Outlook: To achieve further progress on IRS1, higher sensitivitytdigter angular resolution imaging
(i.e. speckle or AO imaging) of the outflow structures areuregfl. On the scale of several decades,
the precession should also become detectable using VLRBjingaf the methanol maser feature. Ul-
timatively, infrared long-baseline interferometry shibalso be able to directly detect the putative IRS1
companion star causing the precession, although curneatlyng-baseline interferometer on the north-
ern hemisphere complies with the technical requirememtsufoh observations.

10.3 Visual/Infrared Interferometry of the Orion Trapeziu m
Stars 6*OriC and D

Summary: For the intruiging high-mass statOri C, a very close{ 30 mas) companion was already
discovered in 1997 using speckle interferometry. In ordéreck its orbital motion, we have monitored
the system over the past eight years using speckle intenfry at infrared and visual wavelengths. As
the separation of the components already diminished fambitle theoretical diraction-limit of single-
dish telescopes, we obtained first long-baseline intenfietdc observations using the IOTA array. The
obtained high-accuracy position measurement allowed aetive a preliminary orbit solution, from
which we identify 53Mc;,) as the most likely value for the dynamical mass of the sys&ymrmodeling
the wavelength-dependence of the flux ratio between the oonemis (and examining their position in
the HR-diagram), we estimate that — in contrast to earlipeetations — the companion is rather massive
itself (Mc2/Mc1 = 0.45+ 0.15). Especially during periastron passage, which we ptedictake place

in the near future (mid 2007), this might result in strong avimind interaction between the two O-stars
(O5 and 09.5).

—199—



Chapter 10 Summary and Outlook

Outlook: Over the last few months, several VIZAMBER observations o6'Ori C have been obtained,
which should allow us to verify the preliminary orbit solomi presented in Sectidh6.1 The refined
orbit should also result in more precise dynamic masseshwdan be used to contrain stellar evolution-
ary models. Ultimately, AMBER’s MR mode might also allow aelit imaging of the geometry of the
putative wind-wind interaction region in emission lines.

10.4 Near-Infrared Interferometry of 7 Carinae using
VLTI/AMBER

Summary: n Carinae U ~ 100 M) is also proposed to be a binary system with a strong wind-
wind interaction zone, although this hot-companion sdenarstill strongly debated. Using AMBER’s
medium R = 1 500) and high spectral resolution moée= 12 000), our study on Car provides a first
glimpse into the bright future of NIR spectro-interferomyain spectrally resolved, Doppler-broadened
lines. We find (in agreement with earlier studies) that khband continuum emission fromCar is
dominated by an optically thick wind, resulting in an emissregion with 2.3 mas FWHM diameter
and a radial intensity profile which follows the predictidnsm the 1-D line radiative transfer model
by Hillier et al. (2007) very well. For the By hydrogen recombination line, we also find remarkable
agreement for the line profile as well as for the wavelengthethdence of the measured visibilities. In
the wings of the By line, we measure non-zeroffiirential phases and closure phases. As this points
towards asymmetries in the brightness distribution anthisefore, beyond the 1-D approach of the
Hillier et al. model, we successfully employ a geometric model of an iedjraspherical, latitude-
dependent stellar wind to reproduce the measured phasisgeghlt strengthens models with enhanced
mass loss at the polar regions around rapidly rotating,sé@rpredicted byowocki et al.(1996). For
the Hel line, we find significant deviations between theier et al. predictions and the measured line
profiles and visibilities. This, and our modelling of the reeged non-zero phase signals, might indicate
that the He | line forms in a wind-wind interaction zone, apeoted in the context of the hot-companion
scenario.

Outlook: As demonstrated with the simulations presented in Seé&iéry.2 VLTI/AMBER currently
seems to be the most powerful instrument to directly deteetproposed hot companion using the
continuum closure phase. For this purpose, and to tracedehariations over the 5.54 yrs period, we
have obtained several new VI/AMBER observations on Car within the last year, maybe resulting in a
new insight in the process causing the variability. Funtiane,; Car will be a prime target for aperture-
synthesis imaging of the putative bow-shaped wind-windrittion zone or its aspherical stellar wind,
yielding mas-resolution NIR images in hundreds of fine-sahpelocity bins; somewhat similar to the
well-establishe@¢hannel map# radio astronomy.
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10.5 Future Perspectives

From our pioneering studies on a number of key objects (togex broad range of stellar masses,
as well as evolutionary states), | conclude that studies assive stars might benefit to a dramatical
extent, and maybe more than any other field of stellar asysips, from the recent advent of infrared
interferometry. This is due to the essential need of highubargesolution to study these distant objects
and their compact (AU-scale) circumstellar environmeoiftgn located in the heart of dense, compact
clusters. In addition, during their most enigmatic evalotiry phases (namely the pre- and post-main-
sequence phase), these objects are deeply obscured bynamaterial, making the infrared the optimal
wavelength range for detailed studies. The intriguing ineena, which can now be studied on massive
stars using infrared long-baseline interferometry, idelmass accretion processes (e.g. the structure of
circumstellar accretion disks), mass ejection and outflolMinzation processes (e.g. to reveal the origin
and collimation processes of YSO jets), stellar winds (thebmetry and kinematics), the geometry of
wind-wind interaction regions, and likely many other apgtions yet to be identified.

As also demonstrated in the framework of this thesis, apegynthesis imaging is coming into reach
for optical interferometric arrays. However, we expectt tthee number of studies applying imaging
techniques will remain limited with the current generatifrinterferometric arrays, due to the substan-
tial amount of observing time required for the imaging of gdex structures. Therefore, this requires
new initiatives for next-generation instruments (like VIMIATISSE and VLT)VSI), and international
collaborations to realize future arrays that will combidarger number of apertures.

Inspite of this limitation of the imaging capabilities ofettturrent generation of instruments, it is
important to point out the tremendous scientific potentfahe spectro-interferometric capabilities of
the latest generation of instruments, allowing one to tallsi characterize the detected structures and
to study their kinematics. Once the imaging and spectrasagpabilities can be combined and made
accessible to the broad astronomical community, optidarierometry will deploy its full potential;
likely revolutionizing galactic and maybe also extra-gétaobservational astronomy.
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