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ABSTRACT
Following a previous succesful study, we present new and more complete interferometric observations of FU Orionis.
The combination of both IOTA (Infrared and Optical Telescope Array, Mt Hopkins, AZ) and PTI (Palomar Testbed
Interferometer, Palomar Observatory, CA) interferometers allowed an increase in (u, v) coverage and H and K bands
measurements. We confirm the presence of a resolved structure around FU On that can be interpreted in terms of
accretion disk. However, we find significant differences between our results and standard accretion disks models. In
particular the temperature power law is best explained if two different radial regimes are used. Moreover, a clear
visibility oscillation trend at 110 m is well fitted with a binary (or hot spot) model. This may have important
implications on accretion disk models for such objects.
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1. PROBING THE INNER PART OF AN ACCRETION DISK
Malbet & Bertout predicted that long-baseline interferometry would be able to detect thermal emission from
accretion disks around young stars in the near infrarec[. The increase in sensitivity of infrared interferometers
allowed Malbet et al.2 (paper I) to resolve FU Orionis at the AU scale with the PTI interferometer (PTI, Palomar
Observatory, CA), this was the first time ever such resolutions were attained on such objects. These observations
were shown to be compatible with standard accretion disk interpretations3. However, the limited precision of the
measurements and limited (ti v) coverage forbid more detailed information on the physical mechanisms operating
close to the central star to be obtained. Further observing runs have therefore been carried out since at two of
the existing infrared interferometers, the Palomar Testbed Iriterferometer (PTI, Palomar Observatory, CA) and the
Infrared and Optical Telescope Array (IOTA, Mt Hopkins, AZ), in order to further address the question of the close
environment of Young Stellar Objects (YSOs). These new results are the subject of this paper.

2. FU ORIONIS
FU Orionis is the prototype of a class of YSO called FU Orionis stars (FU ors), that have undergone photometric
outbursts on the order of4-6 mag in less than 1 yr4. Table 1 summarizes FU Orionis's main observational properties.

A FU Orionis star's luminosity typically peaks at 500L® and then decays on a 100 yr timescale. FU Orionis
stars exhibit large infrared excesses, double-peaked line profiles, apparent spectral types that vary with wavelength,
broad and blueshifted Balmer absorption line, and are often associated with strong mass outflows (see Hartmann &
Kenyon5 for a recent review on this phenomenon).
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Table 1. FU Orionis properties see Hartmann & Kenyon5 for a recent review.

Location Orion
Object type FUor
Distance 450 pc
Luminosity L 500 L®
Extinction Av 1 — 3 mag
Magnitudes V = 8.9, .R = 7.7, K = 4.6 mag
Variability 4-6 mag amplitude

outburst decay (t 100 yr)
Spectrophotometry large infrared excess
Spectral type F219

From F71 (A3860) to <K3 (A7050)
HR spectroscopy broad, blueshifted Balmer line absorption

double-peaked line profiles
Reflection nebula 60 arcsec
Scattering envelope 73 mas resolved by speckle

or unresolved ?
Outflows no CO flow, no jet

3. OBSERVATIONS
FU Orionis was observed with IOTA from December, 13, 1998 to December, 26, 1998 using two baselines: the 38
m baseline oriented North-Northeast and the 21m North-South baseline. We used H and K' filters. FU Orionis was
observed with PTI during three campaigns, 1997 (data published in paper I), 1998 (from November, 14, 1998 to
November, 27, 1998) and 1999 (from November, 23, 1999 to December 1, 1999). Data obtained during the two latter
campaigns are published in this paper. 1998 observations were made with the K filter and 1999 with both H and K
filters.

Several calibrators were used for these observations, described as follows. All calibrators were used for IOTA
observations and calibrators in bold face were also used at PTI. Following the source name, we indicate in paren-
thesis the angular diameter in milliarcseconds (mas), estimated from Hipparcos data: HD42807 (0.48), HD38529
(0.38), HD31295 (0.53), HD37147 (0.34), HD30739 (0.45), HD46241 (0.41), HDC35956 (0.35), HDC42618 (0.38),
HDC43683 (0.18), HDC43931(0.21). HD35296 (0.70) was only used at PTI.

The observation period on both interferometers was long enough to allow the projected baseline on sky to rotate
with a significant hour angle range ([—2.8, +0.6] for the PTI observations and [—0.6, +4.4] for the IOTA observations).

4. DATA PROCESSING
PTI data processing is described in Colavita'2. The visibility estimation is based upon the ABCD algorithm. Out
of the four estimators available we have choosen the incoherent spectral estimator. The spectrometer has an higher
instrumental transfer function because of the spatial filtering effect of the single mode fiber. The incoherent estimator
allows to average visibilities over the entire H and K band without introducing biases due to atmospheric piston (cf.
paper I).

The IOTA interferometer temporally encodes fringes. We have choosen to use a quadratic estimator similar to the
one described in Foresto et al. 13 with no photometric calibration signals available. The two output interferograms
recorded simultaneously are substracted to construct a single interferogram with reduced photometric contamina-
tion*. For each batch of 500 scans an average visibility is computed. The standard deviation of this batch provides
the error estimation on this measurement. Visibility is computed by estimating the energy contained at the fringe
position in the spectral power density.

*As the fringes are r shifted this leads to maximizing the energy in the spectral density distribution at the fringe position
and reducing the photometric energy at lower frequencies.
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Figure 2. FU Orionis (u, v) coverage corresponding to the observations of this paper.

Once the raw visibilities are derived for the data from each interferometer separately, data reduction enters the
calibration part, which is common to both data sets. The key point is to estimate the instrumental visibility by
observing calibrators located near the source in angle. For each FU On visibility we compute an instrumental
visibility. Division of both quantities leads to the determination of the unbiased visibility and its associated error.
Calibrators are corrected for the intrinsic visibility loss due to their angular diameter. All calibrators measurements
made within half an hour, before and after a target measurement are included in the instrumental visibility estimation.
We then compute a weighted average of all calibrators visibilities in that interval with a weight equal to the inverse
of the time delay between the calibrator measurement and the target measurement.

5. THE RESULTS
These new observations extend the (u, v) coverage of paper I (see Fig. 2) to smaller baselines and to the H band.
Calibrated visibilities are presented in Fig. 3. The calibrated squared visibilities of FU On at hOrn in K band
display a clear oscillation trend. Note that IOTA K' squared visibilities at 21m are smaller than at 38 m. IOTA data
are derived by a first version of data reduction, and error bars are certainly overestimated. An improved statistical
processing should allow the refinement of our fits. Globally we distinguish three trends in the whole set of data:

. a global average decrease of visibility with increasing projected baseline (except when comparing 21m and 38
m IOTA baselines K' data, see discussion below).

. superimposed oscillations at the 110 m PTI baseline.

. 21m K' band visibility is smaller than 38m visibility.

6. INTERPRETATION
FUors have been convincingly modeled as low-mass pre-main sequence stars (T Tauri stars) which are surrounded
by luminous and active accretion disks. The inferred peak accretion rates are on the order of iO M® yr1. The
energy released by the accretion process is radiated at the disk surface, overwhelming the stellar emission. The disk
paradigm allows to explain many exotic features of FUors5.

In this global context we try to interpret both observed trends as the consequence of an accretion disk surrounding
a primary star with the presence of a secondary companion.
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Figure 3. Calibrated square visibilities of FU On as a function of hour angle. First row : PTI data K band; left
figure displays all the visibilities obtained during a three year campaign 1997 (circles), 1998 (crosses), 1999 (squares)
typical average errors for each point are quoted (in parenthesis); right figure displays binned data with corresponding
error bars. Dashed dotted lines represent results from paper I (average and standard deviation limits). Second
row : PTI data H band; left figure displays the 1999 visibilitities, right figure the corresponding binned visibilities.
Third row : IOTA data K' and H bands at 38 m; binned visibilities. Fourth row : IOTA data K' and H bands
at 21 m; binned visibilities.

601

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/11/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



C)4

Basehne rn)

Figure 4. Htsuli of lie fit of au accr'l ion disk model on our data. ( 'entrlil ligiire sliow s(1ilared visihulit Its 5

1 liiiit't lull ot pro''ted baseliuu', RI curves show tiut' expected variat loll for J\ itiiud squared visihilit es 'or lw
periteuitiuciiiar ori'iit itt tolls (solid uii1 tslieil lilies) iflu. curves slio' tin' 'xittt'tt'tl \'llri:it lull or II ban! sqti:ir')
visibilities for two I)erpendicuilar orient at ions solid and dashed lines). Right ;ìuil left figures display svntheti' ini:lgt'
rt''ouustructiouis at I and Ii hands obtained with till derived paranieters )Se( text sect iou ii. 1).

6.1. The accretion disk scenario
standard accretioui dusk models predict that teliuperat tire varies as a power of liii' radius. I' t' ': where tj 0.75
\\e have fitted average visibilities at each baseliiies and wavelengt ii wit ii I Ins iuittdel and It On spectral energy
(iistril)ution (L1)). Till resulting ED fit cali it' seen iii Fig. I and the visibihit lit iii Fig. 1. \\e found that the
stiiuar€ol visiltuhutv variatiouu cannot he reproduced with a single power law. \V' need a tloiiltle power law listrihut ion
1 obtain satisfying fits. This leads to the following main dusk charactt-'ristucs'. inner radius Id solar radius, outer
radius 100:1U. accretion rate - 1UNl / yr. inclination angl 00°. q ' 0.0 hetweeui I) and 2.5 •\I.' and

in the externitil fXIrts. Figure 4 displays tWo svtttluetic images of tile derived :ucerettouu disks for 1.tiiini iuid

A first attempt to explain this behaviour could lead to a lutuk between accretion and eteci nutprocesses. \\e expect
tlue ejectioti process to significantly chatigc tIle accrettoti in the utliler part of t lie dtsk.

6.2. The influence of a secondary unresolved companion
\V have tried liik oscillittiotis observed it 1 10 iii with t lit prseulev of a point source i'ouuupiuuiioti. \V used

prt-'liruiiarv uiioIel cctiusisting H 11 gaussian right tiess dist runt ion profile )to simulate tlit' disk uilliieiici' :suil
consequently account for the 110 in average visibilityi ant unresolved conipauutout locate! tiext to the gaiusH III
envelope, lit results can be st'ii in Fig 5. Although deeper checks sin uld lii' niad', tie uiuiiin result :1' thn-
iiiinielizatioti is tiutut tins is iii' best w;i\ to 'xpl;uuu (5i'ihliltiolis ;it 110 meters. 'l'h lit heal to ii reduced ' '
\loreover. tins siiuuplt' scenario is suffici'uit 1explain that lit' k'' bruuul squared visiltilities are lower at 21 iii than it
45 iii (1 luirtl trend) sluice oscillat i/us are Jresenl at all spat liii f'rcqtiticies. 'I'!ue nuaiti cliaracterisi cs ol this secondary
conipamnomi art' AA' h. J/ - 5.2, s l0.5nia and P.1 lti5 vhuer' JI art' the utiaguitudes difl'ereui'es
with the resolved sourer" at II 111th I\ hauids .s statlds for s'p:lrat ion uid I'd l'or positiolu angle. "I' lies' niagtntudes
'tirrespotud to a t'oinpaulioti redder t han a st anihard I I ailri star, auiil I lie separation corresponds to 12 U' at t lie il
In distance. 'l'he separation is at tOt— liutiutuuug resolution of' the greatest niouuolitluic telescopes, yet the unagtuituitie
hitf'ereuit't' should make it hard to directly image dOe presto'' of t hot spot ;ut tue disk surface could also explaiui such
ilsirvatiouis, however, given its s'paratioui front the central sourer' it would he ln-utd at listuu:''s were tr'iiittt'rlit hr

li:us siguuificamutly dropped. Physical uutt-'chamustuis explaining stuclu a local teuult'rluu lire cit-vat ion ut t lies-s thist aloes ar'
still to he found.

7. CONCLUSiON
U' have olist-rved II' Orionis with long_laselin' iuterl'-rotuetry in t lit- iuear-iuifrarei. achuu'vimug a prop-i-ted spatial
r'slut iou of 2 Al' uising t lie Jul/nine 'P t/t 1 Jut i/i t'oiiit-t i' nut-I t lit, Itl/r'rt 1 Qt/ui/ Jr /t,u'co1tt •'li'i'iiii. Ilic ri• ii

Astronomical units Astronomical units

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/11/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



10

- CS-
a,
5
a)
a)

(1) 06-

H

90 100 12

10--
Ic0

- 16)

a — a0Ct 3! barsit

0L ___ _____ -
50 100 150

Projected angle

a

Figui- 5. Hiu1t of a data fit with a gaussian v1tIiiIetrie irighttiis jorifli httiarv eonipaiiiii toad-i l)ar0
etirn iii 11 land, grv irs tin I hand. Left roliiiiiii h)1) aio.1 lmttuiii 1tiarei visiriiitir

fam-titi of pr1eted haseiinr. ( 'rass- itiliata- data points. circles tutu liii rsiilt ii ti tiodi lit. (ilrv-s hav
lii iiiipiitd for a loin rangy greater thati Ill iservatiti tin 111 range — l. I I. lOts explants why corvus
ar or extend-i than data poitits end row alit-is slav a Zoom at! lIt. 1 HI-ni isiliatiiti flilit 1011111111
to1) awl 1)ttl)11! : (1iiared visihulities is a hititioji f prtuieetei altO!. lttoni fii_&ure slisisvs a /oom ii tO 110
seillatioti. Ceiiter Imttoiii (n)l1llI1lI 21) sriiiarii visibility if tin fit has hen displayed. 1uuih iii large stale
i-eras and tO hinarv aseiliat 1 is art ciariv viihie. lii. htserv:itlonai 1, -overag can I s-ti as red cross.
\\hite hots ar tIi expected (ii ci eo\rraOt with an extendd oharvational tini i/If ralio- —i

>

a,
>
C)

a)

C)-
(JO

o 1!—

0'—
0

\ K 3 82 mag

0 C = 5 1 0 ma3

= r65mas

- 165

x Cats — & C Ci tao

K 3 82 ma)

C tSma3

sap . 36 0 00

50

Protected baseline

0$

•08
a,
> •
C)

S

Cl)

06 H

63 80 100

Projected angleProjected baseline

-100 0:

u meters)

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/11/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



coverage provided by Earth rotation and the precision were significant enough to detect oscillations in the squared
visibility variation. We found that these observations can be explained if FU Orionis is a binary star with one
component at least containing an accretion disk. The main properties we derived for the accretion disk component
points to a deviation from the standard model in the inner part of the disk, and clearly motivates further detailed
modeling. In particular, a significant change in the temperature radial distribution has been discovered. One
explanation could be the influence of an ejection process. A full fit of all the observables with an improved data
reduction and several astrophysical scenari is under progress and will be presented in a forthcoming paper.
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