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ABSTRACT

Context. Infrared spectroscopy has been extensively used to determine the mineralogy of circumstellar dust. The identification of dust
species with featureless opacities, however, is still ambiguous. Here we present a method to lift the degeneracy using the combination
of infrared spectroscopy and interferometry.

Aims. The binary post-AGB star HR 4049 is surrounded by a circumbinary disk viewed at a high inclination angle. Apart from gaseous
emission lines and molecular emission bands of polycyclic aromatic hydrocarbons (PAH), diamonds, and fullerenes, the 2—-25 um in-
frared spectrum is featureless. The goal of the paper is to identify the dust species responsible for the smooth spectrum.

Methods. We gathered high-angular-resolution measurements in the near- and mid-infrared with the VLTI interferometric instru-
ments AMBER and MIDI. The data set is expanded with archival Geneva optical photometry, ISO-SWS and Spitzer-IRS infrared
spectroscopy, and VISIR N-band images and spectroscopy. We computed a grid of radiative-transfer models of the circumbinary disk
of HR 4049 using the radiative-transfer code MCMax. We searched for models that provide good fits simultaneously to all available
observations.

Results. We find that the variable optical extinction towards the primary star is consistent with the presence of very small (0.01 ym)
iron-bearing dust grains or amorphous carbon grains. The combination of the interferometric constraint on the disk extent and the
shape of the infrared spectrum points to amorphous carbon as the dominant source of opacity in the circumbinary disk of HR 4049.
The disk is optically thick to the stellar radiation in the radial direction. At infrared wavelengths it is optically thin. The PAH emis-
sion is spatially resolved in the VISIR data and emanates from a region with an extent of several hundreds of AU, with a projected
photocenter displacement of several tens of AU from the disk center. The PAHs most likely reside in a bipolar outflow.

Conclusions. Dust species with featureless opacity curves, such as metallic iron and amorphous carbon, can be identified by combin-
ing infrared spectroscopy and high-angular-resolution measurements. In essence, this is because the temperatures of the dust species

are notably different at the same physical distance to the star.

Key words. stars: AGB and post-AGB — binaries: spectroscopic — circumstellar matter — techniques: interferometric —

techniques: spectroscopic — radiative transfer

1. Introduction

The post-asymptotic giant branch (AGB) star HR 4049 is a
single-lined spectroscopic binary, surrounded by a circumbi-
nary disk rich in dust and gas. The secondary star has not been
detected at any wavelength, but its presence is inferred from
the radial-velocity variations of the primary. HR 4049 is a re-
markable object in several respects. First, it is the prototype
of a group of evolved binaries in which the primary star has
an extremely metal-depleted photosphere ([Fe/H] = —4.8 dex,
Van Winckel et al. 1995). The photospheric abundance pattern
resembles that of the interstellar medium, where chemical el-
ements with high condensation temperatures have formed dust
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grains and are underabundant in the gas phase. Mathis & Lamers
(1992) and Waters et al. (1992) have proposed a scenario to ex-
plain the selective depletion in these post-AGB binaries. A frac-
tion of the mass lost by the primary star during its AGB phase
is captured in a stable circumbinary disk. The process of disk
formation around post-AGB stars is not well understood, but bi-
narity is a necessary condition (Van Winckel 2003; Gielen et al.
2008). When the disk has formed and the strong AGB wind has
ceased, gas in the disk can be re-accreted from the disk onto the
primary star. Dust grains, however, experience radiation pres-
sure and are prevented from falling in. Since refractive elements
easily condense into dust grains, the accreted gas is chemically
peculiar, which gives rise to the observed photospheric abun-
dance pattern. The photosphere of HR 4049, therefore, became
extremely depleted in iron. The selective re-accretion hypothesis
thus holds the promise of a high abundance of iron-rich dust in
the circumbinary environment.
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Fig.1. Infrared spectrum of HR4049 (black: ISO-SWS, blue:
Spitzer-IRS). The prominent features between 6 and 13 ym are caused
by PAHSs. The band between 4 and 5.3 um is the result of a forest of CO,
OH, and H,O molecular emission lines (Hinkle et al. 2007). Emission
lines of CO, are visible longward of 13 um (Cami & Yamamura 2001).

Second, HR 4049 has a peculiar infrared spectrum. The in-
frared excess is large (Lir/L« = 1/3, Dominik et al. 2003).
The spectrum, shown in Fig. 1, displays strong features of
polycyclic aromatic hydrocarbon molecules (PAHs) and even di-
amond emission bands, which indicates the presence of carbon-
rich material in the system (Geballe et al. 1989; Guillois et al.
1999). Recently, the detection of Buckminsterfullerene (Cgp)
was reported (Roberts et al. 2012). The strong gaseous emis-
sion lines of H,O, OH, CO, and CO,, on the other hand, point
to oxygen-rich gas-phase chemistry (Cami & Yamamura 2001;
Hinkle et al. 2007). The rest of the spectrum is featureless. In
particular, the 10-um silicate emission feature, which is common
in disks around evolved binaries (Gielen et al. 2008), is absent.
The spectrum has a shape that closely matches that of a 1200 K
blackbody. Dominik et al. (2003) propose two models to fit the
spectral energy distribution: the emission is produced by large
(>1 um) grains, or the disk is very optically thick. The authors
favor the second option. In this paper, we will propose another
alternative: the emission is produced by (small) dust grains with
a smooth opacity curve.

Furthermore, HR 4049 is an attractive observational target.
The circumbinary disk is viewed at a large inclination angle,
close to edge-on. Waelkens et al. (1991) have published Geneva
optical photometry of HR 4049. The Geneva photometric system
comprises seven bands, U, B1, B, B2, V1, V,and G, with effective
wavelengths ranging from 346 nm to 581 nm'. Waelkens et al.
(1991) found that the target is variable in all seven filters. The
largest-amplitude variability is synchronous with the 430-day
orbital period of the binary and ascribed to variable extinction
in the line of sight towards the primary star by matter in the
circumbinary disk. Due to its orbital motion, the primary hides
behind the inner rim of the disk at phases of minimal brightness,
when it is closest to the observer, and returns to maximal bright-
ness roughly half an orbit later. The Geneva color—magnitude
diagrams of HR 4049 contain information on the material that
attenuates the primary star. Waelkens et al. (1991) show that the
observed extinction law is roughly consistent with interstellar
extinction, although notable differences are present.

In this paper we attempt to identify the dust species which
produces the featureless infrared spectrum of HR4049. We
search for the dominant source of opacity in the circumbinary
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disk at optical-to-infrared wavelengths. We will show that the
combination of infrared spectroscopy with spatially resolved ob-
servations is a powerful tool to discern between dust species with
featureless opacities. The method described in this paper can po-
tentially be applied to solve other astronomical questions, such
as the iron-to-carbon dust content of winds around AGB stars.

2. Observations and data reduction
2.1. Interferometry

Interferometric measurements of HR 4049 were obtained within
the Belgian Guaranteed Time on the European Southern
Observatory’s (ESO) Very Large Telescope Interferometer
(VLTI) Sub-Array (VISA). We made observations in the near-
infrared H and K bands on nine baseline triangles with
AMBER (Petrov et al. 2007) in the low spectral-resolution
mode (LR-HK). Medium-resolution AMBER observations were
obtained on four baseline triangles; two centered around 2.1 ym
(MR-2.1) and two around 2.3 um (MR-2.3). When the weather
conditions allowed, the AMBER observations were obtained
with the aid of the fringe tracker FINITO. This instrument
uses 70% of the H-band flux to stabilize the fringes on the
AMBER detector. Mid-infrared interferometry of HR 4049 was
obtained with MIDI (Leinert et al. 2003) in the HIGH-SENS
prism mode (HSP) on two baselines. The observing log is shown
in Table 1. The corresponding spatial-frequency coverage is
shown in Fig. 2. The interferometric observations were made at
binary orbital phases ¢ € [0,0.2], where ¢ = 0 corresponds to
periastron passage. This is around the photometric minimum of
the primary star in the optical (¢ = 0.13, Bakker et al. 1998).

2.1.1. AMBER data reduction

The AMBER data were reduced using the data processing soft-
ware amdlib version 3 (Tatulli et al. 2007; Chelli et al. 2009).
The calibrator star is HD 91964, a K4/K5 III giant with a stel-
lar diameter of 1.27 mas (Mérand et al. 2005). For both sci-
ence target and calibrator, the 25% fringe measurements with
the highest signal-to-noise were selected to compute and cali-
brate the squared visibilities. The data are of very good quality
and an increase in the percentage of selected frames does not
significantly alter the outcome of the reduction procedure. For
the closure phases, 90% of the best frames were selected. The
closure phase was estimated by adding phasors in the complex
plane (Tatulli et al. 2007). The closure phase of the science tar-
get was calibrated by subtracting the measured closure phase of
the calibrator.

2.1.2. MIDI data reduction

The MIDI data reduction was performed using the MIA+EWS
package?. Despite the fact that HR 4049 is a rather faint target
for VISA+MIDI, the signal-to-noise of the correlated-flux (CF)
measurements is high (~25). The total flux (F) is disentangled
from the strong mid-infrared sky background by chopping to
an off-target position on the sky and subtracting the on- and
off-target spectra. For faint targets this leads to noisy spectra.
This technique is not employed to determine the correlated flux.
The background in the two interferometric channels is uncorre-
lated, while the interferometric signals are in phase opposition.
Subtraction of both channels effectively removes the background

2 http://www.strw.leidenuniv.nl/~nevec/MIDI/
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Table 1. Log of the AMBER and MIDI interferometric observations.
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HID (day) Baseline Baseline Instrument
lengths (m) orientation (° E of N) setting”
AMBER (1.6-2.5 um)
a 2454 585.115 69, 55,70 —26, 86, 20 LR-HK
b 2454587.070 88, 88, 122 —147, =54, —-100 LR-HK
C 2454 928.170 69, 56, 70 -28, 85, 20 LR-HK+FINITO
d 2454928.193 69, 52,70 -22, 89,22 LR-HK+FINITO
e 2454928.214 68, 47, 69 —16, 93,24 LR-HK+FINITO
f 2454928236 67,42, 68 -10, 97, 26 LR-HK+FINITO
g 2454 928.273 67, 31, 65 1, 108, 28 LR-HK+FINITO
h 2454 941.061 32,16, 48 -107, =107, =107 LR-HK+FINITO
i 2454941.162 25,13, 38 =90, —90, —90 LR-HK
j 2454 942.980 31, 15, 46 -121, -121, -121 LR-HK+FINITO
k  2454943.026 32,16, 48 —-112, -112, -112 MR-2.1+FINITO
1 2454 943.051 32,16, 48 -107, =107, =107 MR-2.1+FINITO
m  2454943.077 31, 16, 47 —-103, —103, —103 MR-2.3+FINITO
n  2454943.098 30, 15, 45 —100, —100,—100 MR-2.3+FINITO
MIDI (8-13 um)
o 2454940.086 29 256 HSP
p 2454 942.086 15 77 HSP
Notes. @ See Sect. 2.1.
o T T T T T T T T where the indices refer to baselines 1 and 2. We cannot deter-
mine the absolute visibilities V5, and V9, because of the low-
I | quality total spectrum, but the ratio of the visibilities at the two
- I 1 baselines V29 ,/Vi5m can be recovered from the observations. We
§ 200 \ @ 11/ I B will use the latter quantity in our analysis and refer to it as the
g L \ ’ ', // 1 MIDI relative visibility.
g Lo :\ |
5 o ___1_/ i.-‘_ —'_—__ | 2.2. Archival observations
g I AN T ] The analysis presented here also makes use of archival obser-
o r 1 vations of HR 4049. For the optical analysis, we have used the
i; F 7 /,/ /' ‘\Q\ 1 Geneva photometry published by Waelkens et al. (1991). Optical
g —200}- /1 \ 4 spectroscopy of HR 4049 indicates T.¢ = 7500 K, log g = 1 dex,
’ H 1 and an iron depletion of [Fe/H] = —4.8dex for the primary
L i star, while the secondary is undetected (Lambert et al. 1988;
| i Waelkens et al. 1991; Van Winckel et al. 1995; Bakker et al.
v I T R T 1996). A fit to the optical photometry with a Kurucz (1993)
400 200 (0] —-200 —-400

Spatial frequency East (cycles/arcsec)

Fig. 2. Spatial-frequency coverage of the interferometric measurements.
Black dots refer to AMBER data, red dots to MIDI data.

while maintaining the correlated flux (see MIDI manual®). This
results in correlated-flux spectra with much better signal-to-
noise than the total-flux spectrum. Because HR 4049 is a faint
target, F could not be measured reliably and we cannot compute
the calibrated visibility (V)

V(/l)sci _ CF(A)sci F(ﬁ)cal'

V) = V(Dca - CF(Dcal ’ F(sei

ey

Here, the indices sci and cal refer to the uncalibrated measure-
ments of science target and calibrator. However, the ratio of the
visibilities at two given baselines is equal to the ratio of the
calibrated correlated fluxes

V(/l)2 — CF(/l)2,sci . CF(/l)l,cal
V(/l)l CF(/l)Z,cal CF(/l)l,sci

2

3 http://www.eso.org/sci/facilities/paranal/
instruments/midi/doc/

model with these parameters yields a stellar angular diameter
of 0.45 +0.03 mas. The interstellar reddening towards the binary
was determined to be E(B — V) = 0.17 mag from fits to the data
at photometric maximum. We used the interstellar extinction law
of Cardelli et al. (1989) with Ry = 3.1.

Two infrared spectra of HR 4049 have been obtained with
the Short-Wavelength Spectrograph (SWS, de Graauw et al.
1996) aboard the Infrared Space Observatory (ISO, Kessler et al.
1996). We use the spectrum that was taken on 6 May 1996 at an
orbital phase ¢ = 0.04, which is within the orbital-phase range
covered by the interferometric observations. We downloaded the
highly processed data products (HPDP) from the ISO archive
in the reduction of Frieswijk et al.*. These authors started from
data products produced with the off-line processing pipeline ver-
sion 10.1. The Infrared Spectrograph (IRS, Houck et al. 2004)
aboard the Spitzer Space Telescope (Werner et al. 2004) has also
obtained a spectrum of HR 4049 in the short-high (SH) mode.
We reduced the spectrum with pipeline version S15.3.0. It is re-
assuring that this spectrum, albeit obtained with a different in-
strument on a different satellite, is very similar to the ISO-SWS

4 http://iso.esac.esa.int/ida/

A76, page 3 of 15


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201219282&pdf_id=2
http://www.eso.org/sci/facilities/paranal/instruments/midi/doc/
http://www.eso.org/sci/facilities/paranal/instruments/midi/doc/
http://iso.esac.esa.int/ida/

A&A 551, A76 (2013)

spectrum, both in shape and in absolute flux level. We show both
infrared spectra in Fig. 1.

Ground-based mid-infrared observations of HR 4049 were
obtained with VLT/VISIR (Lagage et al. 2004) mounted on UT3.
The VISIR data were retrieved from the ESO data archive’.
Images were obtained in one broad-band and three narrow-band
photometric filters: SiC (Adcen = 11.85 um, A1 = 2.34 um), PAH2
(Acen = 11.25um, A2 = 0.59 um), PAH2_2 (A¢en = 11.88 um,
AA = 0.37 um), and Q1 (Acen = 17.65 um, A2 = 0.83 um). The
filter at 11.25 um is centered on the PAH 11.3 um feature. The
PAH flux contribution in this band, estimated from the ISO-SWS
spectrum, is 25%. The other two narrow-band filters (at 11.88
and 17.65 um) capture almost no PAH emission. The PAH flux
contribution in the broad-band filter at 11.85um is 5%. VISIR
also obtained spectroscopy of HR 4049 in the N band. Due to
the poor quality of the calibrator measurements, we could not
extract a calibrated VISIR spectrum. However, VISIR is a slit
spectrograph. The spatial information in the direction of the slit
(north-south in this case) is therefore preserved. We performed
astrometry on the spectral order in the raw 2D CCD images of
HR 4049. This yields the spatial extent (full width at half maxi-
mum, FWHM) and relative photocenter position of the target at
each wavelength. We discuss the VISIR data in Sect. 4.

The HIPPARCOS parallax of HR 4049 is 1.23 + 0.36 mas,
which places the object at a distance of 800 pc (Van Leeuwen
2007). Remarkably, HIPPARCOS did not flag HR 4049 as a bi-
nary. The spectroscopically determined semi-major axis of the
primary orbit is asini = 0.60 + 0.01 AU (Bakker et al. 1998).
If the object is at a distance of 800 pc, the photocenter displace-
ment of the primary on the sky due to the binary orbit is at least
0.75 mas, of the same order of magnitude as the measured paral-
lax. In fact, this is true for any distance to the source; the dimen-
sions of the binary are similar to the major axis of Earth’s orbit
around the Sun. Although not detected by HIPPARCOS, the bina-
rity of HR 4049 must have influenced the parallax measurement.
We will come back to this issue and solve it in Sect. 6.

3. Optical extinction
3.1. The dust model

We re-analysed the Geneva photometry published by Waelkens
et al. (1991). We tested which dust species can produce the ob-
served extinction law towards the primary star. To this end, we
computed opacities, i.e., mass absorption and scattering coef-
ficients «, for a set of common astronomical dust species in
the JENA database (Jager et al. 1994, 1998; Dorschner et al.
1995; Henning et al. 1995; Henning & Stognienko 1996; Scott
& Duley 1996). We selected the species for which refractive in-
dices are available from UV to infrared wavelengths, covering at
least 0.2—100 um. Because of the remarkably featureless infrared
spectrum of HR 4049, we also focused on the dust species which
have smooth infrared opacities. This excludes a priori small crys-
talline silicates, for example.

To convert optical constants to absorption and scattering
opacities, a dust grain size and morphology needs to be as-
sumed. Here, we tested a range of grain sizes covering 0.01 um
to 10 um, and three grain shape models: solid spherical parti-
cles (Mie grains), a distribution of hollow spheres (DHS), and a
continuous distribution of ellipsoids (CDE). The DHS model as-
sumes that grains are spherical, but may include a large volume
fraction of vacuum, mimicking grain porosity. We varied the

> http://archive.eso.org/eso/eso_archive_main.html
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Table 2. Tested dust species, sizes, and shapes.

Species  Amorphous carbon (1)
Amorphous olivine Mg, xFe,_»,Si0y, x € [0, 1] 2)
Amorphous pyroxene Mg, Fe;_,SiO;, x € [0, 1] 3,4
Metallic iron 5)
Magnetite Fe; 0,4 4
Hematite Fe, O3 a

Magnesium/iron oxide Mg,Fe;_,O with x € [0,0.6] (6)

Size 0.01,0.1, 1, 3,5, 10 um
Shape  Continuous Distribution of Ellipsoids (CDE)" (7, 8)
Distribution of Hollow Spheres (DHS)“ (7, 8)

Notes. @ Amaury H.M.J. Triaud, unpublished. Extracted from the
JENA database. ® Only valid in Rayleigh limit; grain sizes <0.1 um.
© fax between O (i.e., solid Mie grains) and 0.8.

References. (1) Jager et al. (1998); (2) Scott & Duley (1996); (3) Jager
et al. (1994); (4) Dorschner et al. (1995); (5) Henning & Stognienko
(1996); (6) Henning et al. (1995); (7) Min et al. (2003); (8) Min et al.
(2005).

maximum vacuum fraction between fj,x = O (i.e., Mie grains)
and fi.x = 0.8. The CDE model assumes a distribution of el-
lipsoidal grains, ranging from spheres to needles. Opacities are
computed in the Rayleigh limit, i.e., for grains with sizes a that
obey 2ra/A < 1, with A the wavelength. Because the computed
opacities are used here at optical wavelengths, the CDE model is
only valid for small grains with sizes below 0.1 um. Both DHS
and CDE are able to represent grain morphologies that deviate
strongly from spherical (Min et al. 2003, 2005). Table 2 lists
the dust species, adopted grain sizes, and shape distributions, for
which absorption and scattering opacities were computed.

3.2. Extinction law

We reddened the Kurucz model atmosphere for the primary star
according to the opacity curve of each of the dust species. We
assumed isotropic scattering. The stellar light was attenuated by
gradually increasing the dust column density until the maximal
observed optical attenuation of Ay ~ 0.3 mag was reached. We
then computed synthetic Geneva magnitudes and colors for the
reddened atmosphere models. Because of the logarithmic mag-
nitude scale, the synthetic color—-magnitude diagrams are straight
lines.

We turned back to the observations and performed a linear-
regression fit to six independent color—-magnitude diagrams of
HR4049:U-B,B1-B,B2—-B,V1-B,V—-B,andG—-Bvs.V
(Fig. 3). All other color-magnitude diagrams are linear combi-
nations of these six and thus contain the same information. The
residual scatter around the linear fit may have different causes,
including intrinsic brightness variations of the primary star, ac-
tivity in the binary system, density variations in the circumbinary
dust that attenuates the primary starlight, and also observational
uncertainties. We defined a chi-square variable

Xobot = Z(di = (), 3)

with d; the perpendicular distance of a point in the color—
magnitude diagram to the linear fit and (d) the average distance
of the points to the line. The latter is zero because of the linear
regression. An analoguous value )(f(ur was computed for the red-
dened atmosphere models. In the latter case, (d) is non-zero. An
offset between the location of the linear fit to the model data and
the photometric observations can occur because of differences
between the modeled and the true spectrum of the target, or be-
tween the modeled and true interstellar extinction law. This is
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Fig. 3. Six independent Geneva color—magnitude diagrams of HR 4049. The linear-regression fit to the data is shown in black. The other curves
show the color/magnitudes of the Kurucz model, reddened with the interstellar extinction law of Cardelli et al. (1989, foreground extinction) and

with different dust species with a grain size of 0.01 ym and an appropriate

range of column densities (variable circumstellar extinction). The grain

shape distribution is DHS with f,.x = 0.8, except for amorphous carbon (Mie, i.e., DHS with f,.x = 0). Top left panel: the discrepancy between
the observed and the modeled U — B color may be due to a UV-excess in the binary system.

Table 3. Dust species with extinction curves consistent with the Geneva
color-magnitude diagrams (X < 3, see Eq. (4)).

Species Grain size  Grain shape X2
(um)

Amorphous carbon 0.01 Mie 1.04

FeO* 0.01 DHS 1.26

Fe;04 0.01 DHS 1.34

Metallic iron 0.01 DHS 1.54

Amorphous carbon 0.01 DHS 1.71

Notes. @ Mg, Fe;_,O with x > 0 also yields acceptable fits.

clear in the U — B vs. V color—-magnitude diagram (Fig. 3, upper
left panel). However, here we focused on the extinction law in
the line of sight and hence only on the slope of the variations in
the color—magnitude diagrams. We defined
X2 = /\/%(ur//\/éhol' (4)
A model with X> = 1 provides a match to the slopes of the
extinction curve equivalent to a linear regression fit, given the
residual spread on the data.

Because of the extreme iron depletion in the primary pho-
tosphere and the hypothetical selective re-accretion, one may
expect that the circumbinary disk contains detectable amounts
of iron-bearing dust. DHS-shaped iron oxides, magnetite, and
metallic iron grains reproduce the observed extinction law rea-
sonably well; however, 0.01 um-sized Mie amorphous-carbon
opacities provide the best fit. The fit with 0.01 um-sized
DHS-shaped (i.e., fmax > 0) amorphous carbon grains is also
acceptable. A summary is presented in Table 3. We cannot un-
ambiguously differentiate between these different dust species
based on the optical extinction data alone. All other tested
dust species, including amorphous silicates and Fe,O3, can be

rejected (X2 > 3). Grain sizes larger than 0.1 um can be ex-
cluded as well, because the corresponding opacities are too grey
to match the steep observed extinction law.

4. PAH emission

We now focus on the appearance of the system at infrared wave-
lengths. Menut et al. (2009) analyzed early MIDI observations
of HR 4049. They find that the emission region of the PAH 7.7,
8.6, and 11.3 um features is more extended than that of the un-
derlying continuum. Our new MIDI measurements confirm this.
The correlated fluxes show no sign of the PAH features. This
indicates that the PAH emission region is fully resolved by the
interferometer, even on the short baseline of 15 m. We estimated
a lower limit to the extent of the PAH emission region of 100 mas
(64 AU at 640 pc). In line with Menut et al. (2009), we conclude
that the PAH emission region is not only situated in the disk,
although a contribution from the disk is still possible.

We turn to the VISIR data to locate the PAH emission. In all
four VISIR images, HR 4049 appears as a point source. Closer
inspection of the point spread function (PSF), however, shows
that it is 15% broader than the calibrator PSF in the photometric
band that covers the PAH 11.3 um feature, while both PSFs are
almost identical in the broad-band filter. This indicates that the
PAH emission region is slightly resolved on a scale comparable
to that of the VISIR PSF, i.e., several 100 mas.

Confirmation comes from the VISIR slit spectroscopy.
Figure 4 shows the mid-infrared ISO-SWS spectrum, the spa-
tial extent (FWHM), and the relative spatial position of HR 4049
projected onto the slit direction (i.e., north-south) from VISIR.
The PAH emission region is marginally, but convincingly,
resolved with respect to the unresolved emission of the circumbi-
nary disk. Moreover, the photocenter of the PAH emission re-
gion, projected onto the slit north-south direction, is located to-
wards the south of the continuum emission region. The PAH
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Fig. 4. a) ISO-SWS spectrum in the N-band range. The PAH features
at 8.6, 11.3, 12.0, and 12.7 yum are indicated, the dashed line represents
the continuum. b) Spatial extent along the slit north-south direction of
VISIR. The dashed line indicates the width of the spatially unresolved
continuum, which increases with wavelength. ¢) Relative spatial posi-
tion with respect to the continuum along the slit direction of VISIR. The
PAH emission region is extended on a scale of several 100 s of AU and
its photocenter is located towards the south of the continuum emission
region.
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Fig. 5. Spectral energy distribution of HR 4049. The ISO-SWS spec-
trum (grey line), and IRAS 25, 60, and 100 um, and SCUBA 850 um
photometry (grey boxes). The green line is the fit with a single black-
body (1200 K, in accordance with Dominik et al. 2003). The spec-
tral energy distribution of our model (blue) underestimates the flux at
A > 20 um. The red line shows our model plus a 200 K blackbody,
scaled to the SCUBA 850 um flux. See Sect. 7 for details.

emission is therefore not centered on HR 4049, consistent with
the idea of a bipolar outflow in which the receding lobe (towards
the north) is partially obscured by the circumbinary disk.

5. The circumbinary disk: an optically thick wall?

Based on the shape of the infrared spectral energy distribu-
tion (Fig. 5), Dominik et al. (2003) argue that the disk around
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HR 4049 is optically very thick. In their model, the disk is a
vertical wall with a large scale height, 1/3 of the inner disk ra-
dius. We have compared this geometry to our interferometric
observations.

Our wall model consists of a vertical wall of uniform bright-
ness with an inner radius Rj, € [5,25] mas, a height H = R;,/3,
an inclination i € [40°,70°], and a disk position angle on the sky
PA € [0°,360°]. We define PA = 0° when the far side of the in-
clined disk, projected on the sky, is oriented towards the north®.
Only the inside of the wall, which faces the binary, is bright.
Because a high optical depth is assumed, the backside is dark
and blocks the light from the inside. The flux contribution of the
primary star at near-infrared wavelengths is estimated from the
spectral energy distribution and the stellar atmosphere model.
We construct wall model images and compute near-infrared vis-
ibilities and closure phases as explained in Appendices A and B.

The best wall models have PA = 130 + 10°, i = 60 +
10°, R;, > 15 mas, and reduced chi-square values of ~20 for the
AMBER visibilities and ~8 for the AMBER closure phases. The
wall model images have by definition very sharp edges and they
deviate strongly from point symmetry because of the high in-
clination. As a result, the model closure phases have large am-
plitudes, which is inconsistent with the moderate closure phases
observed. Nonetheless, the orientation of the disk on the sky is
well established. Specifically, it is the progression of the zero
points in the closure phase as a function of baseline position an-
gle, well sampled by the observation sequence (c) to (g) listed
in Table 1, that provides a strong constraint on the disk position
angle.

The disk extent is less well determined; the simple geomet-
ric model provides only a lower limit to the inner radius of the
wall. At long baselines, the circumbinary disk is almost fully
resolved, while the primary star remains spatially unresolved. In
other words, the measurements at long baselines provide only in-
formation on the wavelength-dependent flux ratio of the star and
the disk in the near-infrared. As a reference, a basic model with
an unresolved star (V, = 1) surrounded by a fully resolved disk
(Vaisk = 0) provides a fit to the AMBER visibilities with a re-
duced chi-square of ~40. The corresponding closure phases are
obviously zero in this case, inconsistent with the observations.

Following the reasoning of Dominik et al. (2003, their
Sect. 5), one obtains for the optically thick wall that
R; 2
Vi (7] ®

*

an equation that is valid irrespective of the distance to HR 4049.
Dominik et al. (2003) derive 7' = 1200 K for a fit to the spectral
energy distribution with a single blackbody, a value that we con-
firm here in Fig. 5. This temperature corresponds to R; /R, = 45.
All our best wall models have R;,/R, larger than 67 + 4, us-
ing a stellar angular diameter of 0.45 mas (Sect. 2.2), and hence
T < 1000 K. The assumption of an optically thick vertical wall
producing blackbody emission is not consistent with the inter-
ferometric measurements. We therefore reject this hypothesis.

The presence of very small dust particles in the upper lay-
ers of the circumbinary disk is evidenced by the optical extinc-
tion towards the primary. We investigate an alternative model
in which the featureless infrared spectrum is produced by small

6 In the literature, the disk position angle commonly refers to the angle
of the major axis on the sky. This angle is £90° offset with our disk PA.
Nonetheless, we use our PAdefinition because it does not suffer from a
180° degeneracy.
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grains with smooth opacities. We present this new model in
Sect. 7. First, however, we discuss the distance to HR 4049.

6. The distance to HR 4049

The distance to HR4049 is highly uncertain because the
HIPPARCOS parallax measurement is influenced by the bi-
nary motion. Strangely enough, HIPPARCOS did not recog-
nize HR4049 as a binary star and also a detailed inspection
of the HIPPARCOS data did not reveal the binary signature
(D. Pourbaix, priv. comm.). This means that, due to the specific
combination of orbital parameters and the distance to HR 4049,
the HIPPARCOS measurements resemble that of a single star at a
distance of 800 pc.

The optical spectroscopy constrains all orbital parameters of
the primary (epoch of periastron passage T, period P, projected
semi-major axis asini, eccentricity e, and argument of perias-
tron w; Bakker et al. 1998), apart from the longitude of the as-
cending node Q and the inclination of the orbital plane i. The in-
terferometric measurements, and specifically the closure phase
measurements, constrain the orientation angle of the disk’s ma-
jor axis on the sky. If the orbital plane of the binary coincides
with the disk plane, this angle is equivalent to Q. This assump-
tion is justified: although the formation process of the disk is
unknown, binary interaction is most likely a key ingredient and
the plane of the disk is expected to be identical to the orbital
plane.

The far side of the disk in the wall models presented in
Sect. 5 is located at a position angle PA = 130° + 10° E of N.
The longitude of the ascending node Q is either PA + 90° or
PA —90°, depending on the orbital direction of the binary: if the
binary revolves counterclockwise in the plane of the sky, then
Q = 40°. Otherwise Q is 220°. We have computed the apparent
parallax of HR 4049, which is a combination of the binary orbit
and the intrinsic, distance-related parallax, for Q and i consistent
with the results of the interferometric modeling and for any dis-
tance to the source d. To mimic the HIPPARCOS measurements,
we have computed the offset of the primary on the sky at the
times of the HIPPARCOS observations. An ellipse was fitted to
these offsets to determine the simulated parallax.

We find that for Q = 40°, the computed parallax agrees
within uncertainties with the observed value of 1.23 + 0.36 mas,
if the distance to HR 4049 is 1050+320 pc. In this case, the com-
bination of the binary orbit and Earth’s orbit projected on the sky
increases the parallax signal. Hence, the measured HIPPARCOS
parallax appears larger than that expected for a single star at
a distance of 1050 pc. For Q = 220°, we find a distance of
640 + 190 pc. In the latter case, the binary motion on the sky
counteracts the distance-induced parallax and the target is closer
than the combined parallax appears to suggest.

7. Radiative-transfer modeling
7.1. A priori considerations

The optical attenuation Ay of the primary due to the circumbi-
nary matter varies between 0 and 0.3 mag. The line of sight to-
wards the primary intersects with the upper layers of the inner
disk. The optical analysis indicates that the dust in this region is
either iron-bearing dust or amorphous carbon. It also proves that
very small (0.01 um) grains are present and that these grains are
the dominant source of opacity in the upper layers of the disk at
optical wavelengths.

The goal of this paper is to identify the dust species which es-
tablishes the appearance of the HR 4049 system from optical to
mid-infrared wavelengths. We stress that our investigation does
not aim to determine the dust component that dominates the disk
in terms of mass or abundance, but in opacity.

For this purpose, we use the radiative-transfer modeling code
MCMax (Min et al. 2009). The code computes the temperature
and density structure of a dust- and gas-rich disk around a cen-
tral illuminating source. The detection of strong gaseous emis-
sion lines indicates that the circumbinary disk around HR 4049
is indeed rich in gas (Cami & Yamamura 2001; Hinkle et al.
2007). The dust provides the opacity and is heated by the star.
The gas is assumed to be thermally coupled to the dust and thus
has the same temperature structure. The prime assumption of the
model is that the disk is in vertical hydrostatic equilibrium. The
disk scale height is set by the balance between gas pressure and
gravitational pull of the central object perpendicular to the disk
midplane. In the case of HR 4049, the central source is a binary.
The estimated semi-major axis of the binary is of the order of a
few primary stellar radii (Bakker et al. 1998). It is clear from our
simple geometric model presented above in Sect. 5, that the di-
mensions of the binary are much smaller than the dimensions of
the disk. Therefore, we can approximate the binary by a single
central star, which has the temperature and luminosity of the pri-
mary star of HR 4049, but with a stellar mass representing both
stars.

Radiative-transfer modeling of circumstellar disks has
shown that the smallest dust grains provide the bulk of the opac-
ity, both in terms of absorption in the optical and thermal emis-
sion in the near- and mid-infrared, even when these grains rep-
resent only a tiny fraction of the total disk mass (e.g., Meijer
et al. 2008; Acke et al. 2009). The appearance of the disk in
the mid-infrared is almost exclusively dominated by this small-
grain component, regardless of the presence of larger grains with
lower opacities. A radiative-transfer model with a content of
only small grains, or with a mixture of large and small grains,
will produce similar spectra and images. Therefore, for the pur-
pose of our investigation, it is viable to assume that the entire cir-
cumbinary dust disk fully consists of small grains. Furthermore,
guided by our analysis of the attenuation of the stellar light by
the disk at optical wavelengths, we assume the disk contains only
one of the species mentioned above. The opacities of the four
tested dust species are plotted in Fig. 6. As described in Sect. 6,
the distance to HR 4049 is either 640 pc or 1050 pc. We com-
puted radiative-transfer models for both distances.

A downside of our approach is that our model cannot pro-
duce a satisfying match to the spectral energy distribution at
far-infrared and millimeter wavelengths. At long wavelengths,
0.01 um-sized grains have no opacity and hence produce no
emission. The inclusion of large dust grains in the model would
significantly improve the match to the spectral energy distri-
bution. However, this strongly increases the complexity of the
model in terms of free parameters (e.g., grain size distribution,
vertical settling and mixing) and is beyond the scope of this

paper.

7.2. The model grid

The computational time needed to calculate a single model is
approximately 1 min. We opted for a grid approach instead of
applying a minimization fitting routine. Each of the grid mod-
els is compared a posteriori to the available data (see Sect. 7.3).
The free input parameters of the radiative-transfer model are lim-
ited to the following: the opacity table of the dust species under
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Fig. 6. Opacity curves of the four dust species that satisfy the optical
extinction law towards HR 4049, normalized by «y (at 0.55 um). The
grain size is 0.01 ym, the grain shape distribution is either DHS with
fmax = 0.8, or Mie (ﬁnax =0).

Table 4. Grid parameters of the radiative-transfer models.

Parameter Value/range*
Species Iron oxide 0.01 um, DHS
Magnetite 0.01 um, DHS
Metallic iron 0.01 um, DHS
Amorphous carbon  0.01 um, DHS
Amorphous carbon  0.01 um, Mie
Distance (pc) 640, 1050°
Lprim (Lo) 2800, 8000¢
Mk (Mo) (1,3]
Rin (AU) (8, 30]
Roul/Rin [l], 3]
Maust (107* Mo) (0.1, 10]
p [1,3]
i ) [10, 80]
PA (°Eof N) [0, 360]

Notes. @ Square brackets give the range of the parameter searched.
® See Sect. 6. © The primary’s luminosity at a distance of 640
and 1050 pc, respectively.

consideration, the total stellar mass of the binary (M), the in-
ner and outer radius of the disk (Rj,, Rou), the total mass in the
small dust grains (Mgyst), and the surface density power law

R -P
%(R) = Zip (R_) with R € [Rin, Roul. (6)
where p is a free parameter and &, is fixed by
Rou(/Rin
Myyse = 2nZinR;, f x'Pdx. (7)
1

The orientation of the disk in space is fixed by two angles: the
inclination (/) and the position angle on the sky (PA). Again, we
define PA = 0° when the far side of the inclined disk, projected
on the sky, is oriented towards the north. The grid parameter
ranges are summarized in Table 4.

7.3. Comparing the models to the observations

In the search for the model in the grid which best reproduces the
observations, we have defined five chi-square variables.
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- Xgpec. The modeled infrared spectrum is compared to the
ISO-SWS spectrum of HR 4049 at wavelengths outside of
the PAH features (see Fig. 7).

- Ximper @nd xZ,. From the model images at 2.2um,
squared visibilities and closure phases are computed (see
Appendices A and B). We compute a chi-square for both the
squared visibilities y; ... and the closure phases yg,. The
latter is defined using phasors

o _ Loy (arelexpli®) - iPmoa,)) ?
ch - N j:] 0_] B

®)

®; are the observed closure phases, o; the corresponding
errors, ®p,qq,; the modeled closure phases, and N = 2152 the
number of closure phase measurements.

- Xfm gi- From the image at 10 um, model visibilities are com-
puted. Because the MIDI data reduction only provides good
estimates of the relative visibilities on the two baselines, we
define a chi-square

2
2 _ l 2:N Vrel,j — Vrel,mod,j )
Xmidi - Ol

rel,j

~ = ©

Herein, Vi, j = Voom,j/Vism,; are the MIDI relative visi-
bilities, orr,j the corresponding errors, Vieimod,; the model
visibility ratios, and N = 30 the number of MIDI relative
visibilities.

- x2, All interferometric observations were taken near the
photometric minimum, when the primary of HR 4049 is most
obscured. The optical attenuation at that phase is Ay =
0.3 £ 0.1 mag. The attenuation of the model is computed by
comparing the model spectrum to the input Kurucz model
at 0.55 um. Because the tested dust species are selected to
provide a good fit to the extinction curve in the optical wave-
length range, radiative-transfer models with the right optical
attenuation have the right optical colors as well.

An acceptable model should provide a good fit to all observa-
tions simultaneously. First, we select models based on their abil-
ity to reproduce the interferometric observations, that is, models
that satisfy simultaneously

Xﬁmber < 3 min (Ximber)
Xop < 3min (x2,) (10)
Xomigi < 3min (sznidi) ,

where the minimum is taken over the entire grid of models. We
then pick the models that satisfy

(11

with the minimum taken over the selected subset. Finally, the
best model is defined as the one with the lowest value in y2,,.

2 : 2
Xspec < 3min (Xspec) ’

7.4. Modeling results

We discuss the modeling results for the four dust species that
satisfy the optical extinction law.

Iron oxide. The opacities of the magnesium/iron oxides show a
lack of opacity in the near-infrared and a smooth, broad band
around 20 um. The models that best reproduce the interfer-
ometric data therefore have spectra with a strong excess at
mid-infrared wavelengths and a moderate near-infrared excess.
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The observed infrared spectrum of HR 4049 clearly does not
have this shape. Magnesium/iron oxides are excluded as the
dominant opacity source in the circumbinary disk.

Magnetite. None of the models in the computed grid satisfies
the interferometric criterium (Eq. (10)) and reproduces both
visibilities and closure phases simultaneously. Ignoring the bad
fit to the interferometry, some models have spectra that match
the observed infrared spectrum well. However, like the iron
oxides, the magnetite opacities have structured spectra in the
10-30um range. This results in a clear feature at 17 um in the
model spectra, which is not seen in the observations of HR 4049
(see Fig. 7). We reject magnetite.

Metallic iron. While the interferometric observations can be re-
produced relatively well, not a single one of the models in the
grid with metallic iron produces an infrared spectrum that is
compatible with the observed spectrum. All the model disks are
optically thin at infrared wavelengths. The spectrum is therefore
proportional to a gradient of blackbody curves, multiplied with
the opacity. Due to the steep decline of the opacity curve of
metallic iron towards long wavelengths, the infrared spectra of
all metallic-iron models are skewed, with a strong shoulder at
near-infrared wavelengths (1-2um). This is inconsistent with
the observed infrared spectrum.

To reduce the strong near-IR bump and get the peak of the
emission at 4-5 um, as observed in the spectrum of HR 4049, the
metallic iron has to be cooler than ~600 K. Even in model disks
with the largest inner radii (30 AU), however, the iron grains
are too hot (1100K) because of the high optical-to-infrared
opacity ratio of metallic iron. Expanding the grid to even larger
inner disk radii would improve the spectral match, but the
interferometric data do not allow for a larger angular extent of
the disk on the sky. Metallic iron is removed from the shortlist
of dominant opacity sources in the disk around HR 4049.

Amorphous carbon. The disk models with amorphous carbon
provide significantly better fits to the infrared observations. A
few dozen grid models satisfy both the interferometric criterium
(Eq. (10)) and the spectral criterium (Eq. (11)). The parameters
of the best model are listed in Table 5. The error bars represent
the spread around the best model parameters of those grid mod-
els that satisfy the criteria.

The spectrum of the best amorphous-carbon model is plotted
in Fig. 7. The match between the shape of the modeled spectrum
and the observed infrared spectrum is remarkable. The fit to the
interferometric data is shown in Figs. 8 to 12. The low-resolution
AMBER visibilities (Fig. 8) span the H and K bands. The rela-
tive flux contribution of the spatially unresolved primary star to
the total flux decreases towards longer wavelengths, from ~0.6 at
the blue end of the H band to ~0.2 at the red end of the K band.
We take this effect into account (see Appendix B). It leads to
higher visibilities at short wavelengths.

Deviations between the observed and modeled visibilities are
largest in the H band. The AMBER observations were obtained
using the fringe tracker FINITO when the weather conditions al-
lowed (see Sect. 2.1). Only 30% of the H-band flux of HR 4049,
intrinsically an already faint AMBER target, is transmitted to
the science detector. Even when the weather conditions were
worse, and FINITO could not be used, the H-band flux was low.
As a result, the uncertainties on the H-band correlated fluxes
are large. Moreover, systematic calibration errors may occur.
Decreasing quality of the fringe measurements generally leads
to a loss of coherence, reducing the calibrated visibilities if the

100 — T
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Fig.7. Model fit to the ISO-SWS spectrum of HR 4049. The spectrum
of the best amorphous-carbon model is shown (red), along with the
best magnetite model (cyan) and the best fit with a single blackbody
(T =1200 K, green).

AV?
o
o

I

Spatial frequency (cycles/arcsec)

Fig. 8. Low-resolution (LR-HK) squared visibilities of HR 4049 as a
function of spatial frequency. Top to bottom: observed squared visibil-
ities V2, model squared visibilities V2, and residual squared visibil-
ities AV? = V2 — V2 .. Colors refer to the wavelength of the obser-
vation: from 1.6 um (blue) to 2.4 um (red). The gap visible for each
observation is the band gap between the H and K bands. The H-band
squared visibilities are higher than the K-band measurements because
of the higher flux contribution of the unresolved primary star at short
wavelengths.

measurements of the calibrator are of better quality than those of
the science target. In Fig. 8, it can be seen that the model visi-
bilities systematically exceed the observations, which may point
to this effect. It is also possible that the flux ratio of the star and
disk deviates from the model in the H band. However, this flux
ratio is constrained by the Kurucz stellar atmosphere model, fit
to the optical photometry, and the ISO-SWS infrared spectrum,
and fixed in the radiative transfer modeling (see Appendix B).
This approach is self-consistent, and comparison of the data sets
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Fig. 9. Medium-resolution (MR-2.1 and MR-2.3) squared visibilities of
HR 4049. Colors refer to different baselines: respectively blue, red, and
green for the first, second and third baseline of observations (k) to (n) in
the order listed in Table 1. Top to bottom in each panel: observed Vozbs,
model V2 . and residuals AV? = V2 — V?
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Fig.10. Low-resolution (LR-HK) closure phase measurements of
HR 4049. Each panel refers to a baseline triangle. The letter in the
top corner refers to the corresponding entry in Table 1. Measurements
are indicated by black dots with error bars; the red line represents the
model.

at different wavelengths and with different instruments, which is
necessary for our investigation, remains possible.

Because of the large uncertainties of the H-band visibil-
ities, the interferometric model is mostly constrained by the
low- and medium-resolution K-band measurements. The latter
are reproduced well: the two local minima seen in the low-
resolution K-band visibilities (at spatial frequencies around 60
and 150 cycles/arcsec; Fig. 8) and the relative shape of the
medium-resolution visibilities (Fig. 9).
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Fig. 11. Medium-resolution (MR-2.1 and MR-2.3) closure phase mea-
surements of HR 4049. Symbols are similar to those in Fig. 10.
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Fig. 12. MIDI relative visibilities Va9,,/Vsy. Black dots are the data; the
red line is the model.

The orientation of the disk on the sky is mostly constrained
by the LR-HK closure phase series (c) to (g) (see Table 1). These
observations were obtained consecutively on a single baseline
triangle. Due to the Earth’s rotation, the baseline lengths and
orientations on the sky change during the night. The model re-
produces nicely the observed trend of the closure phases with
time (Fig. 10). Also the medium-resolution closure phases are
matched by the model (Fig. 11). The MIDI relative visibilities,
shown in Fig. 12, are reproduced perfectly.

The model disk density and temperature structure are shown
in Fig. 13. Model images at 2.2 um and 10 um are displayed in
Fig. 14. Note that the disk is moderately optically thick at op-
tical wavelengths but optically thin at infrared wavelengths, in
contrast to the very optically thick wall model of Dominik et al.
(2003).

7.5. The distance to HR 4049 revisited

We may be able to differentiate between the two possible dis-
tances to HR 4049 found in Sect. 6. Our best models have a
binary stellar mass of 1.1 + 0.1 My and 2.8 + 0.3 M,, for a
distance of 640 and 1050 pc, respectively. By means of the
mass function of the primary, derived from optical spectroscopy
(0.158 £ 0.004 M, Bakker et al. 1998), and the now known in-
clination of the system, the binary mass can be converted to the
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Fig. 13. Density and temperature structure of the best model. R is the
radial distance to the primary, z the vertical height above the disk mid-
plane. The color scale and black contours indicate the local temperature
of the amorphous carbon in Kelvin. White contours indicate the local
density with respect to the maximal density at R = Rj, and z = 0. The
dotted line is the line of sight towards the primary.

masses of the individual stars. For a distance of 1050 pc, the pri-
mary and secondary mass are 1.6 +0.2 My and 1.1 £0.1 M, re-
spectively. Such a primary mass is excessively high for a white
dwarf, which makes a distance of 1050 pc unlikely. At a dis-
tance of 640 pc, the primary and secondary have a lower mass of
0.4+ 0.1 My and 0.7 £ 0.1 My, respectively. This primary mass
is within the expected range for a post-AGB star. We conclude
that the most likely distance to HR 4049 is 640 pc.

With an effective temperature of 7500 + 200 K and an an-
gular diameter of 0.45 + 0.03 mas at a distance of 640 + 190 pc,
the primary has a radius of 31 + 9 Ry and a luminosity of
2800 = 1700 L, for a stellar mass of 0.4 + 0.1 My, This is close
to what is expected from Paczynski’s core mass-luminosity re-
lation: a luminosity of 2800 Ly corresponds to a stellar mass
of ~0.55 My (Paczynski 1970a,b). The inferred surface grav-
ity log g is 1.1 £ 0.3 dex, consistent with the spectroscopic value
of 1.0 £ 0.5 dex.

At adistance of 1050+320 pc, the primary’s radius and lumi-
nosity would be 50+ 15 Ry and 8000 +4000 L, for an (unlikely)
mass of 1.6 = 0.2 M. Also in this case, logg = 1.2 + 0.3 dex is
consistent with the spectroscopic value, but, again according to
the mass-luminosity relation, the luminosity corresponds to that
of a post-AGB star that is only half as massive.

8. Conclusions
8.1. Discerning metallic iron and amorphous carbon

With our case study of HR 4049, we have shown that the com-
bination of infrared spectroscopy and interferometry is a power-
ful tool for discriminating between dust species with featureless
opacities. While the spectrum is related to the temperature struc-
ture of the circumstellar dust, the high-angular-resolution data
constrain the physical location of the material. Dust species that
are not in thermal contact have different temperatures at the same
physical location from the illuminating source because of their
different absorption/emission properties.

Table 5. Parameters of the best model.

Parameter Value

Dust species Amorphous carbon

Grain size 0.01 um

Grain shape Mie

Distance 640 + 190 pc

M 1.1 £0.1 M,

M ...04 0.1 M,

M ...0.7+£0.1 M,
in 15+1AU

Rou/Rin 22+03

M gust (1.0 £ 0.4) x 1078 M,

)4 1.3+£0.3

i 60° + 5°

PA 130° £ 10° Eof N

Xﬁmbcr 12.1

Xop 23

X 0.2

XZpec 19

ngt 0.2

Notes.  The primary and secondary mass are computed from M, the
inclination of our best model, and the mass function of the primary star
(see Sect. 7.5).

In general, by measuring the temperature of the dust and its
location, one can constrain the type of dust under consideration.
This is specifically true for small metallic iron and amorphous
carbon grains. Both species are expected to be abundant in differ-
ent astrophysical environments, e.g., AGB winds and circumstel-
lar disks, but their identification based on the infrared spectrum
alone is impossible. Fortunately, the opacity of metallic iron
decreases more quickly towards longer wavelengths than that
of amorphous carbon (Fig. 6). This makes metallic iron grains
much hotter than amorphous carbon grains under the same opti-
cal irradiation. Spatially resolved observations lift the ambiguity.
The combination of spectroscopy and interferometry is therefore
a very promising tool for identifying these dust species in a wide
range of astrophysical environments.

8.2. A consistent image of HR 4049

The system HR 4049 consists of a binary located at a distance of
640 pc, surrounded by a circumbinary dust- and gas-rich disk.
It contains an evolved, 0.4 = 0.1 My, 7500 + 200K star, and an
undetected 0.7 + 0.1 M, secondary. Under the assumption that
the latter is on the main sequence, this mass corresponds to that
of a K-type star.

8.2.1. The circumbinary disk

The binary is surrounded by a circumbinary disk, rich in gas and
dust. Our model indicates that small amorphous carbon grains
are the dominant source of opacity. The total dust mass in these
grains required to reproduce the near- to mid-infrared observa-
tions is only 10% of a Moon mass.

The radial extent of the disk seen in the near- and mid-
infrared is limited to a few tens of AU. The disk is optically
thick to the stellar radiation in radial direction, but almost opti-
cally thin at infrared wavelengths. The ratio of the total infrared
excess luminosity and the stellar luminosity of the best model
is 25%, lower than the observed 33% (Dominik et al. 2003).
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Fig. 14. Best-model image at 2.2 and 10 um. North is up, east is left. At a distance of 640 pc, 1 mas corresponds to 0.64 AU. The dashed line in
the right panel indicates the photocenter location of the PAH 11.3 um emission region relative to the disk center, projected on the N — § axis (xps).
The photocenter position in the £ — W direction is not constrained (see Sect. 8.2.2).

The difference between the thermal emission of the model and
the photometric observations occurs at wavelengths beyond the
mid-infrared, where our model fails (as explained in Sect. 7.1).
This discrepancy at long wavelengths can be phenomenolog-
ically solved by including large (>several um) and cold dust
grains either in the midplane of the disk or at larger distances
from the star. Inclusion of a dust component of this kind results
in additional emission at long wavelengths, while the appear-
ance of the disk at optical and mid-infrared wavelengths remains
similar.

The spectral energy distribution of HR 4049 is shown in
Fig. 5. While our model provides a satisfying fit at short wave-
lengths, it underestimates the flux beyond 20 um. A fit with a
200K blackbody representing the cold dust component in the
disk provides an ad hoc solution to this problem. We scaled
the blackbody so that the SCUBA 850 um flux is matched. The
radiating surface of the blackbody is 740 mas’ (i.e., 30% of
the midplane surface of our model projected on the sky). We
note that a single-temperature blackbody fit (1200 K) does not
fully grasp the shape of the spectral energy distribution either
(Fig. 5).

The optical spectrum of HR 4049 shows the [O 1]6300 A
emission line. The position and width of the line profile do not
change with orbital period, which made Bakker et al. (1996)
conclude that the emission region is located in the circumbi-
nary disk. This is not uncommon for early-type stars surrounded
by a disk; also pre-main-sequence stars display disk [O T] emis-
sion (Acke et al. 2005). The broadening of the line is due to the
Keplerian velocity of the line formation region in orbit around
the star/binary. With our value for the binary stellar mass of
HR 4049 we derive a Keplerian velocity at the inner radius of the
circumbinary disk of vj, = 9+1 km s7!in perfect agreement with
the feature’s full width at half maximum of 20 kms™! (Bakker
et al. 1996). Hinkle et al. (2007) have determined the widths
of the infrared CO lines to be in the range of 16-18 km s'.

A76, page 12 of 15

Adopting our model parameters, this broadening is consistent
with a disk origin of the CO emission as well’.

8.2.2. PAH outflow

The far side of the circumbinary disk is oriented towards
PA 130°. The VISIR spectroscopy indicates that the pho-
tocenter of the PAH emission, projected onto a N — § axis, is
located south of the photocenter of the disk emission. These ob-
servations are consistent with a bipolar outflow, perpendicular
to the disk midplane, along the rotation axis of the disk. The
receding lobe is oriented towards PA 310°. Compensating
for the PAH-to-total flux ratio (fpan = Fpan/Fioa) and taking
into account the orientation of the disk (PA), one can compute
the photocenter displacement of the PAH emission region on
the sky x from the photocenter displacement measured in the
N — S direction by VISIR x, using
yo  Jms

Jpan cos PA

The photocenter of the PAH 11.3 um emission region on the sky
is located 40 + 10 mas (26 AU at 640 pc) from the disk cen-
ter, comparable to the extent of the disk at these wavelengths
(Fig. 14). This again shows that the emission region is much
larger than the circumbinary disk and is most likely a bipolar
outflow.

12)

8.2.3. Diamonds

HR 4049 is one of the very few astronomical sources that
displays the near-infrared emission bands of hydrogenated

7 Hinkle et al. (2007) assumed an inner dust-disk radius of 10 AU and
mention that the CO gas is located at the inner radius if the total bi-
nary mass is 0.9 M. Our models constrain both parameters, and place
the disk at a slighly larger distance from the binary, but also indicate a
slightly higher binary mass.
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diamonds (Geballe et al. 1989; Guillois et al. 1999). The pre-
main-sequence star HD 97048 is also surrounded by a disk con-
taining diamonds (Acke & van den Ancker 2006). The infrared
spectrum of HD 97048 shows strong PAH emission emanat-
ing from the disk and no sign of silicate emission. The geom-
etry of the disk is remarkable as well: mid-infrared imaging
has shown that it is an extremely flared, i.e., bowl-shaped, disk
(Lagage et al. 2006). Carbonaceous grains provide a straightfor-
ward explanation for the featureless continuum, while the large
disk opening angle may reflect strong heating via hydrocarbon
molecules and very small grains. Here, we report that also the
circumbinary disk around HR 4049 is rich carbonaceous dust.

Acke & van den Ancker (2006) searched for observational
characteristics that set apart diamond sources from others, but
found none. Here, we suggest that a carbon-dominated dust
chemistry is a necessary condition to form the diamonds and/or
make their features appear in the infrared spectrum.

9. Discussion

HR 4049 belongs to a fairly large group of evolved binary stars
surrounded by a circumbinary disk (Van Winckel 2003). The or-
bital parameters are such that the evolved objects must have been
subject to severe binary interaction processes when at giant di-
mensions. The systems managed to avoid the strong spiral-in
and reveal themselves as long-period (>100 days), mainly eccen-
tric binaries, often still surrounded by a stable dusty disk (e.g.,
Van Winckel et al. 2009). A recent study of optically bright ob-
jects in the Large Magellanic Cloud has shown that disk sources
are also rather common there among the post-AGB population.
Because of the known distance to the LMC, their location in the
Hertzsprung-Russell diagram is better constrained. The primary
stars in these systems display a wide range in luminosities and
hence in initial mass (van Aarle et al. 2011). This indicates that
disk formation does not depend vitally on the primary’s initial
mass, but rather on the dimensions of the binary system and of
the primary during the thermally pulsing AGB phase.

Investigation of the infrared spectra of circumbinary disks
around evolved binaries has indicated an oxygen-rich dust min-
eralogy in most systems. Amorphous and crystalline silicate fea-
tures are dominant (Gielen et al. 2008, 2011a). The evolutionary
scenario (Waters et al. 1998; Molster et al. 1999; Van Winckel
2003) assumes that the circumbinary disk is a relic of the strong
binary interaction process and hence contains the chemical foot-
print of the former giant envelope out of which it was formed.
The dominant occurance of purely oxygen-rich material shows
that the interaction processes occured prior to the evolutionary
phase when enough thermal pulses with dredge-up would have
made the star carbon-rich. Only a few objects display PAH emis-
sion features, and some even fullerene emission features, on top
of the dust spectra which are dominated by (crystalline) silicate
features (Gielen et al. 2011a,b).

In this context, HR 4049 is an exception to the rule. The
emission bands in the infrared spectrum are all attributed to car-
bonaceous species and we have shown in this paper that the con-
tinuum emission is also produced by carbon grains. There is no
sign of silicates. We stress, however, that large (>10 um) silicate
grains may be present in the disk. These grains have a smooth
spectral signature, that would be veiled by the spectrum of the
small carbon grain component. The presence of large grains may
be suggested by the strong far-infrared excess, not reproduced
by our model. The particular nature of HR 4049 is highlighted by
the contrasting oxygen-rich chemistry of the circumbinary gas.

The mass of the secondary star in HR 4049 does not exclude
it from being a compact object, which may have been a source
of circumbinary material as well. If indeed the current compan-
ion is a white dwarf, it does not show symbiotic activity and it
should be cool and hence old (Jorissen et al. 1998). It is there-
fore unlikely that circumstellar matter from the now cool white
dwarf would still be present in a dust and gas-rich environment.
The disk would then have survived the vast energy releases and
dimensional increases of the current primary during its thermal
pulses. Moreover, old mass loss from a carbon star cannot ex-
plain the oxygen-rich chemistry of the circumbinary gas. We
conclude that the current circumstellar matter most likely comes
from the current, luminous primary.

We describe our interpretation of the observed dust and gas
chemistry in the circumbinary disk. The primary is losing mass,
as evidenced by the P-Cygni profile of the Ha line (Bakker
et al. 1998). This mass loss bears the chemical signature of
the photospheric abundance pattern. The primary photosphere
has a C/O ratio below or close to unity (Lambert et al. 1988)
and is strongly depleted in refractory elements such as iron, but
also silicon. Because of this depletion, silicates cannot form in
the current outflow of HR 4049. The outflowing material is still
oxygen-rich, but the oxygen atoms cannot form dust because of
the absence of refractory elements. The oxygen therefore only
forms molecules with the abundantly available hydrogen and
carbon: OH, H,O, CO, and CO,. The carbon atoms, on the other
hand, are able to form large molecules (PAHs, fullerenes) and
very small dust grains (diamonds and amorphous carbon grains).
In other words, because of the lack of refractory elements in the
current mass loss of the primary, only carbonaceous dust can be
formed, despite the intrinsically oxygen-rich chemistry.

The carbonaceous dust is confined to the circumbinary disk,
while the outflow contains carbon-rich molecules. This is con-
sistent with our hypothesis: the spherical outflow of the primary
is probably too tenuous to form dust grains and so only (large)
molecules are formed. However, the gas-rich disk intercepts and
slows down the wind in the binary plane. There, the densities be-
come large enough for dust to condense. The amorphous carbon
grains form a veil over the pre-existing disk.

The question remains why only HR 4049 displays this par-
ticular circumstellar chemistry among the evolved binaries with
disks. The answer is probably linked to the extreme depletion
pattern of the primary photosphere. The re-accretion of metal-
poor gas in the previous evolutionary phases apparently was so
efficient, that subsequent mass loss from this photosphere be-
came completely depleted of refractory elements. If this hypoth-
esis holds, the disk around HR 4049 must contain silicates and
iron-bearing dust, but their spectral signature is overwhelmed by
that of the amorphous carbon. In this context, HD 52961 is an
interesting target for a similar study to the one presented here.
The primary in this evolved binary also displays an extreme de-
pletion pattern and the infrared spectrum indicates the presence
of PAH molecules, fullerenes, and CO, (Gielen et al. 2011b).
However, silicate emission is also detected. The current outflow
in HD 52961 is similar in composition to the one in HR 4049. We
therefore expect that carbonaceous grains are currently forming
in this circumbinary disk as well.
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Appendix A: From images to complex visibilities

The radiative-transfer code MCMax produces images on a pre-
defined grid of pixels on the sky. We chose a 256 X 256 grid
covering a field-of-view of 100 mas x 100 mas. This results in
an angular resolution of 0.39 mas per pixel.

The model image produced by MCMax for a given set of
parameters (M4, Rin, Rout, Maust> P, i) has a default disk orien-
tation angle on the sky of 0° E of N. That is, the far side of the
inclined disk is oriented towards the north. This image is rotated
according to the grid disk PA under consideration to yield the
model image corresponding to (M, Rin, Routs Maust, P i, PA).

For a specific observational setting with baseline length b,
baseline orientation angle 6, and at wavelength A, the
van Cittert-Zernicke theorem gives the complex normalized
visibility

V(u, v) = ff dadB B(a,8) e 2 (ozu+ﬁu)’

where (u = bsin6/A,v = bcosf/A) are the spatial frequencies,
(a, B) the angular coordinates, and B(«, () the brightness distri-
bution (i.e., the image) of the source on the sky, normalized to a
total intensity of unity.

To compute V, the image is rotated through the angle 6.
This is equivalent to a coordinate transform such that (u’,v") =
0,b/1) and (@',B) = (acosh — Bsinf,asinf + Bcosb).
Equation (A.1) becomes

f d&’,dﬂ/ B(CY,,,B,) e—Zni (@'u'+p'v")
dﬁ/ (fda'B(a’,ﬁ/)) e—2ﬂi ,B’v’.

Numerically, the integration over o’ reduces to a sum over
the first dimension of the rotated image B(a’,’). The sec-
ond integration is a one-dimensional Fourier transform and can
be done quickly with the fast Fourier transform (FFT) algo-
rithm. However, FFT converts the 256-array with a pixel step
of 0.39 mas into a 256-array with a spatial-frequency step of
10 cycles/arcsec. Since the observations are obtained at spa-
tial frequencies in the range 25-370 cycles/arcsec, the default
FFT resolution is too coarse for direct comparison. To in-
crease the resolution in spatial frequency, the 256-array (i.e.,
f da’B(d/, 8')) is placed in a 1024-array, which is zero outside
the image. The FFT of the latter array yields a spatial-frequency
step of 2.5 cycles/arcsec. This higher resolution makes the FFT
result smooth enough to allow interpolation at the exact spatial
frequencies of the observations.

The method was tested on images of simple geometries
(point source, binary with unresolved components, uniform
disk, uniform ellipse), for which analytic formulae of the com-
plex visibility exist. Good agreement was found. For a uniform
disk with a diameter of 10 mas, the absolute difference between
the analytic and image-based squared visibilities is 0.002 on av-
erage, and always below 0.01. The absolute difference between
the analytic closure phase (i.e., 0° or 180° for a uniform disk)
and the image closure phase is 1° on average, but can increase
to 10° at the longest baselines. At these high spatial frequencies,
pixelation effects start to play a role for the closure phases,
while they do not affect the visibilities to a measurable level®.

(A1)

V(u,v) (A2)

(A3)

° This is because visibility measurements probe structures of the size
of the inverse of the spatial frequency, while closure phases can be mea-
sured with a precision of only a few degrees, and thus are sensitive to
deviations from point symmetry on an angular scale two orders of mag-
nitude smaller.

The obtained accuracy of the model is sufficient for the goals
of this paper. An increase of the spatial resolution of the model
image is possible, but would lead to an increase of the grid com-
putation time from days to weeks.

Appendix B: Stellar contribution
in the near-infrared

In the near-IR, the flux contribution of the central star to the
total flux can be large. The stellar flux contribution of the pri-
mary of HR 4049 drops from ~0.6 at 1.6 um to ~0.2 at 2.5 um.
The intensity-normalized image of the disk, on the other hand,
is similar in the H and K band. We therefore took the following
approach to compute squared visibilities and closure phases in
the near-IR:

1. From the radiative-transfer model, we computed a 2.2 um
image. The central 2 X 2 pixels in this image contain the
primary star. We removed the star from the image by replac-
ing these central pixel values by interpolated values. Hence,
we created a star-less image, which provides a representative
disk image at all wavelengths between 1.6 and 2.5 um.

2. We computed the disk complex visibilities Vi from the
star-less image as described in Appendix A.

3. From the model infrared spectrum and the input Kurucz
model for the primary star, the stellar-to-total flux contribu-
tion f was estimated at all AMBER wavelengths.

4. The final model visibilities were computed from the disk vis-
ibilities and the flux ratio f, according to

Vmodel = (1 _f) Vdisk +f ‘7*'

From this complex quantity, squared visibilities (per baseline
and wavelength) and closure phases (per baseline triangle
and wavelength) were computed. Given its angular diameter
(0.45 + 0.03 mas, determined from the Kurucz model fit to
the optical photometry), the primary star is unresolved at the
spatial resolution of the observations. Moreover, we assumed
the primary star is at the disk’s center and hence V, = 1.
Note that we neglected the possible offset of the primary
star with respect to the disk center due to binary motion.
However, given the dimensions of the disk (~15 mas) and
of the binary (~1 mas), the effect of such an offset on visibil-
ities and closure phases is expected to be small. Moreover,
the interferometric observations were taken close to minimal
brightness, when the primary star was close to the observer.
The primary was therefore close to projected minor axis of
the disk and close to the disk center on the sky.

(B.1)

In the mid-IR, the relative flux contribution of the primary star to
the total flux is less than a few percent. Moreover, it is constant
over the N band because of the near-blackbody shape of both
the stellar flux and the excess. The intensity-normalized model
image of HR 4049 at 8 um is therefore the same as at 13 um. The
variations in (relative) visibility over the N band are exclusively
due to a change in spatial frequency and not due to a change in
disk geometry or stellar flux contribution with wavelength.
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