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ABSTRACT

Latest-generation spectro-interferometric instruments combine a milliarcsecond angular resolution with spectral
capabilities, resulting in an immensely increased information content. Here, I present methodological work and
results that illustrate the fundamentally new scientific insights provided by spectro-interferometry with very high
spectral dispersion or in multiple line transitions (Brackett and Pfund lines). In addition, I discuss some pitfalls
in the interpretation of spectro-interferometric data. In the context of our recent studies on the classical Be
stars f§ CMi and ¢ Tau, I present the first position-velocity diagram obtained with optical interferometry and
provide a physical interpretation for a phase inversion, which has in the meantime been observed for several
classical Be-stars. In the course of our study on the Herbig Ble] star V921 Sco, we combined, for the first time,
spectro-interferometry and spectro-astrometry, providing a powerful and resource-efficient way to constrain the
spatial distribution as well as the kinematics of the circumstellar gas with an unprecedented velocity resolution
up to R = A/AX = 100,000. Finally, I discuss our phase sign calibration procedure, which has allowed us
to calibrate AMBER differential phases and closure phases for all spectral modes, and derive from the gained
experience science-driven requirements for future instrumentation projects.

Keywords: spectro-interferometry, spectro-astrometry, photocenter analysis, position-velocity diagram, kine-
matical modeling, multiple line transition interferometry, V921 Sco, 8 CMi, ¢ Tau

1. INTRODUCTION

One of the most remarkable features of the latest-generation optical interferometric instruments is their capa-
bility to combine a milliarcsecond angular resolution with high spectral dispersion, enabling velocity-resolved
studies in spectral lines. Spectro-interferometric instruments with sufficient resolution for velocity-resolved stud-
ies (R = 1000) have now been implemented at various facilities operating at near-infrared (VLTI/AMBER*: up
to R = 12,000; Keck/V2-SPR?: R = 1700), mid-infrared (ISI®: up to R ~ 100,000), and visual wavelengths
(CHARA/VEGA®: up to R = 35,000). The primary observables provided by these instruments are spectra and
wavelength-differential visibilities, phases (DPs), and closure phases (CPs, in the case of the combination of 3 or
more apertures).

The aim of this paper is to discuss some applications enabled by this exciting new technique, to outline
challenges and pitfalls in the astrophysical interpretation, and to identify the most important limiting factors
of this technique. In addition, I would like to highlight the highly complementary nature of optical long-
baseline spectro-interferometry and spectro-astrometric observations obtained with conventional high-resolution
spectrographs. For this purpose, I will present studies that we have conducted on the classical Be stars 3 CMi®
and ¢ Tau” and the Ble] star V921 Sco®” using the AMBER instrument. Utilizing the VLTI 8.2m unit telescopes
and the fringe phase-tracking instrument FINITO®2, AMBER covers an interesting parameter space in terms
of high spectral dispersion (enabling velocity-resolved studies), a good sensitivity (enabling studies on fainter
object classes), and the availability of multiple baselines (enabling detailed studies of the 2-D gas distribution
and velocity field). However, most of the presented strategies and arguments are not limited to VLTI, but are
applicable to spectro-interferometric instruments in general.
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2. SPECTRO-INTERFEROMETRY
2.1 PHOTOCENTER ANALYSIS

The DPLZLL information measured by spectro-interferometers provides a particularly powerful observable to
constrain the gas velocity field in astrophysical objects. In first-order approximation, DPs measure the dis-
placement of the line emission with respect to the continuum emission, although one has to be aware that this
approximation breaks down if the line-emitting region is significantly resolved by the interferometer.

Given that each baseline measures only the projection of the photocentert? displacement vector along the
baseline vector, it is highly desirable to obtain multiple measurements and to probe a wide range of position angles
(PAs). Such multi-baseline interferometric measurements allow one to recover the 2-D photocenter displacement
vector® ' using the relation

(1)

where ¢; is the DP measured on baseline 1, B; is the corresponding baseline vector, and A is the central wave-
length. As noted above, this set of linear equations is only valid for spatially unresolved or marginally resolved
objectst®1% The equations are already overdetermined with a single 3-telescope measurement (i = 3), providing
a useful cross-check whether the assumption is justified or whether the measured DPs trace higher-order geo-
metric effects. The precision of the derived photocenter vector depends both on the achievable DP accuracy as
well as the uniformity of the PA coverage that has been achieved in the observations.

In case the photocenter analysis method is applicable, it can provide basic, yet powerful information about
the gas kinematics on unprecedentedly small angular scales. For instance, with a typical DP accuracy of 1°,
it is possible to measure photocenter displacements of ~ 0.012 milliarcseconds (mas), approaching the micro-
arcsecond regime. In a recent study® we observed the classical Be star 3 CMi using AMBER’s high spectral
dispersion mode (R = 12,000) and measured strong non-zero DPs, as well as a strong visibility drop within
the line (Fig. , top, left panel). Applying eq. [ to the data reveals that the blue- and red-shifted line wings
are displaced in opposite directions with respect to the star (Fig. , middle, left panel). The PA of the line
photocenter displacement (138.3 £ 1.5°) is consistent with the measured orientation of the continuum-emitting
circumstellar disk (139.27573°, as determined with CHARA/MIRC continuum interferometry?), indicating a
rotation-dominated velocity field.

Using the aforementioned procedure, it is possible to measure the direction of the photocenter displacement,
while the length of the displacement vector is biased by the contributions from the underlying continuum emission.
In order to remove these contributions from the observables measured by the interferometer (F, V, ¢), we
interpolate the continuum flux (F.) and continuum visibility (F.) from the adjacent continuum. The visibility

and DP of the pure line-emitting region? (V}, ¢;) are then given by
|FVI|? = |FV|*+|F.V.]* =2 -FV -F.V, -cos¢ (2)
FV
sing; = sing £V (3)

[E V|

where F} = F — F, denotes the flux contribution from the spectral line. Given that the quantities in egs. 2H{3]
are associated with independent uncertainties, the continuum-corrected DP ¢; will exhibit a significantly larger
uncertainty than the measured continuum+line DP ¢, which also translates in larger error bars for the derived
line photocenter offset vectors (in particular for weak spectral lines).

Applying this correction to our § CMi data (Fig. , bottom, left panel) yields that the amplitude of the
line displacement is about ~ 1.5 mas and that the displacement in the blue- and red-shifted line wing is rather
symmetric, suggesting that 5 CMi does not exhibit a significant one-armed oscillation, as found for other Be

starsif.

It should be noted that egs. require absolute-calibrated visibilities, which are difficult to extract from
spectro-interferometric observations with high spectral dispersion. In order to achieve a sufficient signal-to-
noise ratio (SNR), such observations require long detection integration times and an active stabilization of the
atmosphere-induced fringe phase modulations, in our study using the VLTI/FINITO instrument. The fringe
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Figure 1. VLTI/AMBER spectro-interferometric observations obtained on the classical Be star 3 CMi®. (A): The top
panel shows the measured line profile, visibilities, and DPs. Using eq. we derived the photocenter offsets (middle
panel), which we then corrected for the continuum contributions using eq. [3| (bottom panel; see Sect. 21| for details). (B):
Kinematical model that can reproduce the observed visibility and DP signatures, including a phase inversion in the line
center, assuming a purely Keplerian velocity field (see Sect. .




stabilization leaves residual phase jitter that degenerates the visibility amplitude on the science beam combiner
in an uncontrollable way. As a result, the visibility amplitude cannot be calibrated reliably, and complementary
observations without fringe tracking and in low spectral dispersion are required in order to recalibrate the absolute
visibility level. Effectively, this doubles the total observing time and causes practical problems with respect to
matching the uv-sampling and to minimizing the time interval between the two measurements, which constitutes
a severe problem for time-variable objects, such as Be-stars or young stellar objects.

2.2 POSITION-VELOCITY DIAGRAMS

In radio interferometry, position-velocity diagrams constitute a vital element for the analysis of kinematical
signatures and to constrain, for instance, the rotation profile of gas disks around galactic nucleil”. These
diagrams can be constructed either from velocity-resolved “channel maps” or from astrometric measurements in
maser emission.

In our study on 3 CMi?, we constructed an equivalent diagram based on the photocenter offsets derived from
our optical interferometry data. For this purpose, we convert the wavelength of each spectral channel to the
corresponding Doppler velocity and plot it against the length of the continuum-corrected photocenter vectors
(which we projected beforehand onto the determined disk plane; Fig. . The resulting diagram (Fig. [2] left)
shows that the stellocentric emission radius of the line-emitting gas increases approximately linearly with velocity
for low/medium velocities (Jv| < 100 kms™!; line A-B in Fig. [2| left) and then reaches a maximum value at
about ~ 120 kms~!. At higher gas velocities (120 < |v| < 200 kms™!; ares A-D and B-C in Fig. 2| left), the
emission radius decreases again. This behaviour can be explained in a Keplerian-rotation scenario, assuming
that the disk extends from an inner radius Ry, to an outer radius Ry, (Fig. right): If we first consider
only gas orbiting at the outer radius Ry,¢, then it is clear that the lowest projected velocity appears along the
line-of-sight (position 0), while the maximum projected velocity will appear at separation R, as observed in
line A-B. Gas located at the inner radius R;, will occupy a similar line in the position-velocity diagram, even
though the maximum separation will now be smaller (R;,) and the maximum velocity will be higher, given that
the velocity in a Keplerian-rotating disk increases with v(r) oc 7=9°. Filling in the intermediate radii results
then in the characteristic “bowtie”-shaped region shown in Fig. [2] (right; grey filled area). Comparing the size of
the emitting area for the different emission annuli, it is clear that our astrometric measurements are dominated
by the emission from the outer-most disk radius (line A-B) as well as the high-velocity wings (arcs A-D and
B-C), explaining the measured position-velocity curve of § CMi. Based on these considerations, it is possible
to construct a simple analytic model®, which can be fitted to the derived position-velocity diagram (Fig. [2| left;

200 | D
'.'. ° D A

— & %
kY A :z: <]
g 100 ...... A g
= e
5]
e}
0 *
> 0 L 4 ®
S "..L._.
K ° °
“('S R R Positi >
2 -100 out in osition:
3 B

26M

200 | 3% men C
46 Msuy , ; . . . B
-3 -2 -1 0 1 2 3
Position [milli-arcsecond] o

Figure 2. Left: Position-velocity diagram for 3 CMi, constructed from a single VLTI/AMBER observation with spectral
dispersion R = 12,000. Right: Sketch, illustrating the “bowtie”-shaped structures, which appear in the position-velocity
diagrams of Keplerian-rotating disks (see Sect. for details).



grey curve). From this model, we derive the mass of the central star to 3.5 & 0.2 M), which is in agreement
with the value derived using a more sophisticated modeling approach (Sect. [2.3]).

Overall, position-velocity diagrams provide a very intuitive and model-independent method for the interpre-
tation of velocity-resolved astrometric observations and can be constructed already from a single 3-telescope
spectro-interferometric observation.

2.3 KINEMATICAL MODELING: CONSTRAINING THE DETAILED
GAS-VELOCITY FIELD

Photocenter offsets and position-velocity diagrams provide a straightforward and model-independent method to
obtain first-order kinematical information, which can already be sufficient to discern between competing models,
such as rotating disks or the ejection of material in bipolar outflows. In order to distinguish between more
complex velocity fields and to derive quantitative constraints, it is necessary to employ a more sophisticated
model fitting approach.

Kinematical modeling was also crucial in solving a puzzle concerning a phase inversion that appears in
the center of the Brvy-line in our § CMi data. Earlier spectro-interferometric observations on Be stars with
lower spectral dispersion (e.g. o Arae!®) have shown a simple S-shaped signature that can be interpreted very
intuitively in terms of a disk rotation scenario, where the approaching (blue-shifted) disk part is displaced in the
opposite direction from the receding (red-shifted) disk part. However, our AMBER R = 12,000 observations
on B CMi (Fig. 1) reveal a W-shaped profile, with a clear phase sign inversion in the line center. Stefl et al.1?
observed this phase inversion also in various other Be stars, including ¢ Tau, a Col, § Sco, w CMa, and 48 Lib,
and proposed that the phase inversion might indicate either secondary dynamical effects or the need for an
additional kinematical component beyond the canonical star+disk paradigm, such as a polar jet.

In a first interpretation attempt, we investigated whether the phase inversion might be explained with the
presence of a hidden photospheric Bry absorption component underlying the circumstellar Bry emission. Assum-
ing that the stellar photosphere rotates in the same sense as the circumstellar disk, the DP signature induced by
an absorption line would cause a photocenter offset in the opposite direction from a circumstellar emission line,
which could qualitatively explain the observed phase effect. However, when modeling the expected DP signature
using a stellar atmosphere code for fast rotating stars2%2l we find that these corresponding signatures (< 0.5°)
are by far too small to explain the measured phase signals of ~ 15°.

In a second attempt, we considered whether the observed phase inversion might be explained with the phase
jump appearing at the transition between different lobes of the visibility function. In this scenario, a standard
Keplerian disk model might already be sufficient to explain the phase jumps, since the spatially most extended
structure would appear at the lowest gas velocities, i.e. in the line center. Accordingly, the spectral channels in
the line wings (corresponding to high gas velocities) would measure visibilities in the first lobe of the visibility
function, while the channels in the line center (corresponding to low gas velocities) would trace the second lobe.
This scenario is supported by the fact that the spectral channels, where the DP phase jumps occur, also exhibit
minima in the measured wavelength-differential visiblity, tracing the transition from the first to the second lobe.

In order to check these qualitative arguments, we adopted our kinematical modeling code?™22 to simulate
the gas velocity field of rotating disks with arbitrary rotation profile |v(r)| oc 7°, where 3 = —0.5 corresponds
to Keplerian rotation. Our modeling approach assumes that the line emission is located in a geometrically thin
disk that extends from the star to an outer radius R,y;. The code computes synthetic channel maps at spectral
resolution R = 100, 000, which we convolve to the spectral resolution of AMBER. From these convolved images
we compute spectra, visibilities, DPs, and CPs for comparison with our data. Besides the line emission, our model
includes the continuum emission from the circumstellar disk and the photospheric emission of a star rotating
at near-critical velocity. Applying this continuum-+line model to 8 CMi we find that a Keplerian-rotating disk
indeed reproduces the observed phase inversion also quantitatively. Varying both the geometric parameters and
the disk rotation profile, we find that we can obtain an excellent fit to all observables assuming 5 = —0.5 + 0.1,
with a mass of the central object of 3.5+£0.2 My, (Fig.|1]B). We conclude that the disk around § CMi exhibits, to
high precision, a Keplerian rotation profile, which supports viscous decretion disk models, where the Keplerian-
rotating disk is replenished with material from the near-critical rotating star. On the other hand, our data is
inconsistent with wind compression models predicting a strong outflowing velocity component.
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Figure 3. VLTI/AMBER MR-K2.3 observation on ¢ Tau, covering with a single setup line transitions of MgII 2.1374 pm,
MgII 2.1438 pm, Bry, and at least nine Pfund lines.

2.4 MULTI-LINE-TRANSITION INTERFEROMETRY: PHYSICAL CONSTRAINTS

Obtaining spatially resolved information in multiple transitions of a line series, such as the Balmer, Brackett,
and Pfund series of hydrogen, opens fascinating new opportunities to determine physical parameters, such as the
excitation and ionization structure of the line-emitting gas.

We applied this approach to the classical Be star ( Tau, which has already been extensively studied with
spectro-interferometry in the Ha2326 and Bry1827 recombination line. Our new observations® were conducted
using the VLTI/AMBER MR-K2.3 mode (R = 1500) and cover now, for the first time, the Pfund emission
lines associated with this object. In the data, we detect at least nine line transitions from the Pfund line
(Pf14 2.4477 pum to P£22 2.3591 pm) as well as the Bry 2.166 pm line. Higher Pfund transitions are also present
in the spectrum, but cannot be clearly separated due to the broad, double-peaked profile of the individual lines.
Each double-peaked line clearly shows an S-shaped DP signature, allowing us to derive the disk rotation axis
for each line transition separately, enabling tighter constraints on the disk position angle (Fig. [3] bottom right)

than from Brv alone (Fig. |3} bottom left).
In order to constrain the disk ionization structure, we derive the spectro-interferometric emission radius for
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Figure 4. Left: Spectro-interferometric measurements obtained for ¢ Tau in multiple line transitions of the Balmer23*6,
Brackett®, and Pfund series®. The data points show the stellocentric emission radius, normalized to Brvy, while the dashed
line shows the predictions from our LTE radiative transfer computation. Right: Radial intensity profile computed for

¢ Tau using our LTE radiative transfer model.

each line transition from the continuum-corrected photocenter displacement vectors and then compare them
with the intensity profile derived from our LTE radiative transfer model®. For this modeling, we also include
spectro-interferometric measurements in the Ha-line2328 which reveals that the Ho and Bry-lines trace similar
stellocentric emission radii, while the Pfund emission originates closer to the stars (Fig. |4l left). This trend is
reproduced by our LTE model (Fig. [4] right). Our results confirm the finding from Pott et al?8 which found a
similar trend for the classical Be star 48 Lib, and suggested that the measured size differences can be explained
with optical depth differences between these line transitions.

Future studies might extend this approach to additional line transitions and line tracers in other wavelength
bands. Together with sophisticated radiative transfer simulations, such observations might reveal the excitation
structure of the disk and constrain parameters such as the temperature profile and the vertical disk structure,
which are difficult to access with other techniques.

3. COMBINED SPECTRO-INTERFEROMETRY AND SPECTRO-ASTROMETRY

Spectro-interferometry can provide a full characterization of the sub-AU gas distribution and kinematics, but is
also rather demanding in telescope time and poses strict technical requirements, for instance on the performance
of the phase tracker. As a result, most current spectro-interferometric studies still suffer from a poor uv-coverage
or compromise on the spectral dispersion. In order to optimize the scientific constraints under these conditions,
it seems promising to combine spectro-interferometry with spectro-astrometry, which is another technique that
provides kinematical information about the gas distribution on AU scales. Spectro-astrometry uses high-SNR,
long-slit spectra to measure the centroid position of an unresolved object as function of wavelength. Since the
centroid position can be measured with much higher precision than the size of the point-spread function??, this
method allows one to measure photocenter displacements of less than one milliarcsecond in spectrally resolved
emission lines.

In a recent study on the Ble] star V921 Sco®’, we combined the two techniques, for the first time, in
a consistent way for quantitative modeling, making use of the fact that the photocenter offsets measured
with spectro-astrometry are mathematically equivalent to the wavelength-differential phases (DPs) measured
in spectro-interferometry.

Our VLTI/AMBER data set on V921 Sco consists of two observations with high spectral dispersion (R =
12,000, telescope triplet UT2-UT3-UT4) and 24 AMBER observations with low spectral dispersion (R = 35) in
the H- and K-band. The low spectral dispersion data covers projected baseline lengths in the range 10...127 m
with a good uwv-coverage, which allows us to reconstruct aperture synthesis images for three wavelengths bands
(centered around 1.6/2.0/2.3 ym) using the Building Block Mapping®” image reconstruction algorithm.
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Figure 5. Top: Kinematical model for V921 Scom, including AMBER spectro-interferometric (left and middle panel)
and CRIRES spectro-astrometric data (right panel). Bottom: Channel maps corresponding to our best-fit kinematical
model, computed for five representative wavelengths. Besides the line emission, our model also includes the photospheric
emission from the primary and secondary star and the thermal emission from the circumprimary dust disk.
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Complementary spectro-astrometric observations were obtained with the AO-fed high-resolution infrared
spectrograph CRIRES3! at VLT. With a slit width of 0.2”, these observations yield a spectral resolution
R = 100,000. The spectra were recorded toward three different PAs (55°, 115°, 175°) and the correspond-
ing anti-parallel PAs (235°, 295°, 355°). In the data reduction process, the spectro-astrometric signal derived
from the parallel and anti-parallel slit positions are subtracted in order to reduce potential artifacts32 and the
spectro-astrometric signal is corrected for continuum contributions®?. We then translate the measured spectro-
astrometric signal into the equivalent DP, which allows us to model the AMBER observables (line profile,
visibility, DP) and CRIRES observables (line profile, DP) simultaneously using our kinematical modeling code.
Given its higher spectral resolution, the CRIRES data also reveals a double-peak in the line profile (Fig. |5} right,
top panel; peak separation ~ 0.000184 ym or ~ 25 km s!) that was not detected in the AMBER data.

Besides the spectro-interferometric and spectro-astrometric data, we obtained additional complementary
data for V921 Sco using the Magellan/FIRE spectrograph and the Magellan /IMACS wide-field imager. These
various interferometric and non-interferometric constraints enable us to draw now a very comprehensive, global
picture of the V921 Sco system, covering spatial scales from 300" to 0.001” with a velocity resolution of up to
3 kms~!. The wide-field images show that V921 Sco is embedded in a bipolar nebula (Fig. IEIA), in which we
detect multi-layered, shell-like substructures (Fig. +C) that might have been shaped by episodic mass-loss
events. Assuming the expansion speed derived from optical line profiles, we estimate the time scale between
different mass loss events to ~ 25...50 years. Our VLTI/AMBER continuum aperture synthesis imaging reveals
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Figure 6. When combined with complementary techniques, spectro-interferometry enables an unprecedented global view
of astrophysical systems, such as demonstrated here for V921 Sco (see Sect. |3| for details).

an AU-scale disk-like structure that is oriented perpendicular to the polar-axis of the arcminute-scale bipolar
nebula (Fig. Ep—i—D). Fitting analytic disk models, we find indications for a radial temperature gradient and a
central opacity depression, as expected for an irradiated dust disk. Furthermore, we discover in the images a
close companion at a separation of 24.9 0.3 mas (corresponding to ~ 29 AU at 1.15 kpc). Between two epochs
in 2008 and 2009, we detect orbital motion of 7°, implying an orbital period of ~ 50 years (assuming a circular
orbit). Given the good agreement in the time scales, we suggest that dynamical interaction between the newly
discovered companion and the circumprimary disk might trigger the mass-loss events that shape the shell-like
substructure in the ambient bipolar nebula. This outflowing material might also provide the required low-density
conditions for the formation of the Ble]-characteristic forbidden line emission.

The high spectral dispersion VLTI/AMBER spectro-interferometric and VLT /CRIRES spectro-astrometric
observations allow us to measure the distribution and kinematics of the hot hydrogen gas in the system. From
the derived photocenter shifts we derive the orientation of the disk rotation plane and the spatial displacement
between the blue- and red-shifted Bry line wings (Fig. @F) The center of light for the line spectral channels and
for the continuum channels are significantly displaced with respect to each other (Fig. ) This offset reflects the
presence of the companion star, which shifts the center of light in the continuum emission towards the secondary
(North-West). We compare the derived rotation plane of the gas disk (153.2 £ 0.6°) with the orientation of the
continuum-emitting disk (145.0 + 8.4). The good agreement between the PAs indicates a rotation-dominated
velocity field.

Using our kinematical modeling code, we quantify the rotation profile and find that the line-emitting gas is,
to high accuracy, in Keplerian rotation. The model is able to reproduce the spectro-interferometric and spectro-
astrometric data as well as the measured double-peaked CRIRES line profile (Fig. |5, top) and shows that the
line-emitting region extends from a few stellar radii to about twice the dust sublimation radius. The channel
maps corresponding to the best-fit model are shown in Fig. [5| (bottom). Our measurement of the gas velocity



field also provides important new information about the evolutionary age of V921 Sco, where earlier studies have
proposed either a young (Herbig B[e]) or an evolved (supergiant Ble]) nature. We interpret our finding of a purely
Keplerian velocity field as strong evidence for the pre-main-sequence nature of the object, since the decretion
disks in post-main-sequence Ble]-stars are believed to exhibit a significant outflowing velocity component.

Furthermore, our new information about the spatial distribution of the line-emitting material opens interesting
new pathways for the physical interpretation of conventional spectroscopic observations, which we conducted
with the Magellan/FIRE spectrograph. We obtained J+H+K-band spectra and derived the line flux for 61
hydrogen recombination lines, including transitions from the Paschen, Brackett, and Pfund series. Given that
the recombination physics of hydrogen is well known, one can use these line decrements in order to derive physical
parameters such as the electron density V., although conventional spectroscopic studies are typically not able
to utilize this information since they lack information about the volume over which the line-emitting material
is distributed. From our AMBER observations we estimate the volume of the Bry-emitting material and then
solve for the electron density (N, = (2...6) x 10!m?) assuming Case B recombination.

To summarize, in our V921 Sco study AMBER spectro-interferometry and CRIRES spectro-astrometry pro-
vide highly complementary information: Spectro-interferometry enables us to characterize the continuum geome-
try, including a characterisation of the dust disk geometry and the companion properties, and to spatially resolve
the detailed geometry and kinematics of the circumstellar gas with spectral dispersion R = 12,000. Spectro-
astrometry, on the other hand, adds valuable information at even higher spectral dispersion (R = 100,000),
enabling a detection of the double-peak line profile, and adds first-order kinematical constraints in the spatially
unresolved regime.

3.1 VLTI/AMBER PHASE SIGN CALIBRATION PROCEDURE

In order to achieve a meaningful astrophysical interpretation of the measured DP and CP information, it is
essential to associate the phase sign with the on-sky orientation. In principle, such a phase sign calibration can
be derived from first principles, based on very careful considerations of the beam arrangement and propagation,
the instrument design, and the phase sign treatment in the data reduction and modeling software.

Our V921 Sco data® now allows us to perform this calibration for VLTI/AMBER using a purely empirical
approach. This data set is particularly well suited for this purpose, given that the object consists of a well-
characterized close binary system with an unequal brightness ratio, where only one of the components is associated
with Brv-line emission. The presence of the companion offsets the photocenter between the continuum and the
line channels in a predictable way, from which we can deduce the correct DP sign.

Specifically, we performed these steps: First, we imaged the system using our H- and K-band AMBER
measurements with low spectral dispersion (Fig. ), which reveals that the companion is located North-West of
the primary star. This measurement does not suffer from any quadrant ambiguity, given our earlier closure phase
calibration®# using the binary system 6! Orionis C. From our AMBER high spectral dispersion measurements,
we determined the photocenter offset and calibrated the DP sign based on the known quadrant of the companion
star (Fig. [TA).

Using this new calibration, we determined the rotation senses of the V921 Sco circumprimary disk” (Fig. E
left) and of the 3 CMi” disk (Fig. . Besides our high spectral dispersion observations (R = 12,000) on 8 CMi,
we observed 8 CMi also in medium spectral dispersion (R = 1500), which allows us to extend our calibration also
to AMBER’s MR-mode, and apply it to our ¢ Tau data set” (Fig. 3|}, where we find the opposite disk rotation

sense as proposed by other workersd.

The proposed approach can be applied to calibrate any AMBER data reduction+modeling code in a straight-
forward manner and I provide the data set for other AMBER users on the following website: http://www.stefan-
kraus.com/files/amber.htm

4. SCIENCE-DRIVEN REQUIREMENTS FOR FUTURE INSTRUMENTATION

Spectro-interferometric beam combiner instruments with high spectral dispersion (up to R = 12,000 at near-
infrared wavelengths and R = 35,000 at visual wavelengths) are in place since several years, but could not
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Figure 7. (A): Spectro-interferometric observations on V921 Sco in the Br~-line with spectral dispersion R = 12,000. The
top panel shows the derived photocenter offsets, while the bottom panel shows the DP phases corresponding to the best-fit
astrometric solution overplotted on the measurement. In the photocenter plot, the origin of the coordinate system has
been shifted to coincide with the center of light of the Bry-line channels. (B): Multi-color (R/G/B: 1.65/2.1/2.35 pum)
aperture synthesis image reconstructed from low-spectral resolution data (R = 35), revealing the presence of a close,
previously unknown companion star.

yet exploit their full scientific potential. Primarily, this is a result from the lack of phase tracking instruments
with sufficient sensitivity, preventing the study of particularly interesting object classes, such as jet-driving
T Tauri stars or Active Galactic Nuclei. Therefore, throughput-optimized second-generation fringe tracking
instruments are urgently needed. Promising strategies to optimize the fringe tracking performance have already
been proposed, including off-axis tracking on a bright reference star (e.g. VLTI/PRIMA) or fringe tracking and
fringe recording in separate wavelength bands (e.g. VLTI/MATISSE for the L+ M+ N-band and CHARA/VEGA
V-band interferometry with MIRC H-band or CLIMB K-band fringe tracking).

In Sect. I have outlined another severe problem that arises from the fact that the visibility amplitudes
in spectro-interferometric observations are typically degraded by residual phase jitter from the fringe tracker,
preventing the measurement of well-calibrated visibility amplitudes. Future instrumentation projects should aim
to eliminate this problem, for instance by implementing a fast-switching mode between low and high spectral
dispersion.

Other desirable improvements would include an increased number of combined apertures and longer baseline
lengths, which would enable a more effective sampling of the uv-coverage and ultimately interferometric imaging



in spectral lines. First attempts in this direction have been presented for the interacting binary 8 Lyrae3? and the
supergiant Ble]-star HD 626233, These studies used a self-calibration approach to recover the phase information
from NPOI and VLTI/AMBER data. It is clear that much improvements in this field can be expected in
the future, both by enabling an improved uv-coverage, but also from algorithmic work with dedicated spectro-
interferometric image reconstruction algorithms that could make full use of the rich available DP information.

5. CONCLUSIONS

In this paper, I have outlined some of the unique capabilities of spectro-interferometric instruments and discussed
strategies for the interpretation of such data, ranging from a photocenter and position-velocity analysis approach
to full kinematical modeling. Particularly powerful constraints can be derived from spectro-interferometric
observations in multiple line transitions, for instance in the hydrogen Balmer, Brackett, or Pfund series, providing
constraints on the ionization structure and electron density of the line-emitting material.

Furthermore, I have emphasized the complementary nature of spectro-interferometry and spectro-astrometry.
Spectro-astrometry provides a resource-efficient method to measure first-order kinematical information with
very high spectral dispersion in the spatially unresolved regime. Spectro-interferometry offers an even higher
differential astrometric accuracy (approaching the micro-arcsecond level) and provides the ultimate technique to
constrain the underlying geometry of the line-emitting region through visibility amplitudes, a task that cannot
be achieved with any other technique in a model-independent fashion.
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