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Figure 2. Velocity-resolved emission centroids
across the double-peaked Bry “stationary” line for
observations in 2016 (left) and 2017 (right). The
emission centroid of the spatially resolved baryonic
jets is also shown. The black circles correspond to
the estimated binary orbit size.

The spectral differential visibilities meas-
ured by GRAVITY (GRAVITY Collabora-
tion et al., 2017a) reveal an extended wind
with a size several times the stellar radius,
which is also significantly distorted —
being more extended on the side that is
shielded from the pulsar — and which
could be caused by the X-ray ionisation

of the stellar wind facing the compact
object. In addition, asymmetries revealed
by the differential visibility phases across
the emission lines may point to an addi-
tional component, possibly a stream of
enhanced density which has been pos-
ited to exist in the system from the analy-
sis of X-ray light curves (Leahy & Kotska,
2008). Further observations at different
orbital phases could take advantage of
the significant eccentricity in order to
disentangle intrinsic variability of the wind
from the distortion caused by the pulsar
accretion.
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Images at the Highest Angular Resolution with GRAVITY:
The Case of n Carinae

GRAVITY Collaboration (see page 20)

The main goal of an interferometer is to
probe the physics of astronomical
objects at the highest possible angular
resolution. The most intuitive way of
doing this is by reconstructing images
from the interferometric data. GRAVITY
at the Very Large Telescope Interferom-
eter (VLTI) has proven to be a fantastic
instrument in this endeavour. In this
article, we describe the reconstruction
of the wind-wind collision cavity of the

massive binary n Car with GRAVITY
across two spectral lines: Hel and Bry.

Interferometric imaging

With a resolving power that is a factor of
tens of times better than stand-alone
telescopes, infrared interferometry offers
the possibility to produce milliarsecond
(mas) resolution images. Therefore, inter-
ferometric imaging is a key means to
acquire information addressing a broad
range of astronomical problems, ranging

from the detection of planets to mapping
the cores of active galactic nuclei (AGN).

Interferometers reach a level of detail pro-
portional to the separation between each
pair of telescopes in the array, known

as baselines. Baselines record informa-
tion, at a given orientation, of the bright-
ness distribution of the object on the sky.
Interferometric observables, called visibil-
ities, are a series of Fourier (spatial) fre-
quencies. These frequencies correspond
to different levels of detail in the image.
The highest frequencies trace the finest
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Figure 1. Upper-right
panel: Composite image
of the “Homunculus
Nebula” taken with the
Wield Field and Plane-
tary Camera 2 (WFPC2)
on board the Hubble
Space Telescope.

Small panels: Bry recon-
structed images from
the Feb. 2016 data.
With the Homunculus
Nebula having a pro-
jected size of 17 arcsec,
the GRAVITY images
represent an 850 times
zoom into the core of

n Car. The Doppler
velocity of each frame

is labeled in the images.
The coloured squares

in the images represent
the different spectral
channels across the line
that were reconstructed.

Declination (mas)

textures (like granular surfaces, or point-
like objects) while the lowest ones trace
extended textures (like edges and con-
tours). An image is, therefore, composed
of an infinite number of frequencies.
However, interferometers only sample a

few of them.

Thus, recovering an image from interfero-
metric data is an “ill-posed” problem with
more unknowns (pixels in the image) than
constraints (data). Reconstructing images
requires the use of iterative regularised
least-squares minimisation algorithms.

GRAVITY Collaboration, The Case of  Carinae

n Car Bry images (February 2016, ® = 1.28)
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These algorithms minimise (i) the differ- The massive binary at the core of n Car
ence between the data and the visibilities
obtained from the model image (i.e.,

the likelihood term), and (ii) the value of
one or several priors (i.e., the regularis-
ers), which are defined based on the
knowledge of the source (see Sanchez-
Bermudez et al., 2018). Reconstruction
packages available to the community
optimise through gradient-descent (for
example, MiRA: Thiébaut, 2008; BSMEM:
Buscher, 1994) or Monte-Carlo Markov-
Chain methods (for example, SQUEEZE:
Baron & Kloppenborg, 2010).

Located at the core of the “Homunculus
Nebula” (see Figure 1) at a distance of

2.3 kiloparsecs, n Car is a very massive
and intriguing object. Indirect observations
suggest that a binary with a period of
5.54 years resides in its core. The primary,
N, IS supposedly a star with a mass of
around 100 M, while the secondary, ng,
appears to be a hotter star, perhaps a
giant O-star, with a mass of around 30 M,,,
but around 100 times fainter than the pri-
mary. Different observations suggest that
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N, exhibits a very dense and slow wind
that shocks with a much faster and
lighter wind from the secondary.

The existence of ng produces several
changes in the morphology of n,’s wind.
In particular, it photoionises part of the
primary wind, changing the strength of
lines such as Ha, Hel, Fell, or Nell
(Mehner et al., 2010, 2012; Madura et al.,
2012). 2D radiative transfer models and
3D hydrodynamical simulations of the
wind-wind collision scenario suggest that
the high-velocity secondary wind pene-
trates the slow and dense primary wind
creating a low-density cavity in it, with
thin and dense walls where the two winds
interact (Madura et al., 2013; Clementel
et al., 2015a,b).

Several attempts have been made to
map the core of n Car and to peer into
the structure of the wind-wind collision
region, and of the binary itself, at scales
of 5-10 astronomical units (au) or

2-4 mas. Long-baseline infrared interfer-
ometry has been a decisive technique
for such studies (van Boekel et al., 2003;
Weigelt et al., 2007). Astronomical
Multi-BEam combineR (AMBER) obser-
vations in 2014 allowed, for the first time,
the recovery of aperture-synthesis
images, at a resolution of ~ 6 mas of the
wind-wind collision cavity across Bry
(Weigelt et al., 2016).

Observing n Car with GRAVITY

The unique characteristics of 1 Car make
it a good candidate for increasing our
understanding of the role of multiplicity in
shaping the fate of stars at the upper
end of the Initial Mass Function (IMF). It
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was therefore selected as a target for

the Guaranteed Time Observations (GTO)
GRAVITY programme (GRAVITY Collabo-
ration, 2017), with the objective of carry-
ing out a long-term (monitoring) analysis
of the wind-wind collision cavity through
interferometric imaging.

The first reconstructed images, pre-
sented in GRAVITY Collaboration (2018),
included data taken during the commis-
sioning phase (in 2016) of GRAVITY

and through regular P100 programmes
(in 2017). n Car was observed with

the Auxiliary Telescopes (ATs) using the
high-spectral-resolution mode of
GRAVITY. This setup allowed us to
resolve several spectral lines across the
target’s spectrum and thereby to monitor
the morphologies of the core at different
Doppler velocities. In particular, we
focused our efforts on mapping Bry and
the Hel 2s-2p lines.

Images were recovered using SQUEEZE.
Prior information necessary for the
reconstruction was included in both the
spatial and spectral domains to obtain
simultaneous images of 35 different
spectral channels, with a resolution as
good as 1.75 mas (4 au; see Figure 1).
Compared with the 2014 AMBER images,
the GRAVITY Bry ones revealed struc-
tural changes associated with the orbital
motion of the secondary. In particular,

a bright “clump” is observed towards the
southeast of the central core, which was
identified as part of shocked wind flowing
along the inner cavity walls after the last
g Periastron in 2014.

The Hel images revealed, for the first
time, the distribution of this element in
1 Car’s core. We suggest that the partially

Figure 2. Comparison between the wind-wind colli-
sion zone’s morphologies at different orbital phases
of ng taken with AMBER (2014) and GRAVITY (2016,
2018) at a Doppler (blue-shifted) velocity of

-280 km s~'. The projected trajectory of the second-
ary and its position are marked by the green ellipse
and dot, respectively, in each of the panels. Notice
how the structure of the cavity changes considerably
depending on the secondary’s orbital phase. For
example, the south-eastern clump observed in 2016
disappears in the 2018 reconstruction.

ionised Hel is formed from (i) a portion of
the primary wind, which is photoionised
by the strong ultraviolet radiation of the
Mg wind, and (i) by the shocked material
in the cavity walls. To properly quantify
this scenario new spectro-interferometric
images are required in combination with
dedicated modelling. Two additional
imaging epochs in 2018 and 2019 have
been obtained with GRAVITY. From the
preliminary analysis of data taken in 2018,
we can confirm that the morphology of
the wind-wind collision zone changes
depending on the orbital phase of the
secondary (Figure 2). As demonstrated in
the case of n Car, GRAVITY spectro-in-
terferometric imaging provides unique
information that can help to characterise
the physics associated with the morphol-
ogy of complex systems at the highest
angular resolution currently possible in
the near-infrared.
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