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ABSTRACT

Context. V838 Mon is a stellar merger remnant that erupted in a luminous red nova event in 2002. Although it has been well studied
in the optical, near-infrared, and submillimeter regimes, its structure in the mid-infrared wavelengths remains elusive. Over the past
two decades, only a handful of infrared interferometric studies have been performed, suggesting the presence of an elongated structure
at multiple wavelengths. However, given the limited nature of these observations, the true morphology of the source has not yet been
conclusively determined.

Aims. By performing image reconstruction using observations taken at the VLTI and CHARA, we aim to map out the circumstellar
environment in V838 Mon.

Methods. We observed V838 Mon with the MATISSE (LMN bands) and GRAVITY (K band) instruments at the VLTI as well as the
MIRCX/MYSTIC (HK bands) instruments at the CHARA array. We geometrically modelled the squared visibilities and the closure
phases in each of the bands to obtain the constraints on the physical parameters. Furthermore, we constructed high-resolution images
of V838 Mon in the HK bands using the MIRA and SQUEEZE algorithms to study the immediate surroundings of the star. Lastly, we
also modelled the spectral features seen in the K and M bands at various temperatures.

Results. The image reconstructions show a bipolar structure that surrounds the central star in the post-merger remnant. In the K band,
the super-resolved images show an extended structure (uniform disk diameter ~1.94 mas) with a clumpy morphology that is aligned
along a north-west position angle (PA) of —40°. On the other hand, in the H band, the extended structure (uniform disk diameter
~1.18 mas) lies roughly along the same PA. Yet the northern lobe is slightly misaligned with respect to the southern lobe, which results
in the closure phase deviations.

Conclusions. The VLTI and CHARA imaging results show that V838 Mon is surrounded by features resembling jets that are intrin-
sically asymmetric. This is further confirmed by the closure phase modelling. Further observations with VLTI can help to determine
whether this structure shows any variations over time and also if such bi-polar structures are commonly formed in other stellar merger
remnants.
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1. Introduction

V838 Monocerotis erupted in a luminous red nova event at the
start of 2002 (Munari et al. 2002b; Tylenda 2005). Within a
few weeks, it had brightened by almost two orders of magni-
tude to ultimately reach a peak luminosity of 10°L, (Tylenda
2005; Sparks et al. 2008; Bond et al. 2003). The event is thought
to have been the result of a stellar merger. According to the sce-
nario proposed in Tylenda & Soker (2006), an 8 M B-type main
sequence star coalesced with a 0.4 M, young stellar object. The
outburst was soon followed by a gradual decrease in tempera-
ture and its spectra soon evolved to resemble those of a late

M-type supergiant (Evans et al. 2003; Loebman et al. 2015).
Spectra taken in the 2000s revealed the presence of various
molecules in V838 Mon, including water and transition-metal
oxides (Banerjee & Ashok 2002; Kaminski et al. 2009). Dust
was also observed to be produced in the post merger environment
(Wisniewski et al. 2008; Kaminski et al. 2021). Additionally, a
B-type companion was observed in the vicinity of the central
merger remnant, which suggests that the merger had taken place
in a hierarchical triple system (Munari et al. 2002a; Kamirski
et al. 2021). We note that the companion was obscured by dust
formed in the aftermath of the 2002 eruption (Tylenda et al.
2009). Overall, V838 Mon is the most widely studied luminous
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red nova in the Milky Way, although, many others have also been
found within the Galaxy as well as elsewhere in the Local Group
(Pastorello et al. 2019).

As the merger remnant in V838 Mon is enshrouded by dust,
it is an ideal target for near to mid-infrared (NIR-MIR) inter-
ferometric studies. The first of these studies was conducted by
Lane et al. (2005) in which they observed V838 Mon using the
Palomar Testbed Interferometer (PTI). By modelling the squared
visibilities in the K-band at 2.2 um, these authors were able to
measure the size of the merger remnant of 1.83 +0.06 mas. There
were also hints of asymmetries in the object, but due to scarce
measurements these could not be confirmed. Chesneau et al.
(2014) followed up these measurements between 2011 and 2014,
using the Very Large Telescope Interferometer (VLTI) instru-
ments: Astronomical Multi-BEam combineR (AMBER; Petrov
et al. 2007) in the H and K bands and the MID-infrared Inter-
ferometric instrument (MIDI; Leinert et al. 2003) in the N band.
Fitting uniform disk models to the AMBER measurements have
given an angular diameter of 1.15 + 0.2 mas, which (according
to the authors) indicates that the photosphere in V838 Mon had
contracted by about 40% over the course of a decade. Also, their
modelling of the AMBER data suggests that an extended com-
ponent was present in the system, with a lower limit on the full
width at half maximum (FWHM) of ~20 mas. Modelling the
MIDI measurements seems to point towards the presence of a
dusty elongated structure whose major axis varies as a function
of wavelength between 25 and 70 mas in N band. Submillimeter
observations obtained with the Atacama Large Millimeter/sub
millimeter Array (ALMA) in continuum revealed the presence
of a flattened structure with a FWHM of 17.6 x 17.6 mas sur-
rounding V838 Mon (Kaminski et al. 2021). Recent L band
measurements by Mobeen et al. (2021) also seem to paint a sim-
ilar picture. Mobeen et al. (2021) geometrically modelled the
squared visibilities and closure phases in the L-band, obtained
using the Multi AperTure mid-Infrared SpectroScopic Experi-
ment instrument (MATISSE) at the VLTI in 2020. They found
that the structure in the L-band is well represented by an elliptical
disk tilted at an angle of —40°. Furthermore, the closure phases
showed small but non-zero deviations, suggesting the presence
of asymmetries in the system. The interferometric measurements
span across the wavebands (from 2.2 pm to 1.3 mm) and trace a
dusty structure oriented roughly along the same direction, with
PA in the range of —10° (MIDI) to —-50° (ALMA). This might
indicate either a single overarching structure in the post-merger
remnant, or multiple similarly aligned structures. Simulations of
stellar merger events also suggest the presence of a disk like
structure in the post-merger remnant, which is thought to be
a reservoir for the pre-merger binary angular momentum (e.g.
Webbink 1976; Pejcha et al. 2017).

V838 Mon serves as an excellent source with which to
advance our understanding of the post-merger environment
decades after a luminous red nova event. Thus, it provides us
with crucial insights into the physical processes at play in these
merger events and their final products in the long term. In this
paper, we analyse and interpret recent interferometric observa-
tions obtained with a variety of instruments that span many
NIR-MIR wavelengths.

The format of the paper is as follows. In Sect. 2 we present
all of our VLTI and CHARA observations and outline the main
steps of the data reduction. We also analyse and interpret recent
optical speckle interferometric observations obtained at 562 and
832 nm. In Sect. 3, we mainly present the results of geometrically
modelling the interferometric observables (squared visibilities
and closure phases) observed with the MATISSE and GRAVITY
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Table 1. VLTI/GRAVITY observation log.

Date Configuration  Seeing
01/04/2022  A0-G1-J2-]3 0742
02/03/2022 A0-B2-C1-D0 0786
02/03/2022 A0-B2-C1-DO0 0782
02/04/2022 AO0-B2-C1-DO 0790
02/04/2022 A0-B2-C1-D0 1700
02/04/2022 A0-B2-C1-DO0 0762
02/05/2022  A0-D0-G2-J3 0’57
02/06/2022 DO0-G2-J3-KO0 0750
02/06/2022  DO0-G2-J3-KO0 1704
02/10/2022  DO0-G2-J3-KO 0756
02/11/2022  A0-G1-J2-]3 0769
02/13/2022  A0-G1-J2-]3 0766
03/11/2022  A0-G1-J2-]3 0’55
03/25/2022  A0-G1-J2-]3 0741
03/25/2022  A0-G1-J2-]3 0740
Table 2. VLTI/MATISSE observation log.
Date Configuration  Seeing
10/30/2021 AO0-G1-J2-]3 0’41
03/02/2022  A0-G1-J2-J3 0745
03/31/2022 A0-B2-C1-DO0 0’77

instruments at VLTI and with MIRCX/MYSTIC at CHARA.
Section 4 centres around our image reconstruction attempts for
the VLTI and CHARA datasets using two distinct image recon-
struction algorithms. The modelling and imaging results are
discussed in depth in Sect. 5. In Sect. 6, we present the main
conclusions of this study.

2. Observations and data reduction

V838 Mon was observed with the VLTI located at Paranal
observatory in Chile, in 2021 and 2022. Observations were
carried out using the 1.8 m Auxiliary Telescopes (ATs) and
two instruments, MATISSE (Lopez et al. 2022) and GRAVITY
(GRAVITY Collaboration 2017). MATISSE is a four telescope
beam combiner which covers the L (2.8-4.2 um), M (4.5-5 pm),
and N (8-13 um) bands, while GRAVITY combines light in
the K (1.9-2.4 um) band. For both instruments, we intended
to get 18 observing blocks (OBs) to perform our image recon-
struction. However, we were only able to obtain three OBs
for MATISSE and fifteen OBs for GRAVITY. The technical
details of our VLTI observations are presented in Tables 1-2.
In the case of MATISSE, only the large and small configura-
tions were employed, while for GRAVITY, observations using
all three configurations were carried out. In particular, intermedi-
ate configurations were also used to sample better the UV plane.
The UV coverages obtained for the MATISSE and GRAVITY
observations are shown in Figs. 1 and 2, respectively.
MATISSE observations were carried out in low spectral
resolution (R ~ 30) using the GRA4MAT mode, whereby
the GRAVITY fringe tracker was used to stabilize fringes for
MATISSE (Lopez et al. 2022). Each MATISSE observation for
V838 Mon consisted of a CAL-SCI-CAL observing sequence in
which two calibrator stars, 20 Mon (spectral type KO III) and
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Fig. 1. UV tracks for MATISSE observing runs in 2021-2022.
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Fig. 2. UV coverage for GRAVITY observing runs.

HD 52666 (spectral type K5 III), were observed to calibrate the
LMN bands. The source and calibrator fluxes in the LM N bands
are given in Table 3.

The GRAVITY observations were carried out in medium
spectral resolution (R ~ 500) using its single-field mode in which
the light is split equally between the fringe tracker channel and
the science channel. We adopted a CAL-SCI-CAL sequence for
each GRAVITY run. However, one calibrator was observed here,
HD 54990 (spectral type K0/1 III).

Interferometric observations of V838 Mon were also
obtained at the Center for High Angular Resolution Astronomy
(CHARA) array on UT 2022 March 2, 3, and 9. The UV
coverage for these observations are shown in Fig. 3. The
CHARA array is operated by Georgia State University and is
located at Mount Wilson Observatory in southern California.
The array consists of six l-meter telescopes arranged in a
Y-configuration with baselines ranging in length from 34 m to
331 m (ten Brummelaar et al. 2005). We combined the light
from four to five of the telescopes using the Michigan InfraRed
Combiner-eXeter (MIRC-X) beam combiner in the H-band
using the low spectral resolution (R = 50) prism that disperses
light over eight spectral channels (Anugu et al. 2020). On the
last night, additional simultaneous observations were obtained
using the Michigan Young STar Imager (MYSTIC) combiner
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Fig. 3. UV coverage for CHARA observing runs in the HK bands.

Table 3. Total LM N band fluxes of V838 Mon and the calibrators.

Object Lband Mband N band Reference
[Jy] [yl Uyl

V838 Mon 5 4 30 1

HD 52666 132 67 18 2

20 Mon 30.3 19.2 4.31 2

References. (1) Kaminski et al. (2021); (2) (MDFC; Cruzalebes et al.
2019).

Table 4. CHARA observation log.

Date Combiner Mode Configuration

03/02/2022 MIRC-X  H-Prism50 S1-S2-E2-W1-W2
03/03/2022 MIRC-X  H-Prism50 S1-S2-E2-W1-W2
03/09/2022 MIRC-X  H-Prism50 S1-S2-E2-W1-W2
03/09/2022 MYSTIC  K-Prism49  S1-S2-E2-W1-W2

Table 5. Total H band fluxes of V838 Mon and the calibrator.

Object Hband Reference
[mag]
V838 Mon 5.86 1
HD 54990 3.89 2
HD 61039 5.54 2
HD 59230 4.16 2

References. (1) Kaminski et al. (2021); (2) (MDFC; Cruzalebes et al.
2019).

(Setterholm et al. 2022) in the K band in the low spectral resolu-
tion (R = 49) mode (Monnier et al. 2018). The CHARA MIRC-X
and MYSTIC observation log is given in Table 4. On each night,
we alternated between observations of V838 Mon and calibra-
tor stars to calibrate the interferometric transfer function. The
H band fluxes are presented in Table 5, while the uniform disk
diameters of the calibrators in the HK bands were adopted from
Bourgés et al. (2014) and Bourgés et al. (2017) and are listed in
Table 6.
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Table 6. H band calibrator uniform disk diameters.

Calibrator UDD,H UDD,K eypp

[mas] [mas] [mas]
HD 54990 0.863 0.867 0.079
HD 61039 0.377 0.379 0.009
HD 59230 0.749 0.753 0.072

Notes. Uniform disk diameter (UDD) in the HK bands, taken from the
JMMC Stellar Diameters Catalog (Bourgés et al. 2014). Also, eypp is
the errorbar on the diameter measurement.

2.1. MATISSE data reduction

The LM N-band MATISSE data were reduced using version 1.7.5
of the ESO data reduction pipeline. It carries out in parallel
two types of processing: an ‘incoherent one’ that produces dis-
persed squared visibilities and closure phases, and a ‘coherent’
one that produces dispersed visibilities (hereafter referred to
as linear visibilities) and differential phases (see Lopez et al.
2022). The uncalibrated observables are stored in OIFITS files
(version 2). Per exposure, we obtained six dispersed squared
visibilities, three independent closure phases, six dispersed vis-
ibilities and differential phases', and four total spectra. A single
MATISSE exposure lasts 60 s. We refer to Mobeen et al. (2021)
for more details on the MATISSE observing sequence, which
includes a series of exposures taken without and with chop-
ping; the chopping being used to estimate and remove more
accurately the thermal background contribution from the pho-
tometric measurements in the LM band and especially in the
N band. The observations of V838 Mon were then calibrated
using our measurements of the calibrator stars listed in Table 3,
whose diameters and fluxes were taken from the JMMC Stel-
lar Diameter Catalog version 2 (Chelli et al. 2016) and the
Mid-infrared stellar Diameters and Fluxes compilation Catalog”
(MDEFC; Cruzalebes et al. 2019, see Table2). The calibration
of squared visibilities and linear visibilities was performed by
dividing the raw squared and linear visibilities of V838 Mon by
those of the calibrators, corrected for their diameter (called the
interferometric transfer function). The calibrated LMN spectra
of V838 Mon were obtained by multiplying the ratio between
the target and calibrator raw fluxes measured by MATISSE, for
each telescope, at each wavelength by a model of the absolute
flux of the calibrator. This model was taken from the PHOENIX
stellar spectra grid (Husser et al. 2013). The final calibrated spec-
tra were then obtained by averaging over the four telescopes. A
final calibration step was the merging of the different exposures
of each snapshot to produce our final visibilities, closure phases,
and total spectra.

Upon completing the data reduction and inspecting the resul-
tant products, we considered only the chopped data in the LM
bands because of the more accurate photometry estimation asso-
ciated with chopping. In the N band, we found that the squared
visibilities were of poor quality. This was because the aver-
age N-band total flux of V838 Mon (~15]Jy) lies very close
to the photometric sensitivity limit of MATISSE in the N-
band, especially beyond 11 um due to the increased thermal

! Differential phases were not used, being affected by chromatic effects
from the atmosphere that impaired the detection of any meaningful sig-
nature; the correction of such chromatic effects is out of the scope of
our study.

2 MDEFC is available through VizieR service at https://vizier.
u-strasbg.fr/viz-bin/VizieR
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Table 7. Total K band fluxes of V838 Mon and the calibrator.

Object Kband Reference
[mag]

V838 Mon 5.08 1

HD 54990 3.717 2

References. (1) Kaminski et al. (2021); (2) (MDFC; Cruzalebes et al.
2019).

background effects. Moreover, the N-band correlated flux level
(~5Jy) turns out to be slightly greater than the sensitivity limit
of the GRA4MAT mode in N-band. In such a situation, we thus
discarded the squared visibilities and considered instead the lin-
ear visibilities, which are usually less noisy in such a low-flux
regime in the N band.

2.2. GRAVITY data reduction

The GRAVITY data reduction was performed with the ESO
GRAVITY data reduction pipeline version 1.4.1 This was carried
out in the ESO Reflex workflow environment. For the calibra-
tion of squared visibilities, we used the visibility calibration
workflow in Reflex. The K data were calibrated using the cal-
ibrator star HD 54990 (see Table 7). Furthermore, the reduced
K band spectra were flux calibrated similarly to the L band spec-
tra obtained from MATISSE. The flux calibration routine from
the MATISSE consortium was used for this purpose and, just as
in the case of the M band, the K band spectra were also similarly
normalized and later compared to synthetic spectra.

2.3. CHARA data reduction

The CHARA data were reduced and calibrated by the support
astronomers at the CHARA array. The data were reduced using
the standard MIRC-X and MYSTIC pipeline (version 1.3.5)
written in python® and described by Anugu et al. (2020). The
pipeline produces calibrated visibility amplitudes for each pair of
telescopes and closure phases for each combination of three tele-
scopes. To assess the data quality, the calibrators were checked
against each other on each night. The calibrators showed no evi-
dence for binarity based on a visual inspection of the data, and
the diameters derived from the measured visibilities were consis-
tent with the expected values within uncertainties. The calibrated
OIFITS files will be available in the Optical Interferometry
Database* and the CHARA Data Archive’.

2.4. Gemini South observation

V838 Mon was also observed twice with the Gemini South
8-m telescope using the high-resolution Zorro instrument
(Scott et al. 2021; Howell & Furlan 2022). Zorro provides
simultaneous speckle imaging in two optical bands, centered
here at 562 nm and 832 nm. V838 Mon was observed on
25 Feb. 2021 UT and, about one year later, on 20 March 2022
UT. The speckle imaging on each night consisted of a number
of 60 ms frames taken in a row, the February 2021 observation
taking 12000 frames and the March 2022 observation taking
16000 frames. The February observations occurred during a

3 https://gitlab.chara.gsu.edu/lebouquj/mircx_
pipeline.git

4 https://oidb.jmmc.fr/index.html

5 https://www.chara.gsu.edu/observers/database
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Fig. 4. Speckle image reconstruction from March 2022 at 832 nm. A
noticeable north-south elongation is visible. The image field of view
(FoV) is 0785 by 0”55. North is up, east is left. The lowest reliable
emission feature is at 10% of the peak intensity level.
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Fig. 5. Speckle image reconstruction from February 2021 at 562 nm. A
prominent north-west elongation is visible. The image FoV is 0721 by
0”14. North is up, east is left. The lowest reliable emission feature is at
10% of the peak intensity level.

night of average seeing (0”6) while the longer March 2022
observations occurred during good seeing (0”45). The data were
reduced using a standard speckle imaging pipeline with reduced
output data products including reconstructed images and 50
contrast limits (Howell et al. 2011). The two sets of observations
agreed well with the March 2022 data, providing a higher
S/N result.

Figure 4 shows the 832 nm reconstructed image from March
2022, while Fig. 5 shows a similar reconstructed image but
for February 2021 at 562 nm. There are no close (<172) stel-
lar companions detected within the angular and contrast limits
achieved. However, as seen in Fig.4, the image at 832 nm is
extended beyond just a point source with a slight elongation in
the north-south direction and to the east by about 0”03. Similarly,
at 562nm, we also see a noticeable elongation in the north-
western direction, as shown in Fig. 5. The 562 nm elongation is
in very good agreement with what we observe in the HKLMN
bands (see Fig. 6). While the elongation varies significantly at
832 nm, we note that the orientation (north-south) of this partic-
ular structure is remarkably similar to the PA (~3°) we obtain
by fitting the N band visibility amplitudes with an elliptical disk
model. It is only with future extensive observations at Gemini
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Fig. 6. Sketch of the best fitting elliptical models for V838 Mon in the
HKL bands, as observed by MIRC-X, GRAVITY, and MATISSE.

South that it will be possible to reliably constrain the orientation
of the elongation of V838 Mon in the V and / bands.

3. Geometrical modelling

The resultant data products for the above-mentioned VLTI
and CHARA instruments are the interferometric observables,
namely, the squared visibilities (V?) and closure phases. The
squared visibilities represent the fringe contrast; thus, an object
is said to be completely resolved in the case that the value for
the squared visibility is zero, and completely unresolved in the
case the value is one. The squared visibilities can be used to
constrain the size of the source. Closure phases are the sum of
the individual phase measurements by telescopes within a par-
ticular triangular configuration in the array. This results in the
cancelling out of the atmospheric phase, namely, the phase of
the complex visibility function is sensitive to the object symme-
try (Jennison 1958). Therefore, the closure phases are a probe
for asymmetries, so deviations from values of 0° or 180° would
indicate some deviation from the centro-symmetry of the source.

3.1. L-band geometrical modelling (MATISSE)

Previous geometrical modelling and preliminary imaging results
in the L band seem to suggest the presence of an elongated
and tilted structure that enshrouds the central merger remnant
(Mobeen et al. 2021). The VLTI observations in 2020 were
obtained using only the large configuration. In the current study,
V838 Mon was observed with the small (maximal baseline is
~30 m) and large (minimal baseline ~140 m) configurations in
the L band. A quick look at the squared visibilities as a function
of spatial frequency suggests that the source is mostly resolved
at the longer baselines (see Fig. 7). However, even with the
most extended array configuration, V838 Mon is not completely
resolved as the squared visibilities drop to a minimum of about
0.3. At the shortest baselines, V838 Mon is mostly unresolved,
with the squared visibilities being at around 0.9. As a function
of wavelength, however, it is clear that the squared visibilities do
not show much variation over most of the L band. However, we
do see slight variation in the squared visibilities at the endpoints
of the wavebands (see Fig. B.1). For instance, there is a slow
rise until at about 3.25 wm, after which the squared visibilities
remain constant and then start to fall again beyond 3.8 pm. It is

A260, page 5 of 35
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Fig. 7. Observed (blue) and best fits for the L band squared visibilities
and closure phases. The models ED and CD refer to elliptical disk and
circular disk, respectively.

not immediately obvious what could be the cause for this behav-
ior of the squared visibilities. We rule out any miscalibrations
given the quality of our calibrator data. It could be the case that
what we are seeing at the edges of the L band could be due to
the presence of spectral features such as H,O below 3.4 pm and
SiO in its first overtone near 4 pwm. If true, this would mean that
the changing squared visibilities are indicative of the different
sizes of the distinct emission regions. Due to scarce data at the
band edges as well as the relatively unresolved flux (as suggested
by the squared visibilities), we could not perform geometrical
model fitting to these data points. For consistency purposes, we
restricted ourselves to the wavelength range of 3—4 pum in the
L band, which was the exact wavelength range considered in
Mobeen et al. (2021). This allowed for a direct comparison to
the previous L band results.

A qualitative look at the closure phases (see Fig. B.2) indi-
cates that they are mostly close to zero, with some very small
deviations of about a few degrees (maximum ~3°) and a mean
error of ~1°. This suggests a slight asymmetry in the system.
Again, similar to the squared visibilities we do not see much vari-
ation in the closure phases as a function of wavelength, except
just slightly at the endpoints (see Fig. B.1).

To interpret the MATISSE data, we employed geometri-
cal modelling, because the UV coverage of the MATISSE
2021/2022 data alone is insufficient for comprehensive imaging.
We used the modelling software LITPRO provided by Jean-
Marie Mariotti Center® (JMMC), which allows the user to fit
simple geometrical models such as disks, point sources and
ellipses to the observed visibilities and closure phases. LITpro
uses a y> minimization scheme to compute the model param-
eters and their error bars. The parameter errors were obtained
from the diagonal of the calculated covariance matrix, which
were then re-scaled by the square root of the final y? value’. For
the purpose of fitting the V838 Mon data, we tried four models:
a uniform circular disk (CD), an elliptical disk (ED), a circular
Gaussian, and an elliptical Gaussian. With a reduced )(2 of 6, we

6 https://www.jmmc.fr/english/tools/data-analysis/
oifits-explorer/

7 For more details on the error calculation in LITpro, see Evolu-
tion of LITpro’ by Isabelle Tallon-Bosc; http://www. jmmc. fr/doc/
approved/JMMC-PRE-2300-0012.pdf
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Fig. 8. Observations (blue) and best fit models for the N band visibility

amplitudes. The models ED and CD refer to elliptical disk and circular
disk, respectively.

found the elliptical models to better represent the data. The plots
of the modelled and observed visibilities are shown in Fig.7.
Additionally, we are able to obtain estimates for the size and PA
for the various models. These are listed in the Table A.1. The
obtained parameters for size and orientation are in good agree-
ment with what previous MATISSE observations had indicated
(Mobeen et al. 2021). In Mobeen et al. (2021), the elliptical disk
model yielded a semi-major axis PA of —40° + 6°, an angular
diameter of 3.28 + (.18 mas, and a stretch ratio of 1.40 £ 0.1. In
this study, we obtained values of —41234+0°49, 3.69 + 0.02 mas,
and 1.56 + 0.01, respectively. It is evident that these parame-
ters have remained largely the same between January and March
2020 and October 2021 and March 2022. This means that the fea-
ture in the L band is non-transient on a timescale of years. The
absence of any change in PA also suggests that no dynamical
variations have occurred in the post merger environment since
the previous size estimates made by Mobeen et al. (2021). Thus,
it would seem that the disk-like feature is stable and long-lived
in the L band. This allowed us to combine the two datasets and
attempt imaging (see Sect. 4.1).

3.2. N-band geometrical modelling (MATISSE)

We modelled the N band visibility amplitudes in a similar way
to the geometrical modelling we did for the squared visibilities
in other bands. Given the scarce number of data points, we used
simple geometries to model the observables. In the N band, our
goal was to estimate physical parameters for the structure such as
size, position angle and ellipticity under the assumption of par-
ticular geometries. This model fitting serves as a follow up to the
parameter estimation in the N band performed by Chesneau et al.
(2014) nearly a decade ago, where they also used similar models.
We used two models, involving: a uniform disk and an ellipti-
cal disk. The uniform disk model fit yields an angular diameter
of 87.73 £ 0.01 mas, while the elliptical disk model yields an
angular diameter of 48.70 + 2.40 mas, a PA of 5°03+0°70, and
a stretch ratio of 5.68 + 0.31. These fits are shown in Fig. 8. If
we consider the size estimate obtained from the elliptical disk
model (semi-major axis of ~300 mas), then it would seem that
the most extended structure surrounding V838 Mon exists in the


https://www.jmmc.fr/english/tools/data-analysis/oifits-explorer/
https://www.jmmc.fr/english/tools/data-analysis/oifits-explorer/
http://www.jmmc.fr/doc/approved/JMMC-PRE-2300-0012.pdf
http://www.jmmc.fr/doc/approved/JMMC-PRE-2300-0012.pdf
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Fig. 9. Observations (blue) and best fit models for the M band squared
visibilities and closure phases. Models ED, CD, and 2P refer to ellipti-
cal disk, circular disk, and two point sources, respectively. The angular
diameters for the CD and ED models are 5.86 + 0.08 and 4.35 +
0.09 mas. These size estimates (4—6 mas) most likely represent the dom-
inant circumstellar component.

N band. The PA points to a north-south elongation in the struc-
ture, which is drastically different from that seen in other bands.
This means that the N band structure is a distinct feature that may
not be dynamically related to structures seen in the HKL bands.

3.3. M-band geometrical modelling (MATISSE)

For the first time, we were able to observe V838 Mon in the
M band using MATISSE. However, due to the scarcity of data in
this band, we did not attempt any image reconstruction. As can
be seen in Fig. 9, the shape of the squared visibilities as a func-
tion of spatial frequency shows a sinusoidal-like modulation.
This modulation persists at all baselines and it is unlikely to be
an artefact given that any telluric features and systematic effects
were removed via calibration. Also, the calibrator star HD 52666
possesses no such feature which rules out the feature being a
systematic error. It is prominent across all spatial frequencies,
but it becomes more noticeable at longer baselines. The ampli-
tude variation lies in the range of 0.3-0.4, while the frequency
of these modulations increases at lower spatial frequencies. The
M-band closure phases are mostly close to zero. However, at
larger spatial frequencies, they tend to deviate by a few degrees
(maximum ~5°); therefore, this hints towards asymmetries akin
to those we see in the L-band.

The visibilities vary also as a function of wavelength and
show a broad depression near 4.7 um. This is illustrated in
Fig. 10 for visibilities averaged over all baselines. A minimum
is reached at 4.7 um which is close to the fundamental band of
CO (Fig. 11). The presence of the feature explains the sinusoidal
variations seen in Fig. 9. This is more clearly demonstrated in
Fig. F.3, where the dips in the squared visibilities arise in the
wavelength range between 4.6—4.7 pm, which is where we iden-
tified the CO feature. We also note that the spectral feature and
the modulations are prominent in all three nights of observa-
tions obtained with MATISSE; furthermore, the calibrator star
HD52666 showed no such modulations in its visibility data.
The closure phases (with a mean error of ~7°) do not seem to
show much wavelength dependence throughout this particular
waveband. Our flux calibrated spectra, however, readily show an
absorption feature at around 4.6 pm, which we identify as the
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Fig. 10. Observed squared visibilities as a function of wavelength near
the 4.7 um dip. The data for all baselines were averaged.
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Fig. 11. Observed LM-band spectrum (solid line) is compared to a sim-
ple simulation (dashed line) of absorption at the CO fundamental band
near 4.6 um and at a gas temperature of 30 K. The simulated spectrum
was smoothed to the spectral resolution of MATISSE.

fundamental band of CO. In Fig. 11, we compare the entire cali-
brated LM spectrum to a simulation of CO Av = +1 absorption
from an optically thin slab at thermal equilibrium and at a gas
temperature of 30 K. The match in wavelength is not perfect, but
can be explained by the complex pseudo-continuum baseline on
both sides of the feature. The observed feature may not be pure
absorption. Also, telluric absorption of water makes this part of
the band particularly difficult to observe and calibrate. Our iden-
tification of the CO band is strengthened by observations of the
same band in V838 Mon 2005 at a much higher spectral resolu-
tion (Geballe et al. 2007) and its presence in other red novae; for
instance, in V4332 Sgr (Banerjee et al. 2004).

Although the L-band spectrum shows clear signatures of cir-
cumstellar molecular features (albeit limited by the small number
of measured visibilities), we are currently able to make basic
size measurements only by combining data in the entire observed
band. We used a wide number of monochromatic models, includ-
ing: a circular disk (CD), circular Gaussian (CG), elliptical disk
(ED), elliptical Gaussian (EG), and a two-point (2P) source
model. The fits to these models and their details are given in
Table A.1, while the models of the visibilities and closure phases
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Fig. 12. K band squared visibilities and closure phases measured with
GRAVITY (gray). Best-fit geometrical models for elliptical disk (ED)
and circular disk (CD), are also shown, with both having zero closure
phases.
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Fig. 13. Zoomed-in section on some of the ‘bump’ features in the
squared visibilities from Fig. 12.

are also shown in Fig. 9. None of the models were able to exactly
reproduce the modulation shown by the visibilities. Disk-like
models with a size of 4-6 mas fit the data much better than a dou-
ble source. The derived size most likely represents the dominant
circumstellar component.

3.4. K-band geometrical modelling (GRAVITY and MYSTIC)

The GRAVITY K band observations for V838 Mon are the most
extensive of all the VLTI observations that we have obtained so
far. Observations on all three array configurations (including the
intermediate configurations) were successfully executed, which
resulted in good sampling of the UV plane. This allowed us to
perform the subsequent image reconstruction (see Sect. 4.2). We
obtained 15 out of the requested 18 observing runs. Results are
shown in Fig. 12. The source is well resolved at the longest base-
lines, as the squared visibilities fall to a minimum of 0.1. Some
of the baselines of the extended configuration reveal smaller
peak-like features in the squared visibilities, which cannot be
explained by just a simple disk or a Gaussian model (shown
more clearly in Fig. 13). These features arise in the observations
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Fig. 15. Synthetic spectra of water generated at various temperatures
are compared to the observed spectrum (blue).

taken with the baselines J2-A0Q and J3-AO, and can be seen
in Figs. G.11 and G.12. The squared visibilities do not change
considerably with wavelength over most of the wavelength range,
except at regions dominated by the water spectral feature (at
2 um) and the CO overtones (2.3-2.4 um), as seen in Figs. 14
and 15). This is why we also obtained size estimates for the
CO and water emitting regions as well by restricting ourselves
to those particular wavelength ranges. This suggests that the
shape of the structure is mostly independent of wavelength in the
K band. This can be seen in the figures shown in Appendix G,
where any rise and fall in the visibilities is minor (~0.1). The
closure phases seem to scatter around zero by a few degrees
and reach a maximum of ~5°, with a mean error of ~0.5°.
Once again, like the squared visibilities they too do not seem to
vary drastically as seen in the figures presented in Appendix H.
The root-mean-square (RMS) scatter is 2° which suggests that
the observed deviations in the closure phases can be attributed
mostly to observational noise (within 40) and maybe some very
small asymmetries present in V838 Mon.
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Fig. 16. Synthetic spectra generated for the first-overtone CO bands at
various temperatures. The solid blue line is the observed spectrum.

Although the K-band data were used extensively for imaging,
we nevertheless thought it prudent to also model the visibilities
directly using simple geometrical models in order to obtain con-
straints on the size of the structure. The best-fit parameters for
all models are shown in Table A.1. The size of the source lies in
the range 1.2-2.6 mas, depending on the choice of model. The
value of the PA in the K band is similar to measurements in the
other bands.

We were also able to obtain K band spectra with a medium
resolution (R ~ 500). The spectrum was calibrated using the star
HD 54990. This resulted in the removal of the major telluric
feature caused by H,O near 2 um, leaving us with absorption
bands in the range 2.3-2.35 um and less intense absorption fea-
tures near 2 um. We identified these as CO and H,O features,
respectively. To ensure that this identification was accurate, we
modelled the absorption at various temperatures using pgopher
(Western 2017) and spectroscopic data from the EXOMOL
database (Tennyson et al. 2020). The models represent a simple
slab of gas in local thermodynamic equilibrium (i.e. charac-
terized by a single temperature) and optically thin absorption.
Observed spectra are compared to the simple simulations in
Figs. 14-16. After experimenting with a wide range of tem-
peratures for both species, we find that a model with a CO
temperature of 3000 K and an H,O temperature of 1000 K best
represents the data, however, due to the poor spectral resolution,
these are only very rough constraints. The absorption may arise
in the photosphere or very close to it in the circumstellar gas (cf.
Geballe et al. 2007). We use geometrical modelling to determine
the sizes of the source when the visibilities are limited to spec-
tral regions where molecular absorption is strongest. For CO,
we restrict the GRAVITY data to 2.29-2.37 um, whereas for
water 1.97-2.07 um was selected. By fitting circular disk mod-
els to each of these datasets, we obtained angular diameters of
2.1 £0.1 mas and 2.0 + 0.1 mas, respectively. With the uncer-
tainties, these results are consistent with the size obtained for
the entire band.

We also obtained a single night of MYSTIC K band observa-
tions and geometrically modelled the visibilities with a uniform
disk and an elliptical disk model. The results are shown in
Fig. 17. The uniform disk model yields an angular diameter of
1.57 £ 0.01, mas while the elliptical disk model yields an angu-
lar diameter of 1.72 + 0.01 mas, PA of —41.6 + 1.5°, and a stretch
ratio of 1.28 + 0.01. Due to the longer CHARA baselines, V838
Mon is much better resolved, as evidenced by the lower min-
imum squared visibility. Additionally, we also combined both

ED
+ CD
MYSTIC Obs

1.4

1.2 1

1.0

0.8

VZ

0.6 -

0.4 4

0.2

0.0 1

—0.2 1

40 60 80 100 120
Spatial frequency [MA]

Fig. 17. K-band squared visibilities as measured with MYSTIC (blue).
Best-fit geometrical models for elliptical disk (ED) and circular disk
(CD) are also shown.

the GRAVITY and MYSTIC K band squared visibilities and
performed a uniform disk fit to the resulting combined dataset,
which gave an angular diameter of 1.94 + 0.01 mas. This value
is essentially the same as the one obtained from fitting only the
GRAVITY squared visibilities, which suggests that combining
them with the MYSTIC squared visibilities does not result in a
significant change in the size estimate for V838 Mon.

The mean of the MYSTIC closure phases is ~2° with an
RMS of ~11°, which strongly hints towards the presence of
asymmetries. Unlike the GRAVITY dataset, the MYSTIC obser-
vations lasted only a single night because of which we could
only geometrically model the closure phases. The results of this
modelling are presented in Sect. 4.5.

3.5. H-band geometrical modelling

CHARA MIRC-X observations allowed us to observe V838 Mon
in the H band as well. Previous measurements in the H band
were taken in 2012 using the AMBER instrument and prior to
that, in 2004 (Lane et al. 2005) with the Palomar Testbed Inter-
ferometer (PTI). These recent CHARA measurements serve as
a direct follow-up to the previous H band observations. The
squared visibilities, shown in Fig. 18, suggest that the source
is resolved at the longest CHARA baselines (<331 m), as the
visibilities fall to a minimum of 0.1. The mean uncertainity is
~4°, The closure phases split into two groups. One is scattered
around null phase, and the other, more populous group, is cen-
tered at phases ~6°, thereby hinting towards deviations from
centro-symmetry in some parts of the remnant. This pattern is
observed at all spatial frequencies and requires a more complex
source structure, which we discuss in Sect. 4.3.

4. Image reconstruction
4.1. L band image reconstruction

For the purposes of the image reconstruction, we combined
the 2021/2022 MATISSE L-band data set with the one from
2020 used by Mobeen et al. (2021), since no significant vari-
ability occurred in the source over the course of the year. This
is further confirmed by our modelling of the recent visibil-
ities and phases presented in Sect.3.1. Because both of the
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Fig. 18. Observations (dark blue) and best fit models for the H band
squared visibilities and closure phases. Circular (CD) and elliptical
(ED) disk models are shown.

datasets consist of observations made with the large configura-
tion, any reconstructed image will be sensitive to compact fea-
tures in V838 Mon. The image was constructed using the image
reconstruction algorithm Multi-aperture Image Reconstruction
Algorithm MIRA (Thiébaut 2008) which uses a likelihood cost-
function minimization method. For the L-band image, we set a
pixel size of 0.1 mas, which is significantly smaller (~30 times)
than the theoretical best resolution achievable with VLTI at this
wavelength (A7/2Bmax = 3 mas). This pixel size was chosen so
that the image plane could be adequately filled, since the size
of V838 Mon in the L band is on the order of the best reso-
lution attainable (~3 mas). Also, we used a similar pixel size
in Mobeen et al. (2021) when we attempted to construct an
image using the few MATISSE observations obtained in 2020.
A FoV of 5mas was chosen, taking into consideration the size
of the L band structure inferred from geometrical modelling
(see Table A.1).The regularization scheme we employed was the
hyperbolic regularization with a regularization parameter of 10°.
These regularization settings resulted in images with the lowest
x? values.

The resulting image displayed in Fig. 19 shows an asymmet-
rical, elliptical feature. The geometric orientation is along the
PA that we obtained from our modelling presented in the prior
sections.

4.2. K-band image reconstructions

Given the comprehensive nature of our GRAVITY observa-
tions, we were able to perform detailed image reconstruction of
V838 Mon from the measured interferometric observables in the
K band. For this purpose, we used two separate image recon-
struction algorithms: SQUEEZE (Baron et al. 2010) and MIRA
(Thiébaut 2008). Both these algorithms attempt to solve for the
best image given the data and a model of the image. They employ
different methodologies and minimization techniques from one
another. Thus, by using multiple algorithms to reconstruct an
image and comparing them to one another, one can distinguish
between authentic features present in a source and artefacts that
could have resulted from the different algorithms. The best reso-
lution (A7 /2Bmax) attainable with VLTI baselines in the K band
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Fig. 19. Image reconstruction of V838 Mon done in the L band using
the combined 20202022 MATISSE data. Flux is in a logarithmic scale
in arbitrary units. The nominal resolution is 3 mas and y* ~ 4.

is ~ 2 mas. For the purpose of our image reconstruction, we lim-
ited our FoV to 10 mas and set the pixel size to 0.1 mas, making
the image 100 by 100 pixels. This choice for the FoV and pixel
size was adopted after taking into consideration the size of V838
Mon as inferred from geometrical modelling (~ 2 mas). With
MIRA, just as in the L band, we used the hyperbolic regulariza-
tion and found that the y*> was minimized with a regularization
parameter of 10°. However, with the SQUEEZE algorithm, we
used the total variation and found the y? to be minimized with
a parameter value of 10°. Total variation with a high enough
regularization parameter value is identical to the hyperbolic reg-
ularization scheme. The values for the regularization parameters
were determined by reconstructing images for a wide range of
parameter values and by noting the value at which no further
reduction in y? takes place. This parameter is significant since
it sets the weight for the image model against the data when
the minimization scheme is implemented. We combined all the
GRAVITY OIFITS files and merged them into a single file by
using OI-Tools®. This yielded a single OIFITS file that was then
used as the input file in the image algorithms. The number of iter-
ations was set at 500. Finally, a randomly generated image was
used as the starting image for all of our reconstruction attempts.
The reconstruction results with both MIRA and SQUEEZE are
shown in Figs.20 and 21, respectively. We performed image
reconstruction using a different strategy as well, whereby the
combined GRAVITY data OIFITS file was binned into smaller
wavelength increments of 0.05 pm. The image in the first wave-
length bin in this process was constructed with a random starting
image. However, in subsequent reconstructions for the other bins,
the starting image used would be the image obtained for the
preceding bin. Using this chain imaging method helped us to
significantly decrease the value of the reduced y?, namely: from
~150 to = 8 in the final image. Thus, the final image is at the
endpoint of the waveband. The result of this strategy is displayed
in Fig.22.

The resulting images (Figs. 20 and 21) from both algorithms
display a similar morphology in the K band. In the 0.1 mas

8 https://github.com/fabienbaron/0ITOOLS.jl/tree/main/
demos
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Fig. 20. Reconstructed K band image of V838 Mon obtained using the
MIRA imaging algorithm. Flux level is logarithmic, and the units are
arbitrary. Nominal resolution is 2 mas and y? ~150.
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Fig. 21. Reconstructed K band image of V838 Mon obtained using

the SQUEEZE imaging algorithm. Nominal resolution is 2 mas and
2

x~ ~150.

image reconstructions, multiple possible features are immedi-
ately noticeable. These include the clump-like features (labelled
as A, B, D, E, and G in Fig. 20) that are roughly distributed along
an axis at the PA value (~—40°) which we have obtained from
geometrical modelling and which is similar to the PA found for
the disk-like feature found in V838 Mon in other bands. Fur-
thermore, we also see two narrow linear features (labelled C
and F in Fig. 20) stretching along the northeast direction, which
appear to be nearly perpendicular to the axis defining the brighter
clumps. When we look at the reconstructed image made using
SQUEEZE, we see that despite being generally similar to its
MIRA counterpart, the structure in the SQUEEZE image is a lot
more continuous and somewhat resembles a clumpy disjointed
ring seen at an intermediate inclination. The features that cor-
respond to regions A, B, D, E, and G in Fig. 20, are present in
Fig. 21; however, features C and F are not clearly distinguishable

Dec offset [mas]

RA offset [mas]

Fig. 22. Reconstructed K band image of V838 Mon obtained using the
chain imaging method with the MIRA imaging algorithm. Nominal res-
olution is 2 mas and y? ~ 8.

in the SQUEEZE image. This could mean that the linear features
are imaging artefacts.

Our highest resolution (0.1 mas) K-band images reveal a very
clumpy morphology that surrounds the central elliptical struc-
ture (see Fig.20). The major clumps seem to almost trace out a
ring that has a size of about 5 mas, while the inner source spans
2 mas. It is worth noting that at the adopted pixel size of 0.1 mas,
the source is already super-resolved when compared to the actual
achievable resolution with the longest baseline at the VLTI (i.e.
~2mas). Thus, the finer details such as the clumps and linear
features could be simply image artefacts that arise as a conse-
quence of using too high a resolution. To further explore the
effects of super-resolution, we performed image reconstruction
using larger pixel sizes of 0.5 and 0.8 mas. These results can be
seen in Figs. A.1-A.4. The resulting less super-resolved images
show only a single extended feature, whereas the inner feature
seen in the more resolved images ceases to be distinguishable.
Furthermore, the clumps that were prominent in the 0.1 mas res-
olution image also seem to have vanished; however, the extended
structure in the 0.5 mas and 0.8 mas images seems to suggest
that the circumstellar environment is asymmetrical and exhibits
a morphology that could be described as bipolar. The orientation
of this bipolar structure is along the same axis defined by the
PA from the geometrical model fitting. It is likely that the outer
structure is indeed an example of outflows that are expected to be
produced in post-merger environments, similar to what is seen
in the sub-mm regime in the stellar merger remnant V4332 Sgr
(Kaminski et al. 2018).

4.3. H band image reconstruction

Adopting an approach that is similar to the one we used to ana-
lyze the K-band data, we employed the same imaging algorithms
and attempted image reconstruction for the CHARA observa-
tions in the H band. With CHARA, given its longer baselines
(maximum baseline of ~300 m), the best attainable resolution
is about 0.5 mas. The image FoV was set to 10 mas, while a
pixel size of 0.1 mas was chosen and the starting image was ran-
domly generated. The value of the regularization was set to 1000
for both MIRA and SQUEEZE imaging. The resulting images
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Fig. 23. Reconstructed H band image of V838 Mon obtained using
the MIRA imaging algorithm. The nominal resolution is 0.5 mas and
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Fig. 24. Reconstructed H band image of V838 Mon obtained using the

SQUEEZE imaging algorithm. The nominal resolution is 0.5 mas and
2

x ~ 1L

(Figs. 23 and 24) show an elongated structure that is oriented at
a PA of —40°. The physical extent of this feature is about 2 mas,
thus allowing us to probe the innermost parts of the circumstel-
lar environment. Despite the fact that the images provide a very
good fit to the data (i.e. reduced y?> = 1) some artefacts are also
present. We define artefacts as low intensity features (contrast
ratio less than equal to 0.01), that are unique to a particular image
reconstruction algorithm. These might have occurred due to the
fact that we were only able to use 4-5 telescopes on any given
night and not the full six telescope configuration of CHARA.

It would seem that in the H band we are also seeing a simi-
lar bipolar feature, but at much smaller spatial scales, placing it
closer to the central merger remnant. The reconstructed images
in the H band show a structure that is similar in morphology to
its counterparts in other wavelength regimes. The images indi-
cate the presence of asymmetrical structures in the south-east
and north-west regions of V838 Mon. The asymmetry is most
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Fig. 25. Model we used for explaining the H-band closure phases. The
red central component represents the star, while the blue ellipses may
represent bipolar outflows hinted by the H band image reconstructions
(cf. Figs. 23 and 24). About 95% of the model flux is contained within
the central component.

noticeable in the northern part of the bipolar structure, which
seems to be misaligned with respect to the southern feature. A
crucial difference in the H band structure is the relatively high
closure phase deviations and the apparent asymmetrical shape of
the northern lobe visible in the image reconstructions. The ori-
entation of the CHARA feature is in good agreement with what
is seen in the L, M, and K bands. This can be seen in the sketch
of the NIR-MIR structures in Fig. 6.

4.4. H-band closure phase modelling

As mentioned previously, we were unable to explain H band
closure phases with simple geometrical models (circular and
elliptical disks, see Sect.3.5). Given the magnitude of these
closure phase deviations, it is apparent that the circumstel-
lar structure in V838 Mon possesses significant asymmetries.
This is further corroborated by our imaging results presented
in Sect.4.3. Similarly to the K-band images, the H-band ones
seem to show a bipolar structure which is roughly oriented along
the same PA as all the other structures that encase the merger
remnant. Given our imaging results in the H band, we again
attempted to reproduce the closure phase deviations, this time
using a more complicated multi-component model that better
represents the structure as revealed by the H band image. A
sketch of this model is shown in Fig.25. The model includes
a central 1 mas disk that represents the central star. In addition to
that, we also include two elliptical disks (‘clumps’). The semi-
major axis of the lower ellipse is oriented roughly along the PA
that the structures in other bands follow, while that of the upper
ellipse is nearly horizontal. The modelled and observed closure
phases are plotted as a function of spatial frequency in Fig. 26.
We see that the more complex model inspired by the image
reconstructions is able to explain the closure phase deviations
quite satisfactorily. Additionally, we tried a model comprising
a uniform disk and two point sources, but the resulting closure
phase deviations from that model were too high, by a factor of
almost 10, which is why we discarded it.

4.5. MYSTIC K band closure phase modelling

As stated earlier in this work, the K band closure phases as
observed by MYSTIC do show significant non-zero deviations.
Therefore, we decided to model these closure phases geometri-
cally to see if the observations can be well explained with an
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Fig. 26. Simulated and observed H-band closure phases as a function
of spatial frequency. The simulated closure phases are represented by
red triangles, while the observations are represented by the blue circles.
Simulations correspond to the structure shown in Fig. 25 and match the
observations better than the simpler models described in Sect. 3.5.

asymmetric intensity distribution. We used the interferometric
modelling software PMOIRED (Mérand 2022) for this purpose.
Using PMOIRED, we experimented with various combinations
of geometrical building blocks (disks, Gaussians, etc.) in order
to reproduce the closure phases as accurately as possible. Ulti-
mately, we found the best-fit model (x> ~1.5), consisting of
an elongated primary disk with a size of 1 mas and a smaller
(0.5 mas), less intense secondary disk that is separated from the
primary by ~ 1.7 mas. The sizes of the primary and secondary
components were fixed at 1 and 0.5 mas, respectively, while the
orientation and elongation of the primary component were fixed
at —40° and 1.4. The primary component was fixed in the center
of the FoV, and its flux level was set at 90%, while the secondary
flux level was set at 10%. The x and y positions of the secondary
were left as free parameters. The geometry of this model can be
seen in Fig. 27.

The closure phases produced by the model and their fit to the
observations are shown in Fig. 28. We can see from the figure
that the non-zero closure phases are explained quite satisfactorily
by our model at all baselines. The orientation of the primary disk
seems to agree well with the general orientation of V838 Mon,
as seen in the HK band image reconstructions. Furthermore, the
PA of the smaller disk component with respect to the primary
also closely resembles the general orientation of V838 Mon in
the NIR-MIR bands. The modelling results prove that the closure
phase deviations are well explained with the addition of an off-
centre ‘clump’.

5. Discussion
5.1. Jets

Lane et al. (2005) suggested that V838 Mon could potentially
possess an asymmetric structure, however, due to their limited
observations and absence of closure phase measurements they
were unable to prove this conclusively. In Mobeen et al. (2021),
the L band closure phases seemed to be hinting towards minor
asymmetries, as indicated by the small but non-zero deviations.
However, we interpreted them with great caution given their
small magnitude and the limited data. In this study, we have
conclusively shown the existence of these asymmetries via geo-
metrical modelling and image reconstruction in the HK bands.
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Fig. 27. Image for the best-fit geometric model comprising two compo-
nents in the K band. The primary component is the elliptical disk with
a size of ~1 mas and elongated at a PA of —40°. The secondary compo-
nent is a smaller circular disk with a diameter of 0.5 mas and separated
from the primary by ~1.7mas. The model flux contained in the sec-
ondary component is ~10%.
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Fig. 28. MYSTIC K-band closure phases (top) for the observed (points)
and modelled (lines) visibilities representing the model in Fig. 27. The
bottom panel shows the respective residuals.

The GRAVITY and CHARA images (see Figs. 20 and 23) show
an inhomogeneous bipolar structure. This inhomogeneous struc-
ture is more pronounced in the H band image, as we can see that
the northern lobe is oriented at a different PA than its southern
counterpart. The asymmetric lobes model is further corroborated
by H band closure phases that are satisfactorily explained when
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we assume such a morphology for our geometrical model (see
Figs. 25 and 26).

These outflows resemble jets, which are strongly believed to
be present in intermediate-luminosity optical transients (ILOTSs),
such as luminous red novae (LRNs) and are thought to play an
important role by providing the extra energy needed to unbind
the common envelope. Soker (2016) showed that energy from
the jets is transferred to the primary envelope during the graz-
ing envelope evolution stage, which means that the jets could
be the mechanism responsible for the outbursts seen in LRNs,
including V838 Mon. In a subsequent study (Soker 2020) it was
shown that the luminosity and total energy output of V838 Mon
could be adequately explained if jets present in the system collide
with a slow-moving shell of material. The author concluded that
this was a plausible scenario for V838 Mon and V4332 Sgr. In
the case of V4332 Sgr, it was shown using submillimeter obser-
vations carried out at ALMA (Kaminski et al. 2018) that the
object does indeed possess bipolar outflows consisting of molec-
ular material. This means that jets were a main component in the
LRN event in V4332 Sgr. If jets are the reason for the LRN in
V838 Mon, this would mean that we should be able to observe
jet-like features in the source. Since we see a clear bipolar struc-
ture in the image reconstructions for V838 Mon (see Sects. 4.2
and 4.3) this means that jets played a role in the energy output of
the outburst in 2002 which resulted in V838 Mon brightening by
several orders of magnitude. Soker (2023) shows that only jets
can satisfactorily explain the rapid rise in luminosity that is seen
in ILOTS such as V838 Mon and V1309 Sco just prior to the
outbursts. As of now, no jets have been observed in V1309 Sco,
but the clear detection of jets in V838 Mon, V4332 Sgr and CK
Vulpeculae suggests that such bipolar features are perhaps uni-
versal amongst many other stellar merger remnants. Recently, the
Blue Ring Nebula was found to possess bipolar conical outflows
which led Hoadley et al. (2020) to conclude that the object is
a result of a stellar merger. Our interferometric observations of
V838 Mon appear to be lending credence to the idea that jets are
an intrinsic feature of LRNs and persist even in the post-merger
environment.

5.2. Clumps

The MYSTIC closure phases, as evidenced by the modelling,
suggest the presence of a small clump separated from the cen-
tral star by ~1.7 mas. The clump lies approximately along the
PA traced by the bipolar structure in V838 Mon; in fact, its ori-
entation seems to be quite similar to that of the northern lobe
seen in the H band. This clump is the first ever detection of a
sub milliarcsecond feature in V838 Mon. The exact nature of
the clump (whether stable or transient) remains elusive. ALMA
maps of V838 Mon by Kaminski et al. (2021) also showed
the presence of prominent clumps in the wind component of
the merger remnant in the submillimeter regime. The formation
of dust clumps is a prevalent phenomenon amongst red super-
giants (RSGs) and asymptotic giant branch stars. VX Sagittarii,
which is a variable supergiant star, has been found to possess an
inhomogeneous atmosphere containing spots (Chiavassa et al.
2010). Using radiative hydrodynamical simulations Chiavassa
et al. (2009) showed that the interferometric observations for the
RSG « Ori could be explained using limb darkening models,
which suggested the presence of asymmetric surface features. In
addition to this, Kaminski (2019) showed using ALMA observa-
tions that multiple dust clumps had formed in the RSG VY Canis
Majoris (VY CMa). A dust clump is also thought to have formed
in the (RSG) Betelgeuse during the Great Dimming event of
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2019-2020 (Montarges et al. 2021). Follow-up VLTI/MATISSE
observations in 2020 were obtained by Cannon et al. (2023)
which showed a complex closure phase signal in Betelgeuse.
The authors constructed multiple radiative transfer models, such
as those consisting of clumps and spots. Although they could
not reproduce the closure phase signal exactly due to their use
of only rudimentary models, the authors concluded that either
clumps or other surface features were the main source of the
closure phase deviations. In the case of V838 Mon, the clo-
sure phases are not as high as those in Betelgeuse observed by
Cannon et al. (2023); however, as shown in Sect. 4.5, the
MYSTIC closure phases can only be explained by the smaller
clump (see Fig. 27).

Since the spectra for V838 Mon resembles that of a late M-
type supergiant (Evans et al. 2003; Loebman et al. 2015), we
expect the circumstellar environment in V838 Mon to be some-
what similar to other evolved stars with clumpy surroundings.
This particular clump that we have been able to constrain with
MYSTIC could in fact be a smaller feature within the lobe- or jet-
like structure that is observed at longer wavelengths. This would
mean that the lobes themselves could be clumpy and inhomo-
geneous. These clumps could be the result of the jet interacting
with the surrounding less dense material in the V838 Mon dur-
ing its common envelope phase. Soker (2019) proposed that this
interaction between the jet and the envelope results in the for-
mation of jet-inflated low-density bubbles. As a consequence,
the surrounding medium is prone to clumping due to Rayleigh-
Taylor instabilities. This would result in the jet departing from
a pure axisymmetric morphology and become variable in direc-
tion and brightness. It could be the case that the observed H band
clump was the result of such jet-inflated bubbles.

5.3. Polarization in V838 Mon

The Gemini speckle image reconstructions in the V and 7 band
speckle images show a morphology that is consistent with the
interferometric imaging and modelling results in the HKLMN
bands. Both images (see Figs. 4 and 5) seem to suggest that
the innermost vicinity in V838 Mon is quite noticeably bright
at 562 nm and 832 nm. If this emission results from scattered
light, then it is likely to produce a net polarization. It was shown
by Wisniewski et al. (2003b) that a low degree of polariza-
tion (1%) was present in 2003 in the V band, with a measured
PA of 150°. The authors suggested that this polarization signal
was pointing to asymmetries in the surroundings of V838 Mon.
A follow-up measurement (six months later) showed that the
PA of the polarization vector flipped by 90° (Wisniewski et al.
2003a). This change over the course of six months seemed to
suggest the dynamic, evolving nature of the dusty environment
in V838 Mon. The Gemini observations reveal a complex cir-
cumstellar medium in V838 Mon that might still be dynamic
and could show signs of varying intrinsic polarization and PA,
especially in the V band. The above-mentioned observations by
Wisniewski et al. (2003b) and Wisniewski et al. (2003a) were
carried out over two decades ago, and since the dramatic change
in PA occurred over a period of only six months, we expect the
environment in V838 Mon to have significantly changed since
then. Future polarimetric measurements could help to determine
if linear polarization in V838 Mon has increased significantly
over the last two decades.

6. Conclusions

In this study, we performed a multi-wavelength interferometric
analysis of the stellar merger remnant V838 Mon in the HKLM
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bands using the VLTI instruments MATISSE and GRAVITY, as
well as the CHARA instrument MIRC-X/MYSTIC. In the HK
bands, we imaged the circumstellar environment in the imme-
diate vicinity of the central merger remnant; while in the other
bands, we resorted to geometrical modelling to obtain constraints
on the geometry and orientation of the post-merger environment.

We were also able to compare the HKLMN image reconstruc-

tions with I and V band speckle imaging from Gemini South. In

addition, we modelled the spectral features that were present in
the K and M bands and we were able to put constrains on the
temperatures. Our main findings are as follows.

— Geometrical modelling suggests that the L band structure
has remained largely the same since previous observations
presented in Mobeen et al. (2021).

— Image reconstruction in the HK bands reveals a bipolar
morphology that resembles jets. These ‘jets’ are present in
both bands, while in the H band they appear to be slightly
asymmetric as well.

— The super resolved GRAVITY K band images reconstructed
with a 0.1 mas pixel size reveal clumpy outflows that sur-
round the inner feature.

The MYSTIC K band closure phases are aptly explained by

a small (0.5 mas), off-centre circular feature that we identify

as a potential clump.

The orientation of the extended circumstellar feature (i.e.

outflows) tends to be along the same general direction

namely, north-west, with a PA that varies from -30° to

—50° and an ellipticity in the range 1.1-1.6, depending on

the wavelength. This is in agreement with prior studies

(Chesneau et al. 2014; Kaminski et al. 2021). However, the

N- and I-band structure is oriented along the north-south

direction.

— The K band CO and water features are best modelled at
temperatures of 2000-3000 K, thereby hinting at their pho-
tospheric origin. We were also able to measure the sizes of
the CO and water emitting regions, namely: 2.1 mas and
1.985 mas, respectively. In the M band, we observe CO at
4.6 um, for the first time, using interferometry.
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Appendix A: Images at lower resolutions
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Table A.1. Fitted models and their parameters.

Mobeen, M. Z., et al.: A&A, 686, A260 (2024)

Model Band  x? Size PA Stretch Flux

[mas] [°] ratio [%]
CD L 10.34  3.00 = 0.01 - - 1004
ED L 4.22 3.69+0.02 -4134+049 1.56+0.01 100°
CG L 9.50 1.82 + 0.01 - - 1004
EG L 4.02 1.44 + 0.01 -41.56 + 0.51 1.54+02  100¢
CD M 21.94  5.86 +0.08 - - 1004
ED M 18.75  4.35+0.09 -53 +2.87 1.42 £ 0.03 1004
CD N 33.25 8773 +0.01 - - 1004
ED N 2771  48.70 = 2.40 5.03 £0.70 5.68 +£0.31 1004
CD H 16.92  1.180 = 0.004 - - 1004
ED H 16.66 1.20 + 0.01 -30.69+391 1.10+0.01 100¢
CD K 341.5  1.939 = 0.001 - - 1004
ED K 195.5 2.619 £0.002 —47.09+0.06 0.615+0.01 100“
CG K 328.1 1.179 + 0.001 - - 1004

Notes. The models used to represent the data from the L, M, N H, and K bands, taken with MATISSE, GRAVITY, and MIRC-X. Parameters
include: size (angular diameter or FWHM), the PA of the major axis, the stretch ratio, and the flux level. The models used are uniform circular or
elliptical disk (CD or ED, respectively), a circular or elliptical Gaussian (CG or EG, respectively). The stretch ratio is between that of the major and
minor axis size. @ Flux value was fixed from the start. The size measurements in the K band were obtained using GRAVITY observations only.

Appendix B: Observables as functions of
wavelength in the LM bands
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Fig. B.2. Closure phases versus wavelength in the L band for the nights
30 October 2021, 2 March 2022, and 30 March 2022. The colour bar

Fig. B.1. Squared visibilities versus wavelength in the L band for the
nights 30 October 2021, 2 March 2022, and 30 March 2022. The colour

bar represents the wavelength.

represents the wavelength.
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VLTI - MATISSE [4.5108 um - 4.9816 pm] / [4.5123 um - 4.9829 pm] - A0-B2-C1-DO / AO-G1-J2-J3
Day: 2021-10-30 / 2022-03-02 / 2022-03-31 - Source: V V838 Mon
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Fig. B.3. Squared visibilities versus wavelength in the M band for the
nights 30 October 2021, 2 March 2022, and 31 March 2022. The colour
bar represents the wavelength.
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Fig. B.4. Squared visibilities versus spatial frequency in the M band for
the nights 30 October 2021, 2 March 2022, and 31 March 2022. The

colour bar represents the wavelength.

Appendix C: K band imaging V? residuals
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the 0.1 mas GRAVITY reconstructed image.
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Fig. C.2. Residuals for the synthetic squared visibilities derived from
the 0.5 mas GRAVITY reconstructed image.
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Fig. C.3. Residuals for the synthetic squared visibilities derived from
the 0.8 mas GRAVITY reconstructed image.

Appendix D: K band imaging closure phase
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Fig. D.1. Residuals for the synthetic closure phases derived from the 0.1
mas GRAVITY reconstructed image.
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Fig. D.2. Residuals for the synthetic closure phases derived from the
0.5 mas GRAVITY reconstructed image.
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Fig. D.3. Residuals for the synthetic closure phases derived from the
0.8 mas GRAVITY reconstructed image.

Appendix E: H band imaging V? residuals
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Fig. E.2. Residuals for the synthetic squared visibilities derived from

the 0.2 mas CHARA reconstructed image.
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Fig. E.3. Residuals for the synthetic squared visibilities derived from

the 0.5 mas CHARA reconstructed image.

Appendix F: H band imaging closure phase
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Appendix G: K band squared visibilities
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Fig. G.1. Squared visibilities versus wavelength in the K band for the night 3 February 2022.
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Fig. G.2. Squared visibilities versus wavelength in the K band for the night 3 February 2022.
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Fig. G.3. Squared visibilities versus wavelength in the K band for the night 4 February 2022.
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Fig. G.4. Squared visibilities versus wavelength in the K band for the night 4 February 2022.
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Fig. G.5. Squared visibilities versus wavelength in the K band for the night 4 February 2022.
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Fig. G.7. Squared visibilities versus wavelength in the K band for the night 5 February 2022.
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Fig. G.8. Squared visibilities versus wavelength in the K band for the night 4 January 2022.
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Fig. G.9. Squared visibilities versus wavelength in the K band for the night 11 February 2022
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Fig. G.10. Squared visibilities versus wavelength in the K band for the night 13 February 2022.
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Fig. G.11. Squared visibilities versus wavelength in the K band for the night 25 February 2022.
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Fig. G.12. Squared visibilities versus wavelength in the K band for the night 25 February 2022.
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Fig. G.13. Squared visibilities versus wavelength in the K band for the night 6 February 2022
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Fig. G.15. Squared visibilities versus wavelength in the K band for the night 10 February 2022

Appendix H: K band closure phases
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Fig. H.1. Closure phases versus wavelength in the K band for the night 3 February 2022.
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Fig. H.2. Closure phases versus wavelength in the K band for the night 3 February 2022.
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Fig. H.4. Closure phases versus wavelength in the K band for the night 4 February 2022.
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Fig. H.5. Closure phases versus wavelength in the K band for the night 4 February 2022.
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Fig. H.6. Closure phases versus wavelength in the K band for the night 11 March 2022.
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Fig. H.8. Closure phases versus wavelength in the K band.
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Fig. H.10. Closure phases versus wavelength in the K band.
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Fig. H.12. Closure phases versus wavelength in the K band.
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Fig. H.13. Closure phases versus wavelength in the K band.

A260, page 34 of 35

2.35

2.40

2.45



-02-06 - Source: V838_Mon

Mobeen, M. Z., et al.: A&A, 686, A260 (2024)
Day: 2022

VLTI - GRAVITY [1.970 pm - 2.480 pm] - DO-G2-)3-KO

2.50

A260, page 35 of 35

2.45

2.30 2.35

2.25
(um)

EFF_WAVE
[WD0-G2-K0 WJ3-DO-G2 HJ3-D0-KO HJ3-G2-KO]

2.20

2.15

2.05

2.00

1.95

]
I
- - L E
. i -'- ] i ..;nk ' - - : .# .— - -l- -,-v-. "- -- -- 2 -.;..-
L e & = " [T e S ,-lﬁ- - T =
" = 9 bl = | mEE mE - " 9
L T N 3 [} =S . ny 2 L g oy —— 3
== L= T = 49 s --- - L - -l-‘nnnﬁ L) g
-lli T fge = [ I . gt st u- ﬁh_ e =™ S .
ﬂ- f-f.- -" ] . e -—--v R *-l --?-- " oa
L — . i
el L " = -- L4 ,"‘I ‘-ﬁ.u-l“ - ]
FIG-- = --—-- 5= = - . -- - ET% J-- -l--‘-- .
III-ll- -‘ B0 L " & - -t - lr-f- 5 = ae i = Sl
l-‘-ﬁF- - o -"-:- ﬂnnﬁhf-
-hﬂ- 5 — » “ aw iy -nW -l‘ l--- = .
“-I-— u ----- . l--—‘-‘--l-
il L LB A
f-- . § = --? s .
.- £ [ Lt "
O = i " &- TS . -
e . O vl*-‘ T
RN [l n siiy g -J- (e
1 P 3 il fw. 5 .
s f AT Loy #
=ag - JE# Lo l-‘- e
l.b- - [ R : ) , e e ]
= [ PR, "
b ] - ° ] ils 2™y . n- .
[T !-n ° K_ -Iﬁ- (Y == = = .
L}
s ; . i S P
-1- - o] ~ -F-*-‘-M-‘ Y —l-Il--
---1-- M Mm ", " é—-—ut .
ws H DM_ ] .y, e
ﬂ‘-? o n = ._J%
Sq, tel: 3
- = 2|s %
r -T- - w (@ Q¢
H Z o A.w.
- N
% '
TP gk ¢ 2
" i onN
g, o N ©
a1t : 25
(= X W.m
l'-\IrJ-- " S R _HW
= S P=Y = z4
u N = =) o
i = E 8
P 1
=¥ [ -
e g 3
e 2 =
Eﬁr N -
» e
.
‘----- .P.nv
A - 4
=] <
w 3
L 2
.__..u.n—. 2
Ly LR el . W
"
--l- = o %
.
L e < g
[} P B S =
e & 5 ‘t?- L -l e
s B h-nl = e m - [
7]
" 8
n -
e ]
) n o m o »n o m o ®m o »n o »w o ®m o =n o o n o 1 o un
n m M N N A o © o o H A N &N ®m m < < < 6 Y B o un <
T ' l ! | I ! i I I l..
(63p) IHdEL s < (63p) IHdEL
b
=

Fig. H.15. Closure phases versus wavelength in the K band.
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