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Most massive stars form in binary systems, which profoundly influence their subsequent evo-
lution. However, how such systems form remains poorly understood, with several competing
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scenarios proposed, including disk fragmentation, core fragmentation and capture. Determin-
ing the orbital architectures of massive binaries, particularly during their earliest embedded
phases, is therefore crucial for distinguishing among these formation pathways, but direct mea-
surements of their three-dimensional motions have remained exceptionally challenging. Here
we present high-resolution, multi-epoch sub-millimeter-to-centimeter ALMA and JVLA ob-
servations of the massive protobinary IRAS 07299—1651, complemented by JWST and VLT
infrared imaging. We detect orbital proper motion of the binary components, enabling a full
three-dimensional orbital reconstruction. Combining orbital fitting, multi-wavelength contin-
uum modelling, hydrogen recombination line kinematics and jet observations, we find that the
preferred orbital solutions are highly eccentric and close to parabolic, while both circumstellar
disks are strongly misaligned with the orbital plane. These properties are naturally explained
by a “core-merger” scenario in which the two protostars originated independently from initially
unbound cores that recently underwent a near-parabolic encounter, producing an eccentric bi-
nary with a current separation of about 200 au. These findings suggest that the core-merger
process may represent an important pathway for forming eccentric massive binaries.

It is estimated that at least 90% of massive stars exist in binary or higher-order multiple
systems ', and this fraction is even higher for newly formed massive stars>°. Understand-
ing the formation of massive binaries is therefore a fundamental problem in star formation’.
Observational studies have largely focused on relatively evolved systems, when the natal cores
have largely dispersed and the protostars are exposed %, whereas closely separated embedded
massive protobinaries remain rare owing to observational challenges, despite recent discover-
ies at millimeter and radio wavelengths'*~'4. IRAS 072991651 is one of these rare, early-
stage massive protobinaries. Located at 1.68 0.1 kpc !, it is surrounded and fed by several
large-scale stream-like structures and exhibits an apparent separation of ~180 au. First identi-
fied in 1.3 mm continuum observations by the Atacama Large Millimeter/submillimeter Array
(ALMA) 2, the system shows a line-of-sight velocity difference of ~ 10 km s~! between its
two components in the H30o hydrogen recombination line (HRL), providing a rare dynamical
constraint on the orbit of an embedded massive protobinary.

Discovery of orbital proper motion

We obtained high-resolution (~ 0.05”, 84 au) ALMA (0.3 — 3 mm) and the Karl G. Jan-
sky Very Large Array (JVLA) (7 and 13 mm) continuum observations of IRAS 07299—-1651
over 2016—2024 (Methods). Both components are spatially resolved (Fig. 1a; Extended Data
Fig. 1); the brighter northwestern source is referred to as Source A and the other as Source B.
Assuming the 0.3 mm emission is dominated by dust continuum with a spectral index of 2.5,
we measured dust-subtracted continuum spectral indices. Source A shows oa = 1.55+0.17
at lower frequencies and o = 0.57 +-0.08 at higher frequencies, while Source B has ag =
1.18 £0.04 (Extended Data Fig. 2), consistent with partially optically thick free-free emission
from ionized gas. Hydrogen recombination lines (H42a, H40a, H30, H26 ¢, H19) are also
detected toward both sources (Fig. 1b,c; Extended Data Fig. 3). These free-free and HRL emis-
sions originate from compact ionized regions very close to each forming star; they not only
trace the circumstellar structures, but also the stellar motions themselves.

By two-component Gaussian fitting to the continuum images (Methods; Supplementary
Fig. 1; Supplementary Table 1), we determined the positions of the two sources with a typ-
ical accuracy of ~ 0.1 mas. Source B is moving away from Source A in the plane of the
sky (Fig. 1d). Linear fits to the relative position changes over time (Fig. le,f) yield a total
relative proper-motion velocity of 10.4+ 1.6 kms™' (1.3 +£0.2 mas yr'). To account for
systematic uncertainties beyond those estimated from image fitting, we include an isotropic



intrinsic-scatter term, Oy, in the fit. The resulting value, Gi = 1.31“8:; mas, corresponds to
a reduced y? of 1.1. Furthermore, visibility-domain fitting (Methods; Supplementary Figs. 2
and 3) provides positions consistent with the image-based results within the inferred intrinsic
scatter. The reliability of the position determination is further discussed in Discussion 1 in
Supplementary Information.

Gaussian fitting of the HRL spectra (Methods; Extended Data Fig. 3; Supplementary Ta-
ble 2) shows that the H26 ¢ central velocities are highly consistent with previous H30a mea-
surements 12 (~ 15 km s~ for Source A and ~ 25 km s~ ! for Source B), confirming a ~
10 km s~ ! line-of-sight velocity difference. The relative proper motion velocity of 10.4 4
1.6 km s~! is comparable to the radial velocity difference between the two sources, consistent
with the scenario of orbital motion. Alternative explanations for the observed positional shifts,
including wavelength-dependent centroid displacements and jet variability, are discussed in
Discussion 2 in Supplementary Information and are unlikely to account for the observed mo-
tion.

Ionized circumstellar disks

From the Gaussian fitting to the continuum images, we also obtained the deconvolved
shapes of the two sources at each wavelength, which are also confirmed by visibility fitting
(Supplementary Fig. 3). In both sources, the deconvolved properties — including size, posi-
tion angle, and aspect ratio — remain remarkably consistent from 3 mm to 0.6 mm, despite the
varying shapes of the synthetic beams (Fig. 1a; Extended Data Fig. 4; also see Discussion 1 in
Supplementary Information). This stability indicates that the deconvolved ellipses reflect the
intrinsic source morphologies at these wavelengths. Assuming the ellipses correspond to in-
clined disks, we estimated that the two disks have major axis position angles of 18° +-4° (Source
A) and 68° 4 8° (Source B), and inclinations with respect to the plane of sky of i = 29° +5°
for Source A and i = 61° +2° for Source B. Adopting the 26 deconvolved semi-major axis as
a proxy for the disk radius '°, both disks show comparable outer radii of ~ 20 au, providing an
estimate of the characteristic scale of the ionized disks. A more extended neutral dusty disk is
expected, as indicated by a larger size of ~ 40 au inferred from the 0.3 mm data using the same
approach.

The HRL kinematics provide independent confirmation of ionized circumstellar disks. In
both sources, the HRL centroid distributions are highly ordered and symmetric with respect
to the continuum peak and the minor axes of the deconvolved continuum from 3 to 0.6 mm
(Fig. 1b,c), consistent with disk rotation on ~ 10 au scales. Fitting simple Keplerian rotation
models '’ to these centroids (Methods; Fig. 2) confirms the rotation pattern and yields dynam-
ical central masses of My = 12.1759 M, and Mg = 12.1737 M. The actual masses may
be somewhat higher if the disks are sub-Keplerian. The HRL centroid fits also independently
validate the disk position angles and inclinations inferred from the continuum deconvolution.

Jet and disk orientations

The presence of circumstellar disks is further supported by jets detected at radio and in-
frared wavelengths. A radio jet is seen in low-resolution 1.3 and 6 cm continuum (Extended
Data Fig. 5). While the resolution is insufficient to directly resolve the driving sources, the jet
position angle (~ —72°) is perpendicular to the Source A disk major axis (P.A. ~ 18°), strongly
indicating that Source A drives the radio jet. No secondary jet is detected in the radio data.

At larger scales, the primary outflow is traced by H; 1—-0 S(1) (2.12 um) and 0—0 S(9)
(4.69 um) emission in the James Webb Space Telescope (JWST) images (Methods; Fig. 3a,b).
A chain of H, knots extends westward, culminating in a bow-shaped feature (P.A. ~ —66°;



Fig. 3c), consistent with the radio jet and Source A disk orientation. However, due to the
large and strong nebulous emission, the detection of the inner knots is hampered by the over-
subtraction in the difference image (Fig. 3c). The inner knots of the outflows are better recov-
ered in VLT K-band Multi Object Spectrograph (KMOS) integral-field-unit (IFU) data (Meth-
ods; Fig. 3d,e), revealing a bright H, knot coinciding with the radio jet knot to the west (Fig. 3e).
In addition, southeast of the sources, one knot at P.A. ~ 166° (Fig. 3e) is nearly perpendicular
to the Source B disk major axis (P.A. ~ 68°), possibly tracing a secondary jet from Source B.
These radio and IR observations confirm the presence of two circumstellar disks, each driving
its own jet, and support the disk orientations inferred from continuum morphology and HRL
kinematics.

These jet observations not only support the presence of circumstellar disks, but also pro-
vide information on their three-dimensional orientations. While the disk inclination angles are
relatively well constrained, their signs remain ambiguous. Assuming that the brighter lobe
preferentially traces the near-facing side of a bipolar jet'®, the northwestern side of the Source
A jet and the southeastern side of the Source B jet are inferred to be tilted toward the observer.
For Source A, this interpretation is independently supported by the C-shaped distribution of
HRL centroids toward the southeastern half of the disk (Fig. 2), likely caused by optical depth
variations enhancing emission from the near half of the disk 7. In this interpretation, the south-
eastern half of the Source A disk is closer to the observer, consistent with that the northwestern
jet being the near-facing side. These constraints enable the three-dimensional orientations of
the two circumstellar disks to be determined. However, the observed brightness asymmetry of
the jet lobes may be influenced by other factors such as the ambient gas distribution. The sign
of the inclination angle therefore remains only weakly constrained.

SED and HRL flux fitting

To further constrain the nature of the two forming stars, we performed a joint fit to the con-
tinuum spectral energy distributions (SEDs) and multiple HRL fluxes for both sources (Meth-
ods). The model consists of inclined ionized circumstellar disks with an additional dust emis-
sion component, treating continuum and HRL optical depths self-consistently and assuming
local thermodynamic equilibrium (LTE) for the HRLs (see Discussion 3 in Supplementary In-
formation). The fits are shown in Fig. 4, while the best-fitting parameters and their uncertainties
are listed in Extended Data Table 1 (see also Supplementary Figs. 4 and 5).

The inferred outer radii of the ionized disks are 33f%6 au and 221%4 au for Sources A and
B, respectively, consistent with the characteristic radii of ~ 20 au derived from the continuum
images. The disk inclinations are less tightly constrained by the SED and HRL fitting, but are
consistent with those inferred from the continuum morphology.

The best-fit models imply ionizing photon rates of 3.6“_?:% % 10% s~! and 1.6f8:§ x 1046 s~
for Sources A and B, respectively. If interpreted using zero-age main-sequence (ZAMS) mod-
els'?, these correspond to stellar masses of 13.440.5 M., and 12.5f8:2 M, and spectral types
between B1 and BO?. Combining the observed bolometric luminosity of 6.5fg:g x 10* Ly?!
and the derived ionizing photon rates with protostellar evolutionary models spanning a range of
accretion histories>>~>*, we constrain the total mass to be 17.7 —28.1 M. The corresponding
protostellar mass range is 8.5 — 16.3 M, for Source A and 7.7 —16.5 M, for Source B (the two
ranges cannot be directly added, because of correlated uncertainties). These ranges are in good
agreement with the independent dynamical masses inferred from the HRL kinematics.

Orbital architecture and disk-orbit misalignment
Using the measured orbital proper motions and radial velocities, we performed a unified



binary orbit fit allowing elliptical, parabolic, and hyperbolic solutions (Orbital Fitting 1; Meth-
ods; Extended Data Table 2). The inferred eccentricity shows a clear dependence on the total
system mass: lower masses preferentially yield hyperbolic solutions, whereas higher masses
favor bound orbits (Fig. 5a; Supplementary Fig. 6).

As discussed above, independent constraints converge on a consistent system mass. HRL
kinematics yield a total dynamical mass of 24.91“2:2 M. The disk SED+HRL fitting gives
a ZAMS-based mass of 25.9 0.7 M, while protostellar evolutionary models imply a total
mass range of 17.7 —28.1 M. In addition, infall kinematics of the surrounding large-scale
gas provide another independent estimate of 27 + 6 M, '>. Within this overlapping mass range,
and particularly near M =~ 25 M, the eccentricity distributions peak close to unity (Fig. 5a),
indicating that the preferred solutions are near-parabolic.

To further test this result, we performed unified orbit fit for a constrained mass range (Or-
bital Fitting 2; Supplementary Fig. 7) using a Gaussian prior for M, based on the SED+HRL
fitting (Mot = 25.9 4.0 M), bounded by the allowed evolutionary-model range of 17.7—
28.1 M. The resulting eccentricity posterior again peaks near unity (Extended Data Fig. 6a),
further supporting a preference for near-parabolic solutions. The inferred intrinsic-scatter term
remains consistent with that obtained from the proper-motion fitting.

Despite these constraints, the eccentricity remains only loosely constrained owing to the
limited orbital coverage. First, the inferred eccentricity depends sensitively on the system mass
(Fig. 5a): bound solutions are favored if the total mass reaches 2 30 M.,. It is therefore impor-
tant to assess whether the independently inferred masses could be substantially underestimated.
As discussed in “Ionized circumstellar disks”, the masses derived from HRL kinematics may
be underestimated. Furthermore, if dust attenuation within the ionized regions is substantial,
or if large portions of the disks remain optically thick at all observed wavelengths, the ionizing
photon rates — and thus the stellar masses inferred from the combined SED and HRL fitting —
would also represent lower limits. However, owing to the steep dependence of ionizing photon
rate and bolometric luminosity on (proto)stellar mass, the true masses are unlikely to exceed the
inferred range by a large margin. Second, even within the independently inferred mass range of
~ 20-30 M., lower-eccentricity bound solutions remain viable (Discussion 4 in Supplemen-
tary Information). Therefore, although near-parabolic solutions are preferred by the current
data, continued astrometric monitoring will be required to further refine the orbital parameters
and establish the orbital eccentricity more definitively. We also performed orbital fitting using
only the radial velocity and single-epoch astrometric constraints available in the previous study
of this source'” (Orbital Fitting 3, Discussion 4 in Supplementary Information). Compared
with that fit, the newly measured proper motion provides a critical additional constraint on the
orbital architecture and substantially strengthens the preference for high-eccentricity solutions.

To illustrate the preferred class of solutions, Fig. 5(b—d) shows representative parabolic or-
bits obtained under the constrained mass range (Orbital Fitting 4; Supplementary Fig. 10).
The fit yields a periapsis distance of g = 139J_“2§ au and a periapsis passage time of 7, =
39f%2 x 103 MID. The inferred periapsis occurred SSfé? years before the observational epochs
(2016-2024), indicating that the system is currently observed close to its point of closest ap-
proach. The true separation of the binary at the observational epochs is s3p ~ 220 au. The
maximum-likelihood parabolic orbit (black curve) has ¢ = 122 au and a periapsis passage
approximately 60 years ago, although the exact maximum-likelihood solution is sensitive to
posterior sampling. The fitted parameters are listed in Extended Data Table 3.

Combining the measured position angles and inclinations of the two circumstellar disks, we
constrain their three-dimensional orientations relative to the orbital plane (Methods; Fig. 6a,b).
For generality, we adopt the posterior samples from the unified orbital fit with a constrained



mass range (Fitting 2) to infer the orbital orientation. The angle between the Source A disk
and the orbital plane is W o = (59fé7)0, while that for Source B Yp orp = (ISSf%g)O, where
angles > 90° indicate retrograde rotation with respect to the orbital motion. The angular mo-
mentum vectors of the two disks are themselves strongly misaligned, with ya g = 99° £ 5°.
The quoted values assume the inclination signs inferred from the infrared jet asymmetries, i.e.
the southeastern half of the Source A disk and the northwestern half of the Source B disk
are closer to the observer. Alternative configurations are shown in Extended Data Fig. 7; the
conclusion that the system is strongly misaligned is robust in all cases.

Implications for massive binary formation

Three main pathways have been proposed for binary formation”: disk fragmentation, in
which a protobinary forms through gravitational instability in an accretion disk>®’; core or
filament fragmentation, in which each component originates from independent fragmentation
within a bound parent cloud”®; and capture, in which initially unbound stars become gravita-
tionally bound through interactions with surrounding stars or gas””. Previous observational and
theoretical studies have suggested that disk fragmentation preferentially produces close bina-
ries with separations < 500 au and approximately aligned angular momentum vectors, whereas
core fragmentation more commonly yields wider and misaligned systems *>>9—32,

Despite its relatively small present-day separation, the preferred orbital solutions for IRAS
07299—1651 are close to parabolic or highly eccentric, and the system exhibits large mis-
alignments between the binary orbital plane and both circumstellar disks. Moreover, no cir-
cumbinary disk is detected in this system. These properties are difficult to reconcile with a
disk fragmentation origin. Even when restricted to elliptical solutions, the fitted orbits remain
highly eccentric and strongly misaligned, in tension with expectations from disk fragmenta-
tion. Recent simulations incorporating highly dynamical, turbulent accretion flows have shown
that disk fragmentation can occasionally produce compact, misaligned binaries*; however,
the near-parabolic or extremely eccentric orbital solutions in IRAS 07299—1651 disfavor this
scenario.

Instead, the preferred orbital solutions place the system close to the boundary between
bound and unbound configurations. These properties are consistent with a scenario in which
the two stars formed independently at much larger separations, either through fragmentation
within marginally bound regions of a common cloud or from initially unbound cores, before
undergoing a recent close encounter. However, the core or filament fragmentation scenario
requires synchronization of the massive star formation events within a relatively short period,
which a priori makes this case appear to be unlikely. On the other hand, mergers of independent
cores in a star-forming clump are expected to be a relatively common occurrence. For example,
in the Turbulent Core Accretion model®* a massive protostellar core is estimated to interact
with an approximately equal mass of surrounding clump gas during the timescale of its collapse
and such interaction is likely to be in the form of core mergers.

In the representative parabolic solutions (Orbital Fitting 4), the inferred separation ~ 10°
years ago — comparable to the timescale of massive star formation — was (3.5 +0.1) x 10* au
(0.17£0.01 pc). This scale is consistent with the formation of the two protostars in separate
cores followed by a subsequent close interaction. In this picture, the present-day system may
represent the outcome of a “core-merger” capture event. For hyperbolic solutions in Fitting 2,
the most probable relative velocity at infinity is < 8 km s~! (Extended Data Fig. 6b). This is
comparable to the relative velocities expected between independently forming cores in turbu-
lent massive clumps, where observed velocity dispersions of oip ~ 1 —2 km s~!3*3% imply
characteristic three-dimensional relative velocities of ~ 2.5-5 km s~!. This is comparable to



the initial relative velocities inferred from the hyperbolic solutions. Alternatively, for elliptical
solutions in Fitting 2, highly eccentric orbits with long periods of > 103> — 10° yr are favored
(Extended Data Fig. 6b). These orbits may have already lost orbital energy through interactions
with the surrounding gas during the merging event. The pronounced misalignments between
the orbital plane and the two circumstellar disks arise naturally in the “core merger” picture.
Additional observational evidence is broadly consistent with this interpretation. At least two
large-scale stream-like structures are observed '? toward the central sources (see Fig. 6¢), with
the northern stream carrying angular momentum broadly consistent with that of the Source A
disk, plausibly tracing remnants of the larger-scale structures from which the two protostars
assembled.

If such a close encounter occurred, an important question is whether the observed circum-
stellar disks could have survived it. Various theoretical studies have shown that parabolic en-
counters can alter the inclinations and sizes of circumstellar disks, and induce substructures,
depending on the periapsis distance, stellar mass ratio, and the relative orientation between
disks and the orbit***", However, for near-equal-mass encounters, the impact on disk—orbit
alignment is expected to be modest~®. We therefore interpret the observed disk-orbit misalign-
ments as primarily primordial rather than induced by the recent encounter. This interpretation
is supported by the close alignment between the Source A jet and disk. The reconstructed tra-
jectories imply only modest positional changes over the past ~ 4 x 10 yr, comparable to the
dynamical age of the jet (Fig. 6¢), suggesting that the disk orientation has not been substantially
altered during this period.

The observed disk properties are broadly consistent with this picture. Adopting the periapsis-

distance posterior of 139f§§ au from the fiducial fit (Orbital Fitting 4), theoretical calculations

predict truncation radii of 54‘:%3 au>8, consistent with the observed radii of ~ 20 au for the

ionized disks and ~ 40 au for the dusty disks. By contrast, tidal truncation in a periodically
interacting bound binary*'**> would predict smaller characteristic disk sizes (R, = 32ﬂi au) for
the elliptical solutions from Fitting 2, favoring a one-time encounter over a long-lived bound
configuration. In the most disruptive case of a prograde, coplanar, equal-mass encounter, the
disk rotation pattern is expected to remain intact within roughly one-quarter of the periapsis
distance*”. The observed smooth disk structure with a well-defined rotational pattern on scales
of ~ 20 au is broadly consistent with this expectation, although finer substructures or deviations
from simple rotation cannot be resolved with the current data.

The future evolution of the system remains uncertain. Rapid orbital decay driven by disk
interactions is unlikely because the two disks are well separated relative to their sizes’”. Cap-
ture through N-body interactions is also improbable given the system’s isolation. Although the
sources are currently moving apart, their relative motion places the system close to the bound-
ary between bound and unbound states. Continued interaction with large-scale inflows may
therefore further modify the orbital properties and potentially drive the system toward a more
tightly bound state.

So far, only a small number of massive protobinaries with separations < 1000 au have been
identified®!0-134344 " and orbital proper motions have so far been measured primarily in low-
mass systems*>*®, with only tentative evidence reported in massive forming binaries®. Mis-
aligned circumstellar disks are well documented in low-mass protobinaries*’=!, but remain
poorly constrained observationally in the massive regime®!!. IRAS 07299—1651 therefore
provides a rare system in which the three-dimensional orbital architecture and the orientations
of both circumstellar disks can be constrained simultaneously using multiple independent diag-
nostics. The system is deeply embedded and heavily obscured at near- and mid-infrared wave-
lengths, indicating an early evolutionary stage. These characteristics make IRAS 07299—1651



a valuable laboratory for investigating the formation of hundred-au-scale massive binaries and
the possible role of core-merger capture events in massive binary formation.
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Fig. 1 | Multi-wavelength continuum emission, hydrogen recombination line kinematics
and relative astrometry of the protobinary system. a, ALMA 0.9 mm continuum (back-
ground) overlaid with deconvolved 2D Gaussian FWHM profiles (ellipses) from 3 to 0.6 mm
for both sources. Positions of Source A at different wavelengths are aligned and marked with a
star. Its absolute position at 0.9 mm is (Qicrs,Sicrs) s = (07"32M09.783%, —16°58'12".12).
Here ICRS denotes the International Celestial Reference System. Inverted triangles mark
the positional offsets of Source B relative to Source A; physical scales assume a distance of
1.68 kpc (also used in panels b—d). The grey ellipse at the lower-right corner shows the 0.9 mm
synthesized beam (see Extended Data Fig. 1 for other wavelengths). Dashed lines indicate
jet directions. b, Emission centroids of H26 (circles) and H30« (squares) for Source A, for
channels with peak intensity > 200 (16 = 1.8 mJy beam™!). The error bars show the uncer-
tainties from channel image fitting. Offsets are relative to the source continuum peak; ellipses
are as in panel a. ¢, Same as panel b, for H26x of Source B, including channels with > 10c
(lo=1.1mly beam™'). d, Position change of Source B relative to Source A (zoom in). Error
bars indicate uncertainties in the relative position offsets propagated from the continuum-fitting
uncertainties of the two sources. e, R.A. offset between Sources A and B as a function of time.
Linear fit is shown with blue lines (best-fit highlighted in black). Black error bars with caps
indicate the offset uncertainties propagated from the positional uncertainties from image fitting,
while the grey shaded bars show uncertainties after accounting for intrinsic scatter in the linear
fit. f, Same as panel e, but for Dec. offset.
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Fig. 2 | Keplerian fits to the hydrogen recombination line centroids. a, Best-fit Keplerian
disk model (color map) overlaid with HRL centroids of Source A (H26¢«: circles; H30a:
squares). The error bars show the positional uncertainties from Gaussian fitting to the channel
images. b, Same for Source B (H26 centroids). Fitted stellar masses are indicated in the
bottom-right corners. The color scale shows velocity with respect to the local standard of rest
(VLsr); in each panel, the dashed line indicates the corresponding systemic velocity (Vsys A =
14.8 km s~ ! and Vsys,B = 24.6 km s™1). The physical scale in au is calculated assuming a
distance of 1.68 kpc.
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Fig. 3 | JWST/NIRCam and VLT/KMOS images of IRAS 07299—1651. a, JWST false-
color image (red: H, 0—0 S(9), F470N; green: Bro, FA05SN; blue: 3.6m continuum, F360M).
b, Zoom-in with the same color scheme. ¢, Continuum-subtracted H, 0—0 S(9) at 4.7 um
(F470N-F480M); dashed line: source A jet direction, —66°. Positive and negative residuals
near the central region in the continuum-subtracted image result from imperfect subtraction
and are unreliable for identifying jet knots. d, Continuum-subtracted KMOS image of H, 1-
0 S(1) at 2.12 um. e, Same as panel d with VLA 6 cm contours; dashed lines indicate jet
directions (green: Source A inner, —72°; cyan: Source A large-scale, —66°; white: Source B,
158°). Red cross marks the protobinary. The scale bars indicate different physical scales across
different panels.
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tinuum SEDs of Sources A and B (red points), overlaid with the fitted model posterior (light
blue lines). Error bars combine uncertainties from Gaussian image fitting, flux calibration,
and additional systematic contributions arising from different array configurations and the flux
differences between the lower and upper sidebands. The best-fit model, corresponding to the
median parameter values, is shown as a thick blue line. The free—free and dust emission contri-
butions are indicated by dot—dashed and dashed lines, respectively. ¢,d, HRL fluxes of Sources
A and B (red points), compared with model posterior (light blue triangles). Error bars combine
aperture-summation uncertainties and flux calibration errors of the corresponding bands. The
best-fit model (median parameter values) is highlighted. Only lower-frequency lines less af-
fected by non-LTE effects are included: H42¢ and H40¢ for Source A; H42a, H40, H30cx,

and H26« for Source B.
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Fig. 5 | Orbital constraints on the binary system. a, Posterior distribution of eccentricity
and total system mass from the unified orbital fitting (color scale and contours). Violin plots
show eccentricity distributions in each mass bin, with red bars marking medians. The black
line and purple shaded region indicate the ZAMS mass estimate and uncertainty (Mo zams =
25.9£0.7M) from SED+HRL fitting. The grey shaded region marks the mass range estimated
using protostellar models. The brown line and light brown shaded area show the dynamical
mass from HRL kinematics and its uncertainty. b, Fiducial parabolic fit to the astrometry
using constrained mass range (truncated Gaussian prior with 25.9 £4.0 M, and hard bounds
of 17.7-28.1 M,). Inverted triangles show the measured positional offsets of Source B relative
to Source A. The error bars of data points indicate uncertainties from continuum image fitting.
Thick black line: best-fit orbit (the maximum likelihood); open squares: model predictions at
seven epochs; color scale: difference in In(likelihood) from the best-fit orbit. ¢, Same as panel
b, larger view; black star: Source A. d, Same fit applied to the relative radial velocities, shown
as filled circles. The error bars of data points are from the Gaussian fitting to the HRL spectra.
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Fig. 6 | Disk—orbit misalignment and reconstructed orbital trajectories of the protobinary.
a, Alignment between the circumstellar disks and the orbital plane. Angular momentum vectors
of the disks (Ja, Jg) are shown as blue and green arrows. Orbital angular momentum vectors
Jorb from the unified orbital fitting with Gaussian mass prior (Fitting 2) are color-coded by
likelihood (brighter: higher likelihood). b, Distribution of inclination angles between the disk
angular momenta and the protobinary orbit. The shaded regions indicate the central 68% of
the probability distribution, bounded by vertical dashed lines, while the solid lines mark the
median. The relative angle between Ja and Jg is shown with a grey dashed line at Yo g =
99° +5°. ¢, Past source locations predicted by the fiducial parabolic orbital fitting (Fitting 4),
overlaid on the ALMA 1.3 mm continuum '?, assuming a distance 1.68 kpc. Two large-scale
streams are visible: one north of the central sources and one curving east from the south. Blue
and green curves indicate the past trajectories of Sources A and B; thick curves mark the best-fit
(maximum-likelihood) paths. Blue/green contours show predicted positions 4000 yr and 10000
yr ago. Inset: zoom-in on the central sources.
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Methods
ALMA observations and data reduction

The ALMA observations were obtained at 3 mm on July 6, 2019 (C10 configuration;
baselines 0.19 — 16.2 km; project ID 2018.1.01561.S), 1.3 mm on September 23, 2017 (C9;
0.041 —12.1 km; 2016.1.00125.S), 0.9 mm on October 10, 14 and 26, 2023 (C8; 0.090 — 8.5
km; 2023.1.01721.S), 0.6 mm on November 3, 2023 (C7; 0.085 — 8.3 km; 2023.1.00394.S),
and 0.3 mm on July 1, 2024 (C6; 0.038 — 2.5 km; 2023.1.00394.S). The total on-source times
were 60, 18, 147, 15 and 27 min at 3, 1.3, 0.9, 0.6 and 0.3 mm, respectively.

The data were calibrated using the CASA>? pipeline (v5.4.0 for 3 mm, v4.7.2 for 1.3 mm,
v6.5.4 for 0.9 and 0.6 mm, and v6.6.1 for 0.3 mm). Each data set was further self-calibrated
using continuum data constructed from line-free channels, with two phase-only iterations (30 s
and 12 s) followed by one amplitude iteration with a solution interval of ~1 min. The contin-
uum self-calibration solutions were also applied to the HRL data within each band. Imaging
was performed with the CASA tclean task using Briggs weighting with a robust parameter of
0.5, except at 3 mm where a value of —0.5 was used to emphasize longer baselines to achieve
comparable angular resolution. Synthesized beam sizes and continuum rms noise levels are
provided in Extended Data Fig. 1.

VLA observations and data reduction

The VLA 7 mm observations were obtained on 16—19 November 2016 in A configura-
tion (baselines 0.79 — 36.6 km; project 16B-154), with a total on-source time of 34 min. The
data consist of two 2-GHz wide basebands (3-bit samplers) centered at 41 and 43 GHz. The
data were calibrated with the CASA pipeline (v4.5.3), followed by one phase-only and one
amplitude self-calibration iteration. Imaging was performed with CASA tclean using Briggs
weighting with a robust parameter of —0.5 to match the angular resolution of the 1.3 mm con-
tinuum.

The VLA 1.3 cm observations were obtained in A configuration on July 4, 2022 (baselines
0.79 — 36.6 km; project 21B-139; 12 min on source) and in B configuration on September 19,
2021 (baselines 0.24 — 11.1 km; 57 min on source). Both data sets used two 4-GHz basebands
(3-bit samplers) centered at 20.45 and 24.45 GHz and were calibrated with the CASA pipeline
(v6.2.1), followed by one phase-only and one amplitude self-calibration iteration. Imaging was
performed with fclean using Briggs weighting (robust = —0.5). The synthesized beam sizes
and rms noise levels of the A-configuration continuum are given in Extended Data Fig. 1. The
B-configuration 1.3 cm data are shown in Extended Data Fig. 5. We also include previously
published VLA 6 cm A-configuration data>’ to trace the jet.

JWST/NIRCam observations and data reduction

The JWST observations were obtained on March 11, 2024 (Programm ID: 3907; PI: Y.
Zhang). The Near-Infrared Camera (NIRCam)>* was employed using the FULLBOX primary
dither pattern with six TIGHT dithers, providing a total of six individual pointings. This con-
figuration resulted in a final field of view (FoV) of ~ 2’ x 6'. Paired short- and long-wavelength
filters (F162M/F405N, F212N/F470N, F182M/F480M and F115W/F360M) were observed us-
ing the SHALLOW? readout pattern. Most filters used six groups per integration and one inte-
gration per exposure, yielding a total exposure time of 1,739 s; the F115W/F360M pair used
three groups per integration for a total exposure time of 773 s. The position angle relative to
the V3 axis (PA_V3) was 76.13°.

Data reduction was carried out with the JWST calibration pipeline (v1.12.5)”” using the
Calibration Reference Data System (CRDS) context jwst_1217.pmap. Standard Stage 1—3

)55
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reduction steps were executed with minor modifications. In Stage 1, suppress_one_group =
False was set in the ramp_fit step to recover saturated pixels between the first and second
reads. After Stage 2, the 1/f noise was mitigated using the imageloverf . py script. In Stage 3,
a common output frame was enforced across all filters, with final image dimensions of 8,964 x
12,204 pixels and a uniform pixel scale of 0.031”, corresponding to the native sampling of the
short-wavelength channel. All images were finally rotated to standard astronomical orientation,
with north up and east to the left.

VLT/KMOS observations and data reduction

The VLT K-band Multi Object Spectrograph (KMOS)>%°7 observations were obtained on
December 17, 2021 and January 21, 2022 (Program ID: 108.223D.001, PI: R. Fedriani). KMOS
consists of 24 integral field units (IFUs), each providing a FoV of 2.8” x 2.8”, and in mosaic
mode, 16 pointings covering ~ 43.4" x 64.8". Each KMOS pointing was observed for 180 s,
resulting in a total integration time of 2880 s. The spatial sampling is 0.2” x 0.2”, with a seeing-
limited angular resolution of 0.7” — 1.4”. The spectral resolving power in the K band is R ~
4200 (i.e. a spectral resolution of ~0.52 nm, or ~ 70 km s~ !). The data were processed using
the ESOReflex KMOS pipeline’®. Astrometric calibration was performed using 2MASS field
stars, and the reproject package, together with the function find_optimal_celestial_wcs,
was used to orient the images with north up and east to the left.

Continuum deconvolution and position determination

We performed two-dimensional, two-component Gaussian fitting to the continuum images
using the CASA task imfit (Supplementary Fig. 1). The fits yield the source positions, peak
intensities, and integrated flux densities at each wavelength. As the imfit procedure assumes
that the observed emission is the convolution of the synthesized beam with an intrinsic Gaus-
sian component, the fits also provide deconvolved source morphologies, including major and
minor axis full widths at half-maximum (FWHM) and position angles. These parameters are
summarized in Supplementary Table 1. The deconvolved Gaussian components are shown as
ellipses in Fig. 1a and Extended Data Fig. 4. The fitting residuals are generally below the 3¢
level (Supplementary Fig. 1).

To further assess the robustness of the image-domain results, we directly fit the visibility
data with two Gaussian components using the Python package UVMultiFit*®. Owing to the low
signal-to-noise ratio of the 13 mm data and the marginally resolved nature of the sources, we
adopt uniform weighting and fix the Gaussian profiles to be circular to obtain stable fits. All
fits are satisfactory (Supplementary Fig. 2) and yield results consistent with those from imfit
(Supplementary Fig. 3). The reliability of continuum deconvolution and position determination
is discussed in Discussion 1 and 2 in Supplementary Information.

Determination of HRL central velocities and radial velocity offsets

We fitted single-component Gaussian profiles to all HRL spectra extracted at the peak po-
sitions in the corresponding continuum images of both sources, except for the weak H42a and
H40« lines in Source B. Although the H26 ¢ line in Source A exhibits a double-peaked profile,
commonly associated with disk rotation and potentially enhanced by maser amplification®
(see Discussion 3 in Supplementary Information), we still adopt a single-component Gaussian
fit to this line, solely to determine the systemic velocity, deferring detailed kinematic analysis
to the “Fitting HRL centroids” section. The resulting HRL central velocities and line widths
are shown in Extended Data Fig. 3 and listed in Supplementary Table 2.

In both sources, the central velocities of the H26 ¢ and H30« transitions are consistent. The
H42o and H400o lines in Source A show slightly lower central velocities but remain consis-
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tent with the H30a velocity within 26. By contrast, the H19« transitions yield systematically
different central velocities from those measured in the lower-n lines. Because the H19¢« transi-
tion may be affected by dust opacity and non-LTE effects (see Discussion 3 in Supplementary
Information), we do not use it to determine the source radial velocities. We therefore adopt
the H26 ¢ and H30« central velocities as the line-of-sight velocities of the two sources and use
their differences as the radial velocity offsets at the corresponding epochs.

Fitting HRL centroids

For the H30o line (Source A only) and the H26 ¢ line (Sources A and B), we used CASA
imfit task to perform two-dimensional Gaussian fits to individual channels to determine the
emission centroids, using channels with peak S/N> 20 for Source A and > 10 for Source B
(Fig. 1b,c).

We model the centroid kinematics using a simple Keplerian disk rotation model'”, param-
eterized by the central mass M, systemic velocity Viys, disk inclination iy (relative to the plane
of the sky), disk position angle PA;, and distance to this system d. For each velocity channel
v; and a given set of model parameters, we compute the predicted line-of-sight velocity viodel,i
at the observed centroid position assuming Keplerian rotation, and minimize the residual

Vi — Vmodel,i (1)

i AVmodel,i

where Avpoder,;i 1s the uncertainty in the model velocity arising from the centroid position er-
ror. The summation is over all channels with reliable centroid measurements. The fitting is
performed using the Python package 1mfit°'. In the fitting, the systemic velocities are fixed
to the central velocities of the corresponding HRLs. Because the primary goal of the centroid
analysis is to test whether the emission is consistent with ionized Keplerian circumstellar disks,
we further fix the disk inclinations and position angles to the values derived from the continuum
data (allowing variations within uncertainties). With these constraints, the only free parameter
is the central mass.

For Source A, centroid measurements from both the H30o and H26¢ lines are used,
whereas for Source B only the H26 line is included owing to its higher signal-to-noise ratio.
To propagate the uncertainties in the fixed geometrical and physical parameters into the final
dynamical mass estimates, we adopt a Monte Carlo approach. We generate 1000 realizations of
the fixed parameters, drawing the inclination iq and the system distance d independently from
Gaussian distributions defined by their measured uncertainties (e.g., 0;, = 5° and o; = 0.1 kpc).
For each realization, we re-optimize the model to obtain the best-fit central mass and its asso-
ciated uncertainty. The resulting 1000 sub-posteriors are then combined to construct the final
posterior distribution, from which the central mass and its uncertainty are derived. The fitting
results are shown in Fig. 2.

Fitting multi-wavelength continuum and HRL fluxes

The continuum spectral energy distributions (SEDs) of the two sources were constructed
from flux densities measured via two-component Gaussian fitting to the continuum images
(see “Continuum deconvolution and position determination”). Uncertainties were calculated
by combining the Gaussian-fitting uncertainties with flux calibration uncertainties, adopting
5% for the VLA data and ALMA Bands 3, 6, and 7, and 10% for ALMA Bands 8 and 10.
Additional uncertainty terms were included to account for the flux differences between ALMA
images with and without compact-configuration data in Bands 7 and 10, and for half of the
lower—upper baseband flux difference in the VLA K band. Hydrogen recombination line (HRL)
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fluxes were measured by integrating HRL emission within elliptical apertures (Extended Data
Fig. 3). Their uncertainties were computed by combining the aperture integration uncertainties
with the same flux calibration uncertainties adopted for the continuum measurements.

We model the continuum SEDs and HRL fluxes of both sources using a simple ionized
disk model. The model assumes a power-law radial distribution of emission measure (EM),
EM(r) = EMq(r/ry)P. Here r is the disk radius, EMj is the emission-measure normalization
at the reference radius r9 = 10 au, and p is the power-law index. The free-free optical depth is

given by ©
~1.323
1 1% —2.118 EM
=3.366 x 107’ < ) — |, 2
At x (104 K) 10° Hz (pc cm_6) )

where T is the ionized gas temperature and V is the observing frequency. Assuming a geomet-
rically thin disk with finite thickness and an inclination i between the disk axis and the line of
sight, the free—free flux density is

2B (T Tout Ty, (r)
Syt = %cosi / (1 o )rdr, 3)
Tin

where By (T) is the Planck function, d is the source distance and ri, and roy are the inner and
outer radii of the ionized disk.

An electron density gradient, encapsulated by the EM power law, is required because a
uniform-density ionized region would produce a sharp transition between optically thick and
optically thin regimes in the SED, which is not observed. An outer truncation radius roy 1S
also necessary; without it, reproducing the low-frequency flux densities would require unreal-
istically low gas temperatures.

At the highest frequencies, dust emission begins to dominate the continuum, we therefore
include a dust contribution parameterized as a single power law,

Sv7dust = SO.3mm,dust(L)_ad- (4)
V0.3mm
Here So3mm,dust 18 the dust flux density at the reference frequency Vo 3mm corresponding to
0.3 mm, and ¢ is the dust spectral index.
For hydrogen recombination line emission Hrno (the n+ 1 — n transition), the line optical
depth is given by ®’

B 9 E EM N(H)
~ 6 sl 9 En
T Hna 7 2.042 1079y T (1 4n2) P (kT) (pc cm_6) (N(He+)+N(H+))’ )

where ¢y is the normalized line profile, E, is the ionization energy of hydrogen from level n, k
is the Boltzmann constant, and N(H") and N(He™) are the number densities of H™ and He™,
respectively. The final factor accounts for the fact that the relevant ions arise from H", whereas
free electrons originate from both H* and He™. We adopt N(He™)/N(H") = 0.08°*. The
continuum-subtracted line intensity at radius r is

_ Tv.Hna (") oy fi(n)
IV,HnOC(r) = BV(T) 1 —e cosi e cosi , (6)

and the total line flux integrated over velocity and emitting area, is

21 ] out Ty Hno(7) Ty £(r)
SHnOt — ﬁ/ rdr/Bv(T) <1 —e I;Iosi ) e céii dv <i) , (7)
d Fin VO
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where V) is the rest frequency of the Hna transition. Here c is the speed of light, and the factor
¢/ vy converts the frequency-integrated flux density to units of Jy km s~!, such that Sgi,¢ retains
an explicit dependence on V.

To reduce the number of free parameters, the ionized gas temperature is fixed at a typical
value of 8,000 K. The inner radius of the disk is set to rj, = 0.05 au, approximately the stellar
radius. The dust spectral index is fixed at &g = 2.5, an intermediate value between optically
thin and optically thick dust emission.

The model therefore contains six free parameters: the emission measure normalization EM
at the reference radius ro = 10 au, the power-law index of the EM distribution p, the outer
truncation radius of the ionized disk rqy, the disk inclination angle i, the dust continuum nor-
malization at 0.3 mm, So 3mm dust> and the source distance d. The distance d is treated as a free
parameter to account for the impact of its uncertainty on the fitted results. A Gaussian prior
of 1.68 0.1 kpc is adopted for d'°. We simultaneously fit the total continuum flux density,
Sy fr + Sy dust» and the velocity-integrated hydrogen recombination line fluxes, Syry, using a
Markov Chain Monte Carlo (MCMC) approach®. For posterior distributions that have con-
verged — as assessed using the Gelman—Rubin diagnostic ®”-°® — the full sample is used to derive
the ionizing photon rates and stellar masses, allowing uncertainties to propagate naturally. The
corner plots of fitting posterior samples for Sources A and B are shown in Supplementary
Figs. 4 and 5, respectively. The median values and corresponding 68% credible intervals are
listed in Extended Data Table 1.

We note that because the high-frequency HRLs show evidence for non-LTE effects (see Dis-
cussion 3 in Supplementary Information), we fit only the lower-frequency HRL fluxes, where
non-LTE effects are unlikely to be substantial. For Source A, H42a and H40 are included,
while for Source B, H42¢a,, H40o, H30o and H26 ¢ are included.

Fitting orbital motions
Assuming that the relative proper motions and radial velocity differences of the two sources
arise from their orbital motion, we fit these quantities simultaneously using a two-body dynam-

ical model. The governing equation is°’:

GMio
3
where r is the relative position vector of Source B with respect to Source A, G is the gravita-
tional constant, and Mo = Ma + My is the total system mass. Depending on the eccentricity,
the orbit may be elliptical (e < 1), parabolic (e = 1) or hyperbolic (e > 1), corresponding to
bound, critical and unbound solutions. As e — 1, both elliptical and hyperbolic orbits converge
to the parabolic case, for which the semi-major axis a diverges. To avoid this singularity, we
adopt the periapsis distance ¢ = a (1 — e) as the fitting parameter instead of a. All three orbital
families are therefore described within a common parameter space consisting of the periapsis
distance ¢, eccentricity e, longitude of the ascending node Q (measured east of north), argu-
ment of periapsis @, inclination i of the orbital plane relative to the plane of the sky, time of
periapsis passage #, (MJD) and total system mass M;y. To account for additional, uncharac-
terized astrometric uncertainties, we include an intrinsic scatter term, iy in the fitting . The
distance, d = 1.68 0.1 kpc 12, is also treated as a free parameter to incorporate its uncertainty

into the analysis.
For this unified orbital model with nine free parameters, the likelihood for a given parameter
vector © is given by:

F+

r=0, (8)

Nog+Ns+N, (In%, InZs I
Z(0) =
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Here #{' and t]V. denote the epochs of the astrometric and radial velocity measurements, respec-
tively. Act(0,1), AS(0,1), and Avios(0®,7) are the model predictions for the position offsets
and radial velocity offsets given parameters ® and epoch 7. Ao, Ad;, and Avjy j are the ob-
served values with uncertainties Oaqi» Opg ;> and Oy, 05 . Ng, Ng, and N,, are the numbers of
R.A.-offset, Dec.-offset, and radial- VC]OClty data pomts respectively. The three components
are weighted inversely by their respective numbers of data points, ensuring that astrometry
and radial velocity contribute roughly equally to the likelihood. The posterior distribution is
p(@) < Z(0)r(0), where m(0) is the prior distribution.

To evaluate the goodness-of-fit, we fixed i, to the best-fit value (median) and calculated
the weighted reduced chi-square by definition (Ny; = Ng + Ng + N, is the total number of data
points, Ng is the number of free model parameters, and Nyof = Niot — No):

Not | 1 %2 [Ac; —Aa(©,14)]

2
Xreduced =
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(10)

We first perform an exploratory fit (Fitting 1) to sample a broad region of parameter space.
In this fit, the eccentricity e is assigned a log-uniform prior over 0.1 — 10, and the total mass
Mo a uniform prior over 0 — 100 M. The distance d is given a Gaussian prior with u; =
1.68 kpc and 6; = 0.1 kpc. The remaining parameters are assigned uniform priors: periapsis
distance g over 0 — 1000 au, inclination i over 0 — 7, argument of periapsis @ over 0 — 27,
longitude of ascending node € over 0 — 27, time of periapsis 7, from O to twice the band 10
observation date, and intrinsic scatter G;, over O — 3 mas. In the fitting, orbits are classified
as elliptical for e < 1 — g, hyperbolic for e > 1+ €, and parabolic for 1 —€ < e < 1+ €, with
€ = 10~*. Elliptical orbits are computed using the orbitize.kepler.calc_orbit function
in the orbitize! package’'~73, while parabolic and hyperbolic orbits are computed with the
pyorb package . We sample the posterior using a parallel-tempered Markov Chain Monte
Carlo (MCMC) algorithm’* with 100 walkers per temperature and 30 temperatures, running
50,000 burn-in steps followed by 50,000 production steps. Convergence was confirmed via the
Gelman—Rubin diagnostic, and the resulting corner plot is shown in Supplementary Fig. 6.

We perform a second orbital fit (Fitting 2) with the total mass constrained by independent
estimates. Specifically, we adopt a truncated Gaussian prior for My, with mean 25.9 My,
standard deviation 4.0 M, and hard bounds of 17.7-28.1 M. A uniform prior over the range
0 — 2 is adopted on the eccentricity. The resulting corner plot is shown in Supplementary
Fig. 7. We further perform elliptical orbital fitting using the 1.3 mm data alone (i.e., radial
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velocity difference and single-epoch astrometry), similar to the previous study of this source '>

(Fitting 3; Discussion 4 in Supplementary Information; Supplementary Fig. 8). As the fiducial
model (Fitting 4), we adopt a parabolic orbit (e = 1) with the total mass constrained to My =
25.944.0 M, and hard bounds of 17.7-28.1 M., (Supplementary Fig. 10). The resulting orbital
solutions are shown in Fig. Sb—d, with the best-fit (maximum-likelihood) orbit highlighted
in black. A summary of the four orbital fits with different prior assumptions and datasets is
provided in Extended Data Table 2.

Alignments between circumstellar disks and orbital plane

The angular momentum vectors of the two circumstellar disks and the binary orbit, Ja,
Js and Jo, are parameterized by their inclination and position angles: (ia, ¢a), (ig,9B), and
(iorb, Porb ), Tespectively. Here, the inclination is defined such that i > 0° when the angular
momentum vector points toward the observer, and ¢ denotes the position angle of its projection
onto the plane of the sky, measured from north to east. Notably, ¢ is simply 90° less than the
measured position angle (P.A.) of the disk major axis (for circumstellar disks) the longitude
of the ascending node (for the orbit). The relative misalignment angle, ¥, between any two
angular momentum vectors is given by

COS Wyp = sinig sinig cos(Pg — ¢ﬁ) +cosig cosig, (11)

where a and 3 denote either of the two circumstellar disks or the binary orbit.

From the orbital fitting, we obtain posterior samples of the orbital inclination iy, and lon-
gitude of the ascending node Q, which are transformed into (iowp, Por)i- We then draw cor-
responding samples of (ia,@a); and (ig,@p); from their respective uncertainty distributions.
These realizations are used to compute the posterior distributions of the relative misalignment
angles. While the magnitudes of the inclination angles of the circumstellar disks are relatively
well constrained, their signs remain poorly determined. We show the misalignment angle dis-
tributions for the most likely configuration (inferred from infrared jet observations; see “Jet and
disk orientations”) in Fig. 6, and for the other three configurations in Extended Data Fig. 7.

Data Availability

This paper makes use of the following ALMA data: ADS/JAO.ALMA #2016.1.00125.S,
#2018.1.01561.S, #2023.1.00394.S, and #2023.1.01721.8S, the following JVLA data: #16B-154
and #21B-139, the following JWST data: #3907, and the following VLT data: #108.223D.001.
The raw ALMA data are available at https://almascience.nao.ac.jp/aq. The raw JVLA
data are available at https://data.nrao.edu. The raw JWST data are available at the Mikul-
ski Archive for Space Telescopes at the Space Telescope Science Institute (https://mast.
stsci.edu/). The raw VLT data are available at the ESO data archive (http://archive.
eso.org/). The reduced ALMA and VLA continuum images and hydrogen recombination
line image cubes used in this study have been deposited in Zenodo’> and are available at
https://doi.org/10.5281/zenodo.20913729.

Code Availability

The ALMA and VLA data were reduced using the corresponding pipeline versions of
CASA, and imaged using CASA v6.6.4 (https://casa.nrao.edu/casa_obtaining.shtml).
The imageloverf.py script used to mitigate the 1/f noise in the JWST images is publicly
available at https://github.com/chriswillott/jwst/blob/master/imageloverf.py.
The model orbits were generated using the open-source Python packages orbitize! v3.1.07"72
(https://github.com/sblunt/orbitize)and pyorb v0.6.0 (https://github.com/danielk333/
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pyorb). The HRL spectral fitting and centroid kinematics fitting were performed with the pack-
age Imfit v1.3.2°! (https://github.com/Imfit/1mfit-py). The visibility data are fitted
with the package UVMultiFit v3.1°” (https://github.com/marti-vidal-1i/UVMultiFit).
The posterior distributions in SED+HRL fitting and orbital fitting were sampled using the pack-
age emcee v3.1.6%° (https://github.com/dfm/emcee). To evaluate the convergence of pos-
terior samples, we utilized the package arviz v0.17.1% (https://github.com/arviz-devs/
arviz).
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Extended Data Fig. 1 | Continuum images from 1.3 cm to 0.3 mm. Contours are plot-
ted at 2" x 30 (n = 0,1,2,...), where ¢ is the rms noise of each image: 0.043, 0.034,
0.019, 0.065, 0.034, 0.21 and 2.0 mJy beam ™! (equivalent to 11, 7.4, 091, 1.4, 0.29, 1.3
and 2.1 K, respectively). The synthesized beams (lower left) have FWHMs and position an-
gles of 137.4 x 67.7 mas (—30.3°), 67.8 x 47.2 mas (—13.4°), 60.6 x 50.0 mas (—73.8°),
34.6 X 29.4 mas (44.9°), 38.1 x 30.6 mas (84.7°), 32.8 x 25.7 mas (57.7°) and 43.1 x 35.6 mas
(—87.0°), respectively. Scale bars indicate physical scale of 100 au in each panel. Position
offsets are measured relative to Source A in each panel.
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Extended Data Fig. 2 | Spectral energy distributions from 1.3 cm to 0.3 mm of the binary.
Flux densities are from 2D Gaussian fitting (Supplementary Table 1). Filled circles denote
the total flux densities, whereas open circles denote the dust-subtracted flux densities. Error
bars combine uncertainties from Gaussian fitting, flux calibration, and additional systematic
contributions arising from different array configurations and the flux differences between the
lower and upper sidebands. Dashed lines show the dust component assuming &g = 2.5 and
that all 0.3 mm emission is dust. Dash—dotted lines show power-law fits to the dust-subtracted
emission. For Source A, two frequency ranges are fitted separately.
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Extended Data Fig. 3 | Hydrogen recombination line images and spectra. Top: integrated
emission (moment 0) maps of H42a, H40o, H30o, H26x, and H19¢ as contours overlaid on
the continuum; velocity ranges are shown in each panel. Contours are 30 x 2" (n=0,1,2,...)
with o = 22, 21, 38, 23, 1239 mly beam ! km s~!. Scale bars indicate physical scale of 100
au in each panel. Middle: HRL spectra of Source A extracted at the continuum peaks; velocity
resolutions are 1 km s~! for strong lines and 5 km s~! for weaker lines. Central velocities
and line widths are indicated by dashed lines (see Supplementary Table 2). Bottom: same for
Source B; Gaussian fits are omitted for H42¢ and H40¢ due to low S/N.
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Extended Data Fig. 4 | Deconvolved continuum morphology across observing bands. (a):
Deconvolved 2D Gaussian FWHM profiles of the two sources at different bands shown by
ellipses of different colors and line styles (observation epochs labeled in the legends). The
fitted position of sources A and B are marked by the star and triangle symbols, respectively.
(b): Deconvolved source sizes as a function of frequency, calculated as v/agecon X Pdecon, Where
Adecon and bgecon are the deconvolved major and minor axis FWHMSs (Supplementary Table 1).
(c): Major axis position angles of the deconvolved components versus frequency. (d): Aspect
ratios (bdecon/Addecon) Versus frequency. (e): Disk inclinations relative to the plane of the sky,
estimated from the aspect ratios assuming the deconvolved ellipses trace inclined disks. In
panels b—e, Source A and B are shown by yellow and blue markers, respectively. Error bars
denote the uncertainties in deconvolved sizes, position angles, aspect ratios, and inclinations,
propagated from the uncertainties of the Gaussian image fitting. The blue open stars indicate
values derived from the synthesized beams for comparison, and shaded regions mark bands
with mutually consistent measurements.

26



Dec. Offset (arcsec)
o

-5

5 0 -5 -10
R.A. Offset (arcsec)

Extended Data Fig. 5 | Continuum images of the central source and radio jets. The images
are observed with VLA 6 cm (background and grey contours) and 1.3 cm B configuration
(cyan contours). Jet direction is indicated by the orange arrow. Contours correspond to 40 x 2"
(n=0,1,...), with 16 = 0.0039 mJy beam~! (0.63 K) for 6 cm and 16 = 0.0092 mly beam ™!
(0.11 K) for 1.3 cm. The ellipses in the lower-left corner indicate the synthesized beam sizes at
the two bands.
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Extended Data Fig. 6 | Eccentricity constraints from the mass-constrained orbital fit. (a):
Comparison of posterior eccentricity distributions from Fitting 1 (black) and Fitting 2 (red).
The posterior from Fitting 1 is resampled using a truncated Gaussian prior on My (25.9 &+
4.0 M, and hard bounds of 17.7-28.1 M.,), consistent with that adopted in Fitting 2. The log-
normal eccentricity prior used in Fitting 1 is also shown in grey. The vertical red lines mark
the 16th, 50th (median), and 84th percentiles of Fitting 2’s posterior distribution. (b): Posterior
distribution of periastron distance ¢ as a function of orbital eccentricity e for Fitting 2. Black
contours show the kernel density estimate, with the 1o credible region emphasized in bold.
The vertical grey line at e = 1 delineates bound (elliptical) and unbound (hyperbolic) regimes.
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hyperbolic solutions (right).
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Extended Data Fig. 7 | Disk-orbit misalignments under different disk orientation assump-
tions. Distribution of inclination angles between the disk angular momenta and the protobinary
orbit are shown for Source A (blue) and Source B (green). The shaded regions indicate the cen-
tral 68% of the probability distribution, bounded by vertical dashed lines, while the solid lines
mark the median. The relative angle between J5 and Jg is shown with a grey dashed line.
(a): Both circumstellar disks have their southeastern halves closer to us.(b): Both circumstellar
disks have their northwestern halves closer to us. (¢): Source A disk has its northwestern half
closer to us while Source B has its southeastern half closer to us.
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Extended Data Table. 3 | Fiducial parabolic orbital fitting results

q t i o Q Cint 53D
(au) (10> MJD) ) ) ©) (mas) (au)

139788 (122) 39722 (38) 53714 (50) 129720 (119) 29372 (291) 1.4%0¢(0.9) 224733

Notes. Values are listed as posterior medians with 68% credible intervals. Values in parentheses
are the corresponding maximum-likelihood values. The three-dimensional separation of the
binary at the current time (2024-07-01) s3p is also listed.
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Supplementary Information

Supplementary Discussion 1. Reliability of continuum image fitting and astrometry mea-
surement

The deconvolved source morphologies from continuum image fitting are generally consis-
tent from 3 to 0.6 mm (Extended Data Fig. 4). However, the deconvolved ellipses at 7 and 13
mm deviate from those measured at higher frequencies, likely owing to the larger beam sizes
and increased source blending, particularly at 13 mm. In addition, the free—free continuum
becomes increasingly optically thick toward lower frequencies, enlarging the optically thick
region and causing departures from the Gaussian assumption. The deconvolved morphology at
0.3 mm also differs markedly from that at 3—0.6 mm despite a comparable beam size. This
difference is attributed to the increasing contribution of optically thick dust emission at 0.3
mm, which has a spatial distribution distinct from that of the ionized gas traced at longer wave-
lengths. Consistently, the peak brightness temperatures of Sources A and B at 0.3 mm are
133 K and 88 K, respectively, indicative of optically thick dust emission. Despite these effects,
the observed deviations at the higher-frequency bands exhibit largely isotropic residuals and
are therefore not expected to introduce significant systematic biases in the measured source
positions.

The positional uncertainties from Gaussian image fitting generally scale inversely with the
peak signal-to-noise ratio. However, such uncertainties can underestimate the true astrometric
errors when systematic effects such as source blending, calibration residuals, and departures
from the assumed source morphology are present’®*. In the present data, the astrometric
accuracy can be affected by source blending, particularly at 1.3 cm, and by intrinsic shifts of the
emission peaks arising from wavelength-dependent optical-depth effects. To account for such
uncharacterized systematics in the proper-motion analysis, we introduced an isotropic intrinsic-
scatter term, Oj,, following the standard approach70. The inferred value, Gy = 1.3f8:§ mas
(Fig. le,f), therefore provides an empirical estimate of the residual astrometric uncertainty not
captured by the formal image-fitting errors.

To further assess the robustness of the astrometry, we performed visibility-domain fitting
in addition to image-domain Gaussian fitting (Supplementary Figs. 2 and 3). The positional
offsets between the two methods are approximately 2 mas at 1.3 cm and approximately 0.5
mas at the other wavelengths. These differences are comparable to the inferred intrinsic-scatter
term and therefore remain within the adopted astrometric uncertainty budget.

Supplementary Discussion 2. Robustness of the orbital proper-motion measurement

Several effects could potentially mimic or bias the measured relative motion between the
two sources. One possibility is wavelength-dependent centroid shifts caused by optical-depth
variations. If such effects dominated the measured positions, the relative offsets would be
expected to follow the ordering of observing wavelength. Instead, the measured positional
offsets of Source B relative to Source A follow the temporal sequence of the observing epochs
rather than the wavelength sequence, indicating that the observed shifts are primarily driven by
source proper motion.

Another possible origin of the observed position changes is variability associated with radio
jets, which has been reported in centimeter observations of forming stars’’~’°. However, the
measured relative motion of approximately 10 km s! is substantially lower than typical jet
velocities of 100—1000 km s~13°, Moreover, the relative motion remains clearly detectable
at millimeter wavelengths, where contamination from free—free jet emission is expected to be
minimal. For example, a positional shift is evident between the 1.3-mm observations obtained
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in 2017 and the 0.3-mm observations obtained in 2024. Furthermore, although the measured
proper-motion direction is broadly aligned with the expected jet axis of Source B, no jet is
detected toward this source in the free—free continuum (Extended Data Fig. 5).

Taken together, these tests support that the measured relative motion is dominated by bi-
nary orbital motion. Residual contributions from jet variability, wavelength-dependent optical-
depth effects, and other systematic uncertainties are incorporated into the intrinsic-scatter term
adopted in the astrometric analysis.

Supplementary Discussion 3. Evidence for non-LTE effects in the hydrogen recombina-
tion lines

The observed hydrogen recombination line (HRL) fluxes exhibit a spectral index signifi-
cantly steeper than the value of 1 expected for optically thin LTE emission. At low frequen-
cies, such behavior can be partly attributed to increasing free-free continuum optical depth.
However, the steep trend persists toward higher frequencies, where optical-depth effects alone
cannot account for the observed fluxes. In addition, several high-frequency HRLs display non-
Gaussian spectral profiles, most notably the H26 ¢ line toward Source A (Extended Data Fig. 3).

These characteristics suggest that the HRL emission is affected by departures from LTE.
One possible explanation is maser amplification, which has been predicted and observed for
HRLs with principal quantum numbers n ~ 7-39%". Such non-LTE effects can modify both the
line strengths and spectral profiles, potentially contributing to the discrepancies between the
observed HRL fluxes and simple LTE expectations. Since our SED and HRL fitting adopts an
LTE treatment as a first-order approximation, only the lower-frequency HRL fluxes are fitted
(see Method and Fig. 4).

Supplementary Discussion 4. Influence of proper-motion measurements and prior as-
sumptions on orbital constraints

In previous work on this source ', only radial velocity and single-epoch astrometric data
were available to constrain the orbital properties. To assess the impact of the newly mea-
sured proper motions, we performed an additional orbital fit (Orbital Fitting 3) using only the
same single-epoch 1.3 mm data. Although the overall constraint on eccentricity is weak, as
expected (Supplementary Fig. 8), the observed relative proper-motion components (Vg 4. and
Vpec.) can be reproduced only by models with high eccentricities (Supplementary Fig. 9). This
comparison demonstrates that the multi-epoch astrometric measurements provide a critical new
constraint on the orbital architecture of the system.

In Orbital Fitting 1 and 2, even when the total system mass is constrained by independent
observations, the eccentricity remains imperfectly determined owing to the limited orbital cov-
erage. A pronounced tail toward lower eccentricities is present in the posterior distributions
obtained from Orbital Fitting 1 and 2 (Fig. Sa, Extended Data Fig. 6a). Part of this behavior
reflects the adopted prior assumptions. In Orbital Fitting 1, a log-uniform prior on eccentricity
places greater weight on low-eccentricity solutions, resulting in a broader posterior distribution
extending toward smaller eccentricities. In Orbital Fitting 2, adopting a uniform prior over
0 < e < 2 produces a posterior that is more sharply peaked and symmetric around e ~ 1 (see
also Supplementary Fig. 7). Nevertheless, both fitting approaches consistently favor solutions
clustered around e ~ 1 over the independently inferred mass range of the system. Lower-
eccentricity bound orbits remain viable, but near-parabolic solutions are statistically preferred
by the current data.
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Supplementary Figure 1 | 2D Gaussian fits to the continuum images. In each panel, the
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Scale bars indicate a physical length of 100 au. Residuals are generally below the 30 level.
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Supplementary Figure 2 | Two-component Gaussian fits to the continuum visibility data.
Black points show the real part of the visibilities, binned into 40 points for clarity. Error bars
denote the standard error of the mean real visibility in each bin. The grey dashed horizontal
line marks zero real visibility. Red curves show the corresponding best-fitting models.
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Supplementary Figure 4 | Posterior distributions from the joint fit to continuum SED
and HRL fluxes for Source A. The corner plot illustrates the distributions and covariances of
the six free parameters in the physical model: the emission-measure normalization, EM, at
the reference radius ryp = 10 au; the power-law index of the emission-measure distribution, p;
the outer truncation radius of the ionized disk, royt; the disk inclination, i; the dust-continuum
normalization at 0.3 mm, So.3 mm,dust; and the distance to the system, d. The source distance
is treated as a free parameter to account for its uncertainty. In the marginal distributions, the
dashed lines indicate the 16th, 50th (median), and 84th percentiles.
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Supplementary Figure 5 | Posterior distributions from the joint fit to continuum SED
and HRL fluxes for Source B. The corner plot illustrates the distributions and covariances of
the six free parameters in the physical model: the emission-measure normalization, EMy, at
the reference radius ryp = 10 au; the power-law index of the emission-measure distribution, p;
the outer truncation radius of the ionized disk, roy; the disk inclination, i; the dust-continuum
normalization at 0.3 mm, So 3 mm dust; and the distance to the system, d. The source distance
is treated as a free parameter to account for its uncertainty. In the marginal distributions, the
dashed lines indicate the 16th, 50th (median), and 84th percentiles.
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Supplementary Figure 6 | Posterior samples from the unified orbital fitting (Orbital Fit-
ting 1). Nine free parameters for the fitting are shown: periapsis distance ¢, eccentricity e,
inclination i, argument of periapsis ®, longitude of ascending node Q, time of periapsis #,,
and total mass My, intrinsic scatter Oy, and distance to this system d. The source distance
is treated as a free parameter to account for its uncertainty. In the marginal distributions, the
dashed lines indicate the 16th, 50th (median), and 84th percentiles.
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Supplementary Figure 7 | Posterior samples from the unified orbital fitting with a con-
strained mass range (Orbital Fitting 2). A truncated Gaussian prior for My is adopted, with
mean 25.9 M, standard deviation 4.0 M., and hard bounds of 17.7-28.1 M.,. The eccentricity
prior is set to be uniform between 0 — 2. Nine free parameters are shown: periapsis distance g,
eccentricity e, inclination i, argument of periapsis @, longitude of ascending node €2, time of
periapsis f,,, and total mass Mo, intrinsic scatter Ojy, and distance to this system d. The source
distance is treated as a free parameter to account for its uncertainty. In the marginal distribu-
tions, the dashed lines indicate the 16th, 50th (median), and 84th percentiles. The fitting has a

weighted reduced chi-square of xfeduced = 1.57f8:gi over the full posterior.
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Supplementary Figure 8 | Posterior samples from the elliptical orbital fitting to the
1.3 mm data alone (Orbital Fitting 3). The prior of eccentricity is set to uniform between
0 — 1 and a truncated Gaussian prior is adopted for My, with mean 25.9 M, standard devi-
ation 4.0 M, and hard bounds of 17.7-28.1 M,. Eight free parameters are shown: periapsis
distance ¢, eccentricity e, inclination i, argument of periapsis ®, longitude of ascending node
Q, time of periapsis f,,, and total mass My and distance to this system d. The source distance
is treated as a free parameter to account for its uncertainty. In the marginal distributions, the
dashed lines indicate the 16th, 50th (median), and 84th percentiles.
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Supplementary Figure 10 | Posterior samples from the fiducial parabolic orbital fitting
with constrained mass range (Orbital Fitting 4). A truncated Gaussian prior for My is
adopted, with mean 25.9 M., standard deviation 4.0 M, and hard bounds of 17.7-28.1 M.
Eight free parameters are shown: periapsis distance ¢, inclination i, argument of periapsis @,
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