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ABSTRACT

Context. The majority of young stars form in multiple systems, the properties of which can significantly impact the evolution of any
circumstellar disks.
Aims. We investigate the physical and chemical properties of the equal-mass, small-separation (∼66 milliarcsecond, ∼9 au) binary
system DF Tau. Previous spatially resolved observations indicate that only DF Tau A has a circumstellar disk, while DF Tau B does
not, as concluded by a lack of accretion signatures and a near-infrared excess.
Methods. We present JWST-MIRI MRS observations of DF Tau. The MIRI spectrum shows emission from a forest of H2O lines and
emission from CO, C2H2, HCN, CO2, and OH. Local thermodynamic equilibrium slab models were used to determine the properties
of the gas. The binary system is not spatially or spectrally resolved in the MIRI observations; therefore, we analyzed high spatial
and spectral resolution observations from ALMA, VLTI-GRAVITY, and IRTF-iSHELL to aid in the interpretation of the molecular
emission observed with JWST.
Results. The 1.3 mm ALMA observations show two equal-brightness sources of compact (R ≲ 3 au) continuum emission that are
detected at high significance, with separations consistent with astrometry from VLTI-GRAVITY and movement consistent with the
known orbital parameters of the system. We interpret this as a robust detection of the disk around DF Tau B, which we suggest may
host a small (∼1 au) cavity; such a cavity would reconcile all of the observations of this source. In contrast, the disk around DF Tau A
is expected to be a full disk, and spatially and spectrally resolved dust and gas emission traced by ground-based infrared observations
point to hot, close-in (≲0.2 au) material around this star. High-temperature emission (∼500–1000 K) from H2O, HCN, and potentially
C2H2 in the MIRI data likely originates in the disk around DF Tau A, while a cold H2O component (≲200 K) with an extended emitting
area is consistent with an origin from both disks.
Conclusions. Given the unique characteristics of this binary pair, complementary observations are critical for constraining the prop-
erties of these disks. Despite the very compact outer disk properties, the inner disk composition and the conditions of the DF Tau disks
are remarkably similar to those of isolated systems, suggesting that neither the outer disk evolution nor the close binary nature are
driving factors in setting the inner disk chemistry in this system. However, constraining the geometry of the disk around DF Tau B,
via higher angular resolution ALMA observations for instance, would provide additional insight into the properties of the mid-infrared
gas emission observed with MIRI. JWST observations of spatially resolved binaries, at a range of separations, will be important for
understanding the impact of binarity on inner disk chemistry more generally.

Key words. instrumentation: interferometers – instrumentation: spectrographs – planets and satellites: formation –
protoplanetary disks – binaries: general – stars: pre-main sequence

1. Introduction
The properties of molecular emission arising from the warm
inner regions of protoplanetary disks can be signposts of disk
evolution. Processes such as inner disk clearing, the radial drift
of dust grains, and accretion outbursts can all impact the chemi-
cal signatures of the gas in the inner 10 au that can best be probed
by mid-infrared spectroscopy (e.g., Banzatti et al. 2020; Ciesla
& Cuzzi 2006; Molyarova et al. 2018). While mid-infrared spec-
troscopy is an important tool for constraining the properties of
this area, complementary observations at other wavelengths can
be crucial in breaking degeneracies to determine which process
is dominating the observed chemical trends.

⋆ NASA Hubble Fellowship Program Sagan Fellow.

Stellar multiplicity is a common occurrence in star forma-
tion, and this multiplicity can drastically impact disk evolution
in such systems. The stellar mass ratio, the binary separation,
and the disk-orbit alignment are a few of the main factors that
determine the evolution of circumstellar or circumbinary disks
in these systems. Disk truncation in binary systems – where the
disks in an equal-mass system can have a maximum size of ∼1/3
of the binary separation – has long been predicted (Papaloizou
& Pringle 1977). Recent modeling has shown that dust disks
in binary systems are often even smaller than the truncation
radius due to efficient dust radial drift induced by the com-
panion (Zagaria et al. 2021a), an effect that is also observed in
ALMA observations (Manara et al. 2019; Zagaria et al. 2021b;
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Tofflemire et al. 2024). However, despite these small, rapidly
evolving disks, exoplanets are observed in binary systems (e.g.,
Eggenberger et al. 2007; Marzari & Thebault 2019; Su et al.
2021).

Variability at optical wavelengths has been observed in DF
Tau since the early 1900s (Lamzin et al. 2001; Zaitseva & Liutyi
1976). The binary nature of this system was first discovered
in 1989 thanks to lunar occultation measurements (Chen et al.
1990). Ground-based and space-based observations in the 1990s
and early 2000s allowed for the first spatially resolved observa-
tions of the emission coming from DF Tau A and B (Thiebaut
et al. 1995; Ghez et al. 1997; Hartigan et al. 2004). Most of
these optical and UV observations showed that only DF Tau
A had indications of ongoing accretion, although some showed
evidence for accretion around DF Tau B (Hartigan & Kenyon
2003). Spatially resolved Keck observations in the early to mid
2000s showed that, in addition to lacking accretion signatures,
DF Tau B also lacked (1) a near-infrared excess, out to ∼4 µm
(Schaefer et al. 2014; Allen et al. 2017), a signature of inner disk
clearing (e.g., Espaillat et al. 2014) and (2) a veiling of photo-
spheric lines (Allen et al. 2017; Prato 2023), another indicator of
a lack of strong accretion (e.g., Hartigan & Kenyon 2003). High-
resolution spectra of the [OI] line in DF Tau show a complex line
profile, indicative of winds and jets (Simon et al. 2016; Banzatti
et al. 2019), adding to the dynamic view of this system.

Since the discovery of DF Tau’s binarity, studies have con-
sistently found that this system is a close-separation, equal-mass
binary pair. Both DF Tau A and B have spectral types of ∼M2
and stellar masses of 0.55 M⊙ (Allen et al. 2017). With an orbital
period of only 46 yr (Allen et al. 2017), the binary separa-
tion is rapidly evolving; the separation was ∼66 milliarcseconds
(∼9 au) at the time of the observations presented in this work.

To characterize this unique system, we present JWST-MIRI,
VLTI-GRAVITY, and ALMA observations with additional anal-
ysis of data from IRTF-iSHELL. By utilizing this wealth of
complementary data, we gain new insight into this binary pair
and shed light on the physical and chemical evolution of close-
separation binaries. We present the observations in Sect. 2, our
analysis of the VLTI-GRAVITY and ALMA observations in
Sect. 3, and our analysis of the JWST-MIRI observations in
Sect. 4. We discuss our findings in Sect. 5 and offer a summary
in Sect. 6.

2. Observations and data reduction

2.1. JWST-MIRI observations and data reduction

DF Tau was observed with the Mid-InfraRed Instrument (MIRI;
Rieke et al. 2015; Wright et al. 2015, 2023) in the Medium Res-
olution Spectroscopy (MRS; Wells et al. 2015; Argyriou et al.
2023) mode on 20 February 2023. These observations are part
of the MIRI mid-INfrared Disk Survey (MINDS) JWST guar-
anteed time observation program (PID: 1282, PI: T. Henning,
Kamp et al. 2023; Henning et al. 2024). A four-point dither was
performed in the positive direction. The total exposure time was
27.2 minutes. Target acquisition was not utilized in these obser-
vations. DF Tau A and B are not resolved separately. Therefore,
the MIRI MRS spectrum is taken to be the sum of any star and
disk emission from both sources.

The MIRI data are reduced using a hybrid pipeline1

(Christiaens et al. 2024), combining routines from the standard

1 The pipeline and associated documentation are available at https:
//github.com/VChristiaens/MINDS

JWST pipeline (Bushouse et al. 2024) using CRDS context
1202, and from the VIP package (Gomez Gonzalez et al. 2017;
Christiaens et al. 2023). The pipeline is structured around three
main stages that are the same as in the JWST pipeline, namely
Detector1, Spec2 and Spec3. After the first stage (Detector1),
stray light is corrected using the corresponding standard JWST
pipeline step and a background estimate is subtracted by using
a direct pair-wise dither subtraction. For each band, the cen-
troid of the source was identified through a 2D Gaussian fit in
a positive thresholded mean spectral image. The spectrum was
extracted through aperture photometry with apertures set at each
centroid location, and their size set to 1.5 full width at half max-
imum (FWHM) to minimize self-subtraction. Fringe correction
was done both on the 2D detector images and on the extracted
1D spectrum.

The JWST-MIRI spectrum is presented in Fig. 1, which
shows a wealth of emission lines from CO, C2H2, HCN, CO2,
and OH and a forest of strong H2O lines2. It is one of the most
line-rich spectra in the MINDS sample.

2.2. ALMA

DF Tau was observed with ALMA as part of the projects
2019.1.01739.S (PI: Tofflemire) and 2021.1.00854.S (PI: Long).
Each project observed DF Tau twice, once with a long base-
line configuration and once with a compact baseline con-
figuration, which we name LB and SB, respectively, as
listed in Table A.1. The observations SB1 and LB1 had the
correlator configured to observe 4 spectral windows, with
one of them centered at 230.538 GHz to observe the 12CO
J=2–1 line with a frequency resolution of 488.28 kHz (∼0.6
km s−1), and the remaining three were centered at 232.6,
245.0 and 246.9 GHz to observe dust continuum emission.
The observations SB2 and LB2 had the correlator configured
to observe with 6 spectral windows: two were centered at
219.56 (C18O J=2–1) and 220.399 GHz (13CO J=2–1) with
a frequency resolution of 282.23 kHz; two at 230.538 (12CO
J=2–1) and 231.322 GHz (N2D+ J=3–2) with a frequency res-
olution of 141.11 kHz; and two at 218 and 233 GHz to observe
dust continuum emission. An independent analysis of the dust
continuum and analysis of the 12CO data will be presented in
Kutra et al. (in prep.).

The observations of both programs were pipeline-calibrated
with the scriptforPI delivered by ALMA. Then, CASA 5.6.2
was used to extract the dust continuum emission from all the
spectral windows. As in Andrews et al. (2018), we flagged the
channels located at ±20 km s−1 from the expected lines, using as
line center the approximate system velocity at the local standard
of rest (typically 5 km s−1 for the disks in the Taurus star-forming
region). The remaining channels were combined into a “pseudo-
continuum” measurement set, which we averaged into 125 MHz
channels and 6 s bins in order to reduce the data volume. During
the LB1 observation, the antenna DV23 returned a temperature
of 0 K while observing the flux calibrator J0510+1800, and thus
we removed this antenna from the self-calibration and analysis
process.

The ALMA observations were obtained at a time near peri-
astron, when the relative motion of the binaries is at a maximum
(∼14–17 mas yr−1, considering the orbital parameters from Allen
et al. 2017). Given that both stars could potentially have a disk

2 The reduced spectrum that we present here is available by request
from the corresponding author and will become available at https:
//spexodisks.com
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Fig. 1. JWST-MIRI MRS spectrum for DF Tau. Note the line forest present in the spectrum, which has a very high line-to-continuum ratio.

contributing to the millimeter emission, we self-calibrated each
observation individually, as combining them would assume that
the brightness distribution has not changed in the time spanned
between epochs. We self-calibrated the data using the contin-
uum emission, which was imaged with the task tclean, using a
Briggs robust parameter of 0.5 for all epochs. To avoid intro-
ducing point spread function artifacts, we lowered the gain
parameter to 0.02 and increased the cyclefactor to 1.5, for
more conservative imaging compared to the default values3.
Each image was cleaned down to a 1σ threshold. In each phase
and amplitude calibration we combined all the scans and spectral
windows to estimate the gaincal solution table. Phase cali-
brations were applied until no improvement was seen in the
peak signal-to-noise ratio, and then only one amplitude calibra-
tion was applied to each observation. For further analysis, we
extracted the visibility table of each observation independently.
The central frequency of each channel was used to calculate its
visibility coordinates in wavelength units. The calibrated ALMA
data are publicly available4.

2.3. VLTI-GRAVITY

DF Tau was observed with VLTI-GRAVITY (GRAVITY
Collaboration 2017) on 28 October 2022. We recombined the
four auxiliary telescopes in the medium configuration D0-G2-
J3-K0, leading to a maximal angular resolution of λ/2B (with B
the maximal separation between the telescopes) of about 2 mil-
liarcseconds. The target photons in the K-band (2.0–2.45 µm)
were split between the scientific instrument equipped with a
spectrometer with a spectral resolution of 4000, and the fringe
tracker instrument, which tracks the fringes at a frequency rate
3 Check https://casadocs.readthedocs.io/en/stable/api/
tt/casatasks.imaging.tclean.html#description for a detailed
description of the tclean parameters.
4 https://zenodo.org/records/11215003

of ∼300 Hz. We recorded 6 files of 6 minutes each on the tar-
get. An interferometric calibrator, HR 1061, was also observed
in the same conditions to be able to calibrate the instrument
transfer function. All of the data were processed with the stan-
dard GRAVITY pipeline (Lapeyrere et al. 2014). The visibilities
squared and the closure phases exhibit clear signatures of bina-
rity with sinusoidal variations of visibilities as a function of
spatial frequency (Fig. C.1). The slight decrease in the visibil-
ity sinusoidal modulations at higher spatial frequencies is also
indicative of a marginally resolved component such as a circum-
stellar and/or a circumbinary disk. The hydrogen recombination
line Brγ at 2.166 µm and two helium lines at 2.01 and 2.06 µm
were detected in the GRAVITY spectrum. However, the data
quality is not good enough to derive interferometric quantities
across these lines, and therefore we focused our analysis on the
K-band continuum observations.

2.4. IRTF-iSHELL

DF Tau was observed with iSHELL (Rayner et al. 2016, 2022)
on the Infrared Telescope Facility (IRTF) on 24 January 2022.
These data are published in Banzatti et al. (2023b; see also
Banzatti et al. 2022)5. In these high spectral resolution M-band
data (4.5–5.2 µm), Banzatti et al. (2023b) find that the CO
fundamental emission lines have two velocity components, a
broad component (FWHM = 113 km s−1) and a narrow com-
ponent (FWHM = 49 km s−1). Additionally, H2O is detected
at 5 µm with a velocity similar to the broad CO component
(FWHM = 100 km s−1). We note that even at the high spectral
resolution of the iSHELL data (R ∼ 92 000, 3.3 km s−1), DF Tau
A and B are not spectrally resolved, given a radial velocity offset
of ∼1 km s−1 at the time of the observations.

5 The spectrum is available at https://spexodisks.com/
ExploreData/ishell_4516nm_5232nm_vstar_df_tau
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Fig. 2. ALMA dust continuum emission at each epoch, sorted by observation date. SB and LB correspond to the short-baseline and long-baseline
observations, respectively. The angular resolution is represented by the white ellipse at the bottom-left corner of each panel. The scale bar is 10 au
at the distance of the source. The orbit of the system from Allen et al. (2017) is shown as a dotted line in panel b for reference. DF Tau A is at the
center of the image, while DF Tau B is to the lower left.

3. Constraining the physical properties of the two
disks in the DF Tau system

3.1. The discovery of a disk around DF Tau B with ALMA

When imaged with ALMA at high angular resolution, the DF
Tau system resolves into two blobs of dust continuum emission
robustly detected at over 100σ at peak emission. These two blobs
are spatially separated in the LB1 and LB2 images, as shown
in panels d and c in Fig. 2, and the separation is detected in
the visibilities of the four epochs. When paired with the orbital
information from the literature (e.g., Allen et al. 2017) and the
separation between DF Tau A and B from the GRAVITY data
(65.9 ± 0.6 mas), it appears that the two blobs correspond to
two circumstellar disks, one around DF Tau A, as expected, and
one around DF Tau B, which was unexpected given the lack
of accretion signatures and near-infrared excess as reported by
Allen et al. (2017).

We modeled the ALMA emission of the disks as described
in Appendix A, with the main results summarized in Table 1. At
the current angular resolution, we cannot set strong constraints
on the morphology of these compact disks from the 1.3 mm dust
continuum observation. However, when modeled with axisym-
metric Gaussian profiles, we find the disks to be compact (<3 au
in radius), and of similar size and flux. The Gaussian models
for DF Tau B show a preference for non-centrally peaked bright-
ness distributions to the 1σ of confidence, differently from DF
Tau A, which is centrally peaked to the 1σ level. This potentially
indicates a cavity in the disk around DF Tau B, which would be
consistent with the lack of near-infrared excess around this star;
however, based on the current ALMA observations, we can nei-
ther conclusively confirm nor reject the presence of a cavity in
the disk around DF Tau B. However, any cavity would be ≲1.5 au
in radius, as larger cavities would have been detected. We discuss
this scenario in Sect. 5.3.3.

3.2. The inner dust disk around DF Tau A with
VLTI-GRAVITY

The VLTI-GRAVITY K-band (2.2 µm) interferometry allows
us to constrain the separation of the two stars, DF Tau A and
B, at the time of the observations and detect and constrain the
inner dust disk size. Several models were tested to reproduce the

Table 1. Disk properties from the ALMA visibility modeling.

Property Best value ±3σ

1.3 mm flux [mJy] FA 2.00 ± 0.06
FB 2.00 ± 0.15

Dust mass [M⊕] Mdust,A 1.18 ± 0.16
Mdust,B 1.18 ± 0.18

Relative ∆RASB1 −47.5 ± 2.5
Astrometry ∆DecSB1 −46.2 ± 2.8
DF Tau A-B [mas] ∆RASB2 −69.2 ± 21.1

∆DecSB2 −29.3 ± 31.9
∆RALB1 −47.4 ± 0.3
∆DecLB1 −47.1 ± 0.4
∆RALB2 −49.9 ± 1.2
∆DecLB2 −44.0 ± 1.5

Size(∗) [mas] RA,68% ≤13.8 ± 0.5
RB,68% ≤13.9 ± 0.7
RA,90% ≤20.1 ± 1.0
RB,90% ≤19.6 ± 1.2

Notes. The disks geometries and relative astrometry are free parame-
ters during the MCMC fitting. The disk sizes and fluxes are not directly
fitted, but calculated from the best results shown in Table A.2, where the
remaining free parameters are shown. Uncertainties are the 3σ values of
the distributions. Dust masses are computed assuming a dust tempera-
ture of 20 K, a wavelength of 1.33 mm, an opacity of 2.254 cm2 g−1

(Beckwith et al. 1990), and a distance of 140±10 pc (see Sect. 4).
(∗)indicates parameters that should be taken with caution. As the emis-
sion is only marginally resolved, the values are not well constrained and
the uncertainties instead reflect the uncertainties of the model and not
the true uncertainties of the data.

VLTI-GRAVITY observations, all with two point-like sources,
but with different disk contributions: (1) no disk material, (2) a
Gaussian disk around one source, (3) a Gaussian disk around
each source, and (4) a circumbinary disk. The circumbinary
model never converged making this possibility very unlikely and
the two disk model did not reproduce the data as well as the
binary-only and the binary-plus-one-disk models; therefore, we
only discuss models (1) and (2) here.
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Table 2. Best-parameter fit of the VLTI-GRAVITY data for each model
considered.

Parameter VLTI-GRAVITY Models

Binary only Binary + disk around A

∆RA [mas] 57.39+0.18
−0.17 57.38 ± 0.22

∆Dec [mas] −32.35 ± 0.34 −32.38+0.41
−0.42

ρ [mas] 65.9 ± 0.5 65.9 ± 0.6
FA 0.66 ± 0.03 0.61+0.04

−0.06
FB 0.34 ± 0.03 0.28 ± 0.04
Fdisk – 0.11 ± 0.07
HWHM [mas] – 1.0 ± 0.6
HWHM [au] – 0.14 ± 0.09
χ2

r 8.38 5.05

Notes. Uncertainties are derived assuming a χ2 statistic for all param-
eters. ∆RA and ∆Dec are the offsets of DF Tau B relative to DF Tau
A and ρ is the separation. FA and FB correspond to the fraction of
the total flux coming from DF Tau A and B, respectively. The HWHM
corresponds to the disk radius.

Following the van Cittert-Zernike theorem, we fit our dataset
with a binary model composed of a point-like primary target
(DF Tau A) and a point-like secondary (DF Tau B). The binary-
plus-disk model is the same, but now adding a Gaussian disk
model to the DF Tau A point-like source. DF Tau A is chosen
as the disk-bearing source due to the lack of near-infrared excess
around DF Tau B (Fig. B.1). The spatial frequencies probed by
our uv-plane coverage are not sufficient to constrain either the
disk inclination or the flux distribution inside the disk, so it is
considered flat (only a radius, given by the HWHM, is derived).
Due to the degeneracy between size and fluxes for marginally
resolved sources, we constrained the relative flux of each com-
ponent (FA, FB, and Fdisk) using the K-band magnitude from
Schaefer et al. (2014). The relative contribution of each stellar
component of the binary varies from one model to the other, but
scales in the same manner: the primary represents ∼60% of the
total flux, the secondary is ∼30% (consistent with the flux ratio
of ∼2 from Schaefer et al. 2014), and the contribution of the disk
is then ∼10%. More details are provided in Appendix C.

For each model, after exploring the parameter space man-
ually to identify the region of global χ2 minimum, a Markov
chain Monte Carlo (MCMC) procedure was adopted. The pos-
terior distribution was used, assuming a χ2 statistic, to derive the
final best-fit value and its associated uncertainties. The binary-
plus-disk model provides a significant improvement in the χ2

r
compared to the binary-only model (from 8 to 5). This best-fit
model has a half width at half maximum (HWHM) of ∼1 mas,
corresponding to an emitting radius of ∼0.14 au. The best-fit
parameters for the two models are given in Table 2 and the data
compared to the best-fit model are provided in Fig. C.1. While
higher angular resolution observations are needed to conclude
the exact geometry and flux distribution of the circum-primary
disk, the current data are well reproduced by this model.

3.3. The inner gas disk around DF Tau A with IRTF-iSHELL

While the VLTI-GRAVITY data trace the inner disk dust struc-
ture, we can use high spectral resolution observations in the
M-band to study the inner disk gas structure via CO and H2O
rovibrational emission (e.g., Bast et al. 2011; Brown et al. 2013;
Banzatti & Pontoppidan 2015; Banzatti et al. 2022). The CO
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Fig. 3. Stacked line profiles for the CO v = 1–0 (black), CO v = 2–1
(gray), and the 5 µm H2O (blue) lines from the IRTF-iSHELL spectrum
of DF Tau (Banzatti et al. 2023b). A Keplerian line profile, calculated
using an inclination of 67◦ and a stellar mass of 0.55 M⊙, shown in red,
matches the v = 2–1 lines.

and H2O line profiles for DF Tau are shown in Fig. 3, where
it can be seen that two velocity components are present in the
CO v = 1–0 lines, a broad component coming from Keplerian
rotation of the gas and a narrow component that may at least in
part originate in a sub-Keplerian disk wind (Pontoppidan et al.
2011; Banzatti et al. 2022). The emitting radii of the gas can
be determined by using the line widths, stellar mass, and disk
inclination and assuming Keplerian rotation (see, e.g., Banzatti
et al. 2022; Grant et al. 2024). The inclination can be estimated
from the line profiles following Banzatti & Pontoppidan (2015,
see their Eq. (1)), which gives an inner disk inclination of ∼67◦.
This inclination is very different from the inclination of 18.9◦
determined from ALMA; however, given that the disks are only
marginally resolved with ALMA and due to the potential for disk
warping in such a dynamic system, we opted to take the inclina-
tion from the CO line profiles. When this inclination is adopted,
the emitting radii for the CO broad component and the H2O are
determined to be 0.13 and 0.17 au, respectively. This is consistent
with the radius determined with VLTI-GRAVITY, as is seen in
other objects as well (Banzatti et al. 2023b).

In Fig. 3, we compare the observed CO v = 2–1 line, whose
double-peaked profile demonstrates Keplerian broadening by
disk rotation, to a Keplerian model that assumes the line bright-
ness to decrease with radius as R−α between and inner and
outer radius (Rin and Rout) as done in previous work (e.g., Salyk
et al. 2011a; Banzatti et al. 2022). To obtain a good match, the
model has Rin = 0.06 au (which determines the line wings) and
Rout = 0.9 au (which determines the line peaks), with an expo-
nent α = 2.3. In this model, 90% of the line flux is coming
from 0.06 to 0.15 au. While the three parameters are slightly
degenerate, providing confidence regions of ≈10% around these
values, this simple model strongly supports the conclusion that
the M-band CO and H2O emission comes from very small radii
(<0.2 au). We did not attempt to match the narrow component
with a Keplerian model, as it may originate from a sub-Keplerian
disk wind.

Given that the VLTI-GRAVITY data are well reproduced by
a single inner disk model with a radius of 0.14 au and the high
spectral resolution data show broad Keplerian emission coming
from gas very close to the star leads us to conclude that DF Tau A
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Fig. 4. Astrometric measurements of DF Tau B relative to DF Tau A
(+ symbol). The best orbit of DF Tau B from Allen et al. (2017) is shown
with a dashed gray line, while the data points used to fit that orbit are
shown with gray stars. The positions of DF Tau B relative to A mea-
sured with ALMA and VLTI-GRAVITY are shown with colored stars,
while the solid circles show their expected position using the Allen et al.
(2017) orbit. The offset from the Allen et al. (2017) orbit is within the
orbital uncertainties, as shown by the red curve in the inset, which is a
manual fit to the ALMA and VLTI-GRAVITY points that is within the
uncertainties on the orbital parameters.

has a very hot inner disk of gas and dust. This inner disk struc-
ture is then used to aid in the interpretation of the spectrally and
spatially unresolved JWST-MIRI MRS data.

3.4. VLTI-GRAVITY and ALMA astrometry of DF Tau B

Both the VLTI-GRAVITY and ALMA interferometric measure-
ments can be used to trace the relative position of DF Tau B to A
(Fig. 4). In the VLTI-GRAVITY observations, we find that the
secondary, DF Tau B, is 57.4 ± 0.2 mas east of the primary and
32.4 ± 0.4 mas to the south, with few differences between the
two models used (see Sect. 2.3). This translates to a separation
ρ = 65.9 ± 0.6 mas.

For the ALMA observations, we assumed that the star is
located at the center of each emission blob, which we recovered
using the visibility model in Appendix A. We detect slight off-
sets between the expected location of DF Tau B based on the
orbit from Allen et al. (2017) and our measured positions; how-
ever, these offsets are within the 1σ variations of the orbital
parameters (see the red line in the inset in Fig. 4). An updated
orbit determined from new observations will be presented in
Kutra et al. (in prep.).

The detection of movement between the ALMA LB1 and
LB2 observations confirms that the secondary blob in the
ALMA images is comoving with DF Tau B, and thus is likely
a disk around DF Tau B. The projected distance between these
measurements is about 3 mas, or 0.5 au at the distance of DF
Tau B, and it is over 10 times smaller than the angular reso-
lution of observations LB1 and LB2, which were taken only
60 days apart. This distance is as small as the pixel size of
typical ALMA images of high angular resolution observations
(e.g., Andrews et al. 2018), and it showcases the potential of

using parametric visibility models to recover highly accurate
astrometry of protoplanetary disks (see Kurtovic et al. 2024 for
a full discussion of using visibility modeling of ALMA datasets
to recover astrometry of binary systems).

4. Constraining the chemistry in the inner disk(s)
with JWST-MIRI

4.1. Slab modeling procedure

Molecular emission from CO, H2O, C2H2, HCN, CO2, and OH
is detected in the JWST-MIRI MRS spectrum of DF Tau (Fig. 1).
Before we analyzed the spectrum, we subtracted the continuum.
We followed the methods of Temmink et al. 2024b. Briefly, this
involves an iterative process in which the continuum level is first
determined using a Savitzky-Golay filter with a third-order poly-
nomial. Emission lines over 2σ above the continuum are masked
so as to not skew the continuum estimation. The continuum is
then subtracted, and all downward spikes more than 3σ below
the continuum are masked. Finally, the baseline is determined
using PyBaselines (Erb 2022).

Local thermodynamic equilibrium (LTE) slab models have
been used to successfully reproduce the emission seen in JWST-
MIRI observations (e.g., Grant et al. 2023; Gasman et al. 2023b;
Kóspál et al. 2023; Perotti et al. 2023; Ramírez-Tannus et al.
2023; Tabone et al. 2023), and therefore we used the same meth-
ods to analyze the DF Tau MRS data. In short, the slab models
are computed with a Gaussian line profile with a FWHM of
∆V = 4.7 km s−1 (σ = 2 km s−1) as is done in Salyk et al.
(2011b) and mutual line shielding is accounted for for each
molecular species. We did not take overlap between molecular
species into account in this analysis. The models only include
three free parameters: the line-of-sight column density N, the
gas temperature T , and the emitting area given by πR2 for a disk
of emission with radius R. We included emission from C2H2,
HCN, H2O, 12CO2, and OH. The emitting area was varied to
fit the spectrum, after being scaled to the appropriate distance.
Given the binarity of this system, the Gaia parallax is unreli-
able, in particular given that its renormalized unit weight error
is nearly 22, which is much higher than the standard cutoff (1.4)
for reliable parallaxes (Gaia Collaboration 2021). Therefore, we
adopted the standard distance to Taurus of 140±10 pc, in agree-
ment with the group location found in Krolikowski et al. (2021)
and very similar to the weighted mean of Gaia distances for
stars within 30 arcminutes (135.66±3.22 pc, Akeson et al. 2019).
Finally, the model spectrum is convolved to a resolving power
that matches the observations and resampled to have the same
wavelength sampling as the observed spectrum. We selected two
spectral regions, from 13.4 to 18 µm and from 18 to 25.6 µm,
where the resolving power is approximately constant across the
two regions (subbands 3B to 3C and 4A to 4B, R∼ 2500 and
1600, respectively; Labiano et al. 2021; Argyriou et al. 2023).
The ro-vibrational water lines below ∼9 µm are dominated by
high energy ro-vibrational lines that can be suppressed due to
non-LTE excitation (e.g., Banzatti et al. 2023b; Muñoz-Romero
et al. 2024; Pontoppidan et al. 2024). As such, we did not fit
the ro-vibrational lines at the same time as the rotational line at
wavelengths longer than 10 µm. We did not analyze the CO lines
detected in the MIRI observations, as the wavelength coverage
does not allow for a proper characterization of the CO proper-
ties (e.g., Grant et al. 2024; Francis et al. 2024; Temmink et al.
2024b). While full CO analysis can be done with the IRTF-
iSHELL data, this is outside the scope of this work. Beyond
∼26 µm the noise level increases and artifacts are introduced due
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Fig. 5. Continuum-subtracted MIRI spectrum (black) compared to the total model (red). Emission from C2H2 (yellow), HCN (orange), CO2 (green),
and OH (pink) is present. The two H2O models are shown in light and medium blue. While this wavelength region is fit out to 18 µm, we only
show the spectrum out to 16.4 µm for a better visualization of the main molecular species.

to the low signal at the long wavelengths in the flux reference
star HD 163466 (Gasman et al. 2023a). We therefore limited our
analysis to wavelengths shorter than this.

While an iterative fitting method has done well reproducing
JWST-MIRI spectra in some objects (i.e., fitting one molecule,
subtracting it off then fitting the next molecule, etc.; Grant et al.
2023), the strong forest of water lines across the DF Tau spec-
trum and the unique nature of this system led us to adopt a
different methodology, as the spectrum is so line-rich that there
is too much overlap between species to allow for a good fit using
that method. Instead, we allowed for multiple slab components
to be present in our model fitting and used an MCMC fitting
procedure to fit all of the molecules and all components simul-
taneously, thereby reducing the effects of contamination by one
species on the fit of another. C2H2 and HCN are only fit from
13.4 to 18 µm, as they do not have strong contributions at longer
wavelengths. Conversely, the third H2O component, which is the
coldest component, is only sensitive to the longest wavelengths;
therefore, it is only constrained using the 18–25.6 µm spectral
range. All other molecules and components are fit simultane-
ously across the full 13.4–25.6 µm range. The fitting is done
using emcee, using a uniform prior for each parameter, and eight
times the number of walkers compared to the number of free
parameters. We determine a noise level of 2 mJy in the 13.4–
18 µm region (determined from the small line-free region from
16.34 to 16.36 µm) and a level of 4 mJy in the 18–25.6 µm
region (determined from 20.59 to 20.62 µm), which is used in
the fitting. This noise level corresponds to a signal-to-noise ratio
between ∼200 and 450 at these wavelengths. Model convergence
was achieved after ≈105 steps. The posterior distributions are
shown in Fig. D.1. Finally, we note that OH is not in LTE (e.g.,
Tabone et al. 2021); therefore, we simply aimed to get a reason-
ably good fit such that the other species can be modeled without
being impacted by the OH emission. The best-fit parameters for
OH should then be taken with caution.

4.2. Best-fit models to the JWST-MIRI data

The best-fit model parameters are provided in Table 3 and
these model spectra are compared to the observations in Figs. 5

Table 3. Best-fit JWST-MIRI model parameters.

Species log10(N) T R Ntot
[cm−2] [K] [au] [mol.]

H2O #1 19.26+0.03
−0.03 920+10

−10 0.20+0.002
−0.002 5.3× 1044

H2O #2 18.27+0.02
−0.03 490+10

−10 0.51+0.011
−0.007 3.4× 1044

H2O #3 17.53+0.09
−0.31 180+10

−0 3.78+1.027
−0.262 3.4× 1045

CO2 18.78+0.07
−0.06 400+10

−20 0.21+0.011
−0.009 1.8× 1044

C2H2 15.03+0.70
−0.11 610+20

−20 1.26+0.171
−0.689 1.2× 1042

HCN 16.73+0.22
−0.29 800+20

−20 0.31+0.110
−0.061 3.8× 1042

OH 14.09+0.49
−0.08 1880+20

−20 3.16+0.302
−1.344 8.7× 1041

Notes. While we provide the values for OH, we note that this molecule
is not in LTE, and therefore the numbers do not accurately reflect the
conditions of OH.

and 6, for the 13.4–18 µm region and the 18–25.6 µm region,
respectively. The best-fit values for each species are shown
in Fig. 7. Most of the emission is found to be coming from
fairly high temperatures (>500 K), high column densities
(>1017 cm−2), and small radii (<0.2 au).

For most molecules, the emission is well reproduced by a
single slab component; however, three components are needed
to reproduce the water emission in the DF Tau spectrum, as seen
in other sources as well (e.g., Gasman et al. 2023b; Banzatti
et al. 2023a). We tested adding a fourth water component. The
posteriors for this component clustered at an emitting radius of
0 au, however, indicating that three components are sufficient to
reproduce the spectra in these wavelength ranges. Most species
are in the optically thin regime; however, HCN appears to be
at the border between optically thick and thin and the two hot
water components and CO2 are optically thick, which can be
identified by the degeneracy between the column density and
temperature (see Fig. D.1). For the optically thin species or com-
ponents, there is a degeneracy between the column density and
the emitting radius. Most emission has a small emitting area,
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Fig. 6. Continuum-subtracted MIRI spectrum (in black) compared to a total model (in red). The three water models and the OH fit are shown in
colors below. The insets show the fits at different wavelengths. The two blue arrows indicate the two water lines discussed in Banzatti et al. (2023a)
that signal a cold, ∼200 K water component.
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Fig. 7. Best-fit parameters for the slab model fits to the DF Tau spectrum. Error bars, which are smaller than the points in some cases, are the 3σ
confidence intervals of the posterior distributions; the full posteriors are available in Fig. D.1. The sublimation radii RCO (broad component) and
RH2O (derived from the IRTF-iSHELL observations) and the dust radii from VLTI-GRAVITY and ALMA are shown with the labeled black lines.
As the JWST data are spectrally and spatially unresolved, only the emitting area can be determined; therefore, while the points for the molecular
emission in the right panel may be true disk radii, they could also instead represent an annulus farther out with the same emitting area.

with an equivalent radius within 1 au. However, while the cold-
est water component region, being in the optically thin regime,
is not well constrained, the emitting area is more extended than
the other species. Two low-energy H2O lines at 23.8–23.9 µm,
identified by Banzatti et al. (2023b) as being indicative of cold
(≲200 K) gas, are still under-predicted, indicating that even
more cold water may be present. The water emission shows a
decreasing temperature with increasing emitting area, as seen
in other sources as well (e.g., Gasman et al. 2023b) and we
discuss the origin of the cold (≲200 K) water component in
Sect. 5.3.

After analyzing the residuals, we do not find evidence for the
detection of any isotopologues, such as 13CO2 (Grant et al. 2023)
or 13CCH2 (Tabone et al. 2023) that have been detected in other
disks observed with JWST.

5. Discussion

5.1. Does the disk around DF Tau B have a cavity?

The discovery of the robust millimeter continuum from DF
Tau B is surprising, given other spatially resolved observations
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Fig. 8. Illustration of the potential DF Tau A and B disk geometries. Radii determined from spectrally or spatially resolved emission are indicated
in black. Emitting radii of the molecular emission observed with JWST are indicated in red.

at shorter wavelengths, which indicated no disk around this
star (e.g., Schaefer et al. 2014; Allen et al. 2017). Given the
marginally resolved nature of the ALMA data, it is unlikely that
this is a flare event (MacGregor et al. 2021). One way to recon-
cile the lack of accretion signatures and infrared excess with the
strong millimeter continuum is if there is a cavity in the inner
disk. Such a cavity would remove hot (∼1000–1500 K) dust and
gas to reproduce the near-infrared spectral energy distribution
(SED) while allowing an outer disk to emit at millimeter wave-
lengths (e.g., Espaillat et al. 2014). For DF Tau B, there is likely
a “sweet spot” in terms of cavity size at which no near-infrared
excess is present and that is not larger than what is allowed by the
current ALMA observational limits. Constraining the cavity size
is outside the scope of this work and may be impossible with-
out higher angular resolution ALMA observations (for instance,
even full SED modeling may be too degenerate given that no
resolved photometry is available between 4 µm and 1.33 mil-
limeter). However, while we cannot say with certainty the size
of this cavity, we suggest that a ∼1 au cavity may be possible in
this disk. This is illustrated in Fig. 8.

5.2. Hot emission from the disk around DF Tau A?

Unlike DF Tau B, DF Tau A has a robust inner disk. This is
inferred from its active accretion (Ṁ∼1.7 × 10−8 M⊙ yr−1; scaled
from the value in Gangi et al. 2022 using the distance and stellar
parameters from Allen et al. 2017) and the emission of gas and
dust within 0.2 au, determined from IRTF-iSHELL and VLTI-
GRAVITY, respectively. Given the stellar properties of DF Tau
A, the sublimation radius is ∼0.05 au, which is determined from
Rsubl. =

√
L∗/4πσT 4

subl (following Banzatti et al. 2022, similar to
Monnier & Millan-Gabet 2002; Lazareff et al. 2017; GRAVITY
Collaboration 2021), assuming a dust sublimation temperature
of 1500 K and a stellar luminosity of 0.59 L⊙ (from R∗= 2.1 R⊙
and Teff = 3490 K; Allen et al. 2017).

The radii from the spectrally and spatially resolved observa-
tions are shown in Fig. 7 compared to the equivalent emitting

radii from the model fits to the unresolved JWST data. Several
complicating factors are at play in the interpretation of these
results. First, the radii from the JWST data could either corre-
spond to true emitting radii or instead represent an annulus at
larger radii with the same emitting area. Second, without know-
ing the disk geometry of DF Tau B (i.e., the size of the cavity that
may be present), it is unknown how much of the MIRI spectrum
may be coming from DF Tau B. Detailed 2D thermochemical
modeling in Vlasblom et al. (2024) showed that an inner disk
cavity can produce bright mid-infrared spectral lines that emit at
the cavity edge, and that the lines can be even brighter than a disk
without a cavity, with the increase in flux depending on the cav-
ity size and the stellar luminosity. With these limitations in mind,
we can still make inferences about the origin of the mid-infrared
gas emission, based on the temperature and, in some cases, the
emitting area. For instance, from the models of Vlasblom et al.
(2024), we can estimate that the gas temperature at the emit-
ting location of some of the mid-infrared spectral lines for a
∼0.6 L⊙ star and a 1 au cavity is ∼400 K (see their Fig. B.3).
While this is very approximate, it is useful as a benchmark,
and indicates that much hotter gas can only originate from DF
Tau A.

In this framework, we suggest that the two hottest H2O
components, HCN, and C2H2 emission are coming from the
disk around DF Tau A, although the second H2O component is
borderline in terms of temperature. Interestingly, the radii deter-
mined from the fits to the MIRI data for the hot H2O components
and HCN match extremely well with the dust sublimation radius,
the inner disk radius from VLTI-GRAVITY, and the CO and
H2O radii from IRTF-iSHELL, tentatively suggesting that these
species could originate at this close-in location. While C2H2 is at
larger radii, we note that C2H2 is completely optically thin; there-
fore, the degeneracy between the column density and emitting
radius would allow the radius to be much smaller.

While the emitting radius of CO2 is very similar to the high
temperature species and the radii of the spatially and spectrally
resolved inner disk, the temperature is low enough that its origin
is unclear. The CO2 parameters are remarkably similar to those
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determined for GW Lup (Grant et al. 2023) with the hot-bands at
13.9 and 16.2 µm being indicative of high column densities. The
cool temperature (≲400 K) has also been seen in other disks,
like DR Tau (Temmink et al. 2024b), SY Cha (Schwarz et al.
2024), PDS 70 (Perotti et al. 2023), and Sz 98 (Gasman et al.
2023b), although higher temperatures (∼700 K) were found to
be most common in large Spitzer samples (Salyk et al. 2011b).
The low CO2 temperature in the DF Tau system can indicate that
the emission is coming from deeper in the disk or at larger radii
than other molecules, or it could be a contribution from DF Tau
B, potentially at the cavity edge.

5.3. The origin of the cold water component

There are three main formation pathways for water: gas-phase
chemistry at temperatures above ∼250 K, ion-molecule chem-
istry at low temperatures, and on the surface of dust grains
forming water-ice mantles (e.g., van Dishoeck et al. 2021).
The temperature gradients in disks naturally make for differ-
ing water reservoirs, seen in both observations and modeling
(e.g., Glassgold et al. 2009; Woitke et al. 2009; Blevins et al.
2016; Banzatti et al. 2023a; Gasman et al. 2023b). The hot water
observed in the DF Tau MIRI observations is likely produced by
gas-phase formation at high temperatures, possibly in the disk
around DF Tau A, given the presence of hot, close-in disk mate-
rial, and the presumed lack of such close-in material around DF
Tau B as suggested by the absence of a near-infrared excess. The
cold component, on the other hand, may be produced by water
being sublimated directly from dust grains and going into the
gas-phase, consistent with the extended emitting area needed to
reproduce the spectrum. We discuss three potential pathways of
this cold material, although we note that more than one origin is
likely present.

5.3.1. Accretion activity

The DF Tau system is dynamic and photometric and spectro-
scopic variability have long been observed in this system (e.g.,
Zaitseva & Liutyi 1976; Johns-Krull & Basri 1997; Unruh et al.
1998; Allen et al. 2017), including what appeared to be an
extreme flare from episodic mass accretion detected by a 6 mag-
nitude variation in B-band photometry in a week-long period
in 2000 (Li et al. 2001). Ground-based optical photometry of
DF Tau, taken in the weeks surrounding our MIRI observations,
showed increased variability around this time period (Kutra et al.
in prep.; priv. comm.).

An accretion outburst can push the snow line outward (e.g.,
Houge & Krijt 2023; Tobin et al. 2023). In DF Tau, an outburst
could have moved the snow line outward, causing additional ice
sublimation resulting in the cold water excess observed in the
MIRI spectrum. Using the snow line calculation from Mulders
et al. (2015, their Eq. (2)) with the DF Tau A stellar properties of
M∗ = 0.55 M⊙ and an accretion rate of 1.7 × 10−8 M⊙ yr−1 (see
above), the snow line location in DF Tau A should be around
2.2 au. If the accretion rate increases by ∼0.5 dex, a change that
is on the higher end but within the spread of accretion variability
in other disks (Claes et al. 2022), the snow line will move out
to over 3 au, larger than the expected size of the disk. Such a
burst would thereby liberate all of the water ice from the grain
surfaces. The very comparable locations of the outer dust disk
and the snow line point to a low abundance of water ice and a
high abundance of water vapor in this system.

5.3.2. Radial drift

Small-separation binarity can enhance radial drift (e.g., Zagaria
et al. 2021a,b). However, given the very small separation between
DF Tau A and B, it is likely that the disks were never large;
therefore, while enhanced radial drift is likely taking place in this
system, there is not a very large reservoir of material for inward
drift. Additionally, given that this migration would be the drift
of material in this high density, very close-in region to the star
(within 3 au), the particle sizes that can drift at these locations
are on the order of boulders, not millimeter-sized grains. While
this is possible, at these radii, radial drift would be extremely
fast. In order to have enough material still emitting at millimeter
wavelengths to be consistent with the ALMA observations, there
would need to be a replenishment of ∼millimeter-sized grains,
potentially via collisions, or a close-in dust trap keeping the dust
disk from being fully accreted.

5.3.3. An irradiated cavity wall in the disk of DF Tau B

Given that there are no accretion signatures for DF Tau B and
there is no near-infrared excess in the SED, the disk around
DF Tau B likely has a cavity. Such a cavity would remove the
hot emission close to the star and provide a cavity edge to be
directly irradiated. Recent 2D thermochemical modeling from
Vlasblom et al. (2024) show that a cavity in a disk around a
L∗ = 0.4 L⊙ star can produce strong mid-infrared water lines and
can enhance the line fluxes in low energy lines, consistent with
what we observe here in the DF Tau spectrum (see the inset in
Fig. 6). An illustration of the system with this configuration is
shown in Fig. 8.

If a cavity is determined to be present in DF Tau B using
higher angular resolution ALMA observations, we would be able
to perform 2D thermochemical modeling to aid in the interpre-
tation of the JWST spectrum (e.g., studying the impact of cavity
size on the mid-infrared spectrum, as in Vlasblom et al. 2024).

5.4. Comparison to other sources observed with JWST

The emission of CO2, HCN, and the second component of H2O
have similar properties to those found for GW Lup (Grant et al.
2023), a T Tauri star with similar stellar properties (M1.5 spec-
tral type, M∗ = 0.46 M⊙, L∗ = 0.33 L⊙) but very different outer
disk properties given that the outer dust disk of GW Lup has
a radius of ∼100 au (Dullemond et al. 2018), compared to the
3 au of DF Tau A and B. However, DF Tau clearly has more
complex H2O emission, with the presence of the very hot and
very cold components, which are not present in GW Lup. In this
way, DF Tau is more similar to other water-rich disks (Sz 98,
Gasman et al. 2023b; DR Tau, Temmink et al. 2024a; GK Tau
and HP Tau, Banzatti et al. 2023a). Given the unique nature of
this binary system, the fact that multiple components are needed
to reproduce the combined DF Tau A and B spectrum is not sur-
prising; in fact, given this complexity, it is remarkable that only
one component is needed for C2H2, HCN, and CO2. Therefore,
despite the very different physical structure of DF Tau A and
B relative to previously studied sources, the inner disk chem-
istry remains relatively unchanged, indicating that the broader
physical structure and outer disk evolution or properties are not
driving the conditions in the innermost disk(s) in this system.

6. Summary and conclusions

We present new JWST-MIRI MRS observations of the equal-
mass, close-separation (∼66 milliarcseconds, 9 au at the time
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of the observations presented here) DF Tau binary system. Pair-
ing these new data with complementary ground-based data from
VLTI-GRAVITY, ALMA, and IRTF-iSHELL, we have gained
new insight into this unique system.
1. We find a previously unexpected cold dust disk around DF

Tau B. High-resolution ALMA observations show a robust
continuum detection at the location of DF Tau B. Precise
astrometry with both ALMA and VLTI-GRAVITY shows
movement of DF Tau B relative to DF Tau A, consistent
with the previously published orbital motion. Movement is
detected on timescales as short as 60 days. Previous high
angular resolution photometry and spectroscopy in the UV,
optical, and near-infrared indicated no disk around this star,
unlike around DF Tau A. To reconcile the lack of near-
infrared excess with the presence of millimeter continuum
emission, we suggest that there may be a small (∼1 au) cavity
in this disk. With higher angular resolution ALMA observa-
tions, we would be able to determine if this cavity is indeed
present and, if so, determine the cavity size.

2. The JWST-MIRI MRS spectrum of the DF Tau system is
extremely rich in molecular emission. Features of CO, C2H2,
HCN, CO2, and OH and a forest of strong H2O lines are all
clearly detected. DF Tau A and B are not spatially or spec-
trally resolved in the MIRI observations, and therefore the
spectrum likely has contributions from both disks.

3. Multiple temperature components are needed to reproduce
the rotational water lines observed in the spectrum, ranging
from temperatures above 900 K down to a temperature below
200 K, with the latter coming from a very extended emitting
area. This cold, extended emission is coming from an area
larger than what is expected for either disk in this system and
so must therefore originate in both disks. The hot water may
be coming from the inner disk around DF Tau A, and the cold
water may be coming from water ice sublimating off of the
surfaces of dust grains. This cold water enrichment may be
produced by accretion outbursts, enhanced radial drift due
to the binarity, and/or an irradiated cavity wall around DF
Tau B.

4. Overall, the molecular emission is relatively similar to that
of disks around similar-type stars in isolated systems, despite
the fact that the disk properties – in particular the disk sizes –
are so different. This may indicate that the inner disk chem-
istry is largely independent of the outer disk evolution and
properties in this system. The water emission, however, is
quite complex, as might be expected given a contribution
from both disks.

JWST observations are unveiling the composition and condi-
tions in the inner regions of protoplanetary disks. As these
investigations continue, observing and analyzing additional
multiple-star systems, particularly at a range of separations and
with systems resolved in observations, will be important for
determining the impact of multiplicity on the chemistry and
evolution in disks.

Finally, we wish to emphasize the power of combining obser-
vations from multiple facilities in developing a global view of
protoplanetary disks, especially in dynamic, complex systems
like DF Tau.
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Appendix A: ALMA log and visibility model

The observing log of the ALMA observations is provided in
Table A.1.

To maximize the recovery of information, the dust contin-
uum emission was analyzed using parametric visibility modeling
with the packages galario (Tazzari et al. 2018) and emcee
(Foreman-Mackey et al. 2013). The parametric brightness dis-
tribution describes each disk of DF Tau as a Gaussian ring,
following

Ik(r) = fk · exp

−0.5
(

r − rk

σk

)2 , (A.1)

where k can describe the disk around DF Tau A or DF Tau B
depending on the disk, rk is the radial distance from the disk cen-
ter, fk is the amplitude of the emission, rk the center of the Gaus-
sian, and σk is the standard deviation. The disks can become
centrally peaked if rk = 0, which is a solution allowed in our
models. We allowed the disks to have different positions for each
observation, and thus the relative distance between the emission
of the disks is a result of our fitting process. Additionally, we
included a flux scaling parameter, γobs, which accounts for small
differences in the total flux of each observation due to different
flux calibrators and slightly different wavelengths (see the fre-
quency coverage in Table A.1). As a flux reference we used SB2,
as it is the observation with the shortest baselines. Therefore,
γS B2 = 1, and the other observations are scaled to match it.

In Table A.2 we show the additional parameters fitted in our
visibility modeling to the ALMA data. The phase center given in
the table refers to the distance of DF Tau A center to the center
of the observation. The intensity scaling of SB2 is exactly 1.0,
as this observation was used as a flux reference, and thus its flux
amplitude is 1.0 of itself. The Gaussian ring used to fit each disk
is a function of the radii r starting from the center of each disk,
following

G(r) = fdisk · exp
−0.5 ·

(r − rdisk)2

σ2
disk

, (A.2)

where “disk” can be either A or B. This functional form allows
the disks to be centrally peaked or ringed, based on their specific
morphology.

Appendix B: The spectral energy distribution

The SED for DF Tau is shown in Figure B.1. Literature photome-
try was collected from (Allen et al. 2017, and references therein)
and Howard et al. (2013). The 1.3 mm points are the ALMA data
presented in this paper. A BT Settl photospheric model is shown
for an M2-type star. The UV excess and near-infrared excess is
clearly absent for DF Tau B, which is a signature of inner disk
clearing (e.g., Espaillat et al. 2014).

Appendix C: VLTI-GRAVITY model

Due to the marginally resolved nature of the VLTI-GRAVITY
data, in order to determine the size of the inner disk, the flux
must be constrained. To do this, we computed a synthetic K-band
flux given a stellar photosphere with a temperature of 3500 K, in
line with the spectral type of DF Tau A, and subtracted that flux
from the observed value, resulting in a disk-only flux. This gives
a ratio of the flux of the primary (FA) to that of the disk (Fdisk)

of FA/Fdisk = 6.09. We then added a normalization such that
FA + FB + Fdisk = 1, where FB is the flux of the secondary. This
leaves us with a single free parameter to adjust the fluxes, and
the flux-size degeneracy is broken. The best-fit model for the
VLTI-GRAVITY data is shown compared to the observations in
Figure C.1. The sinusoidal variations in the visibilities squared
is a signature of binarity.

Appendix D: The JWST-MIRI model results

The posterior distributions from the MCMC fitting to the JWST-
MIRI observations are shown in Figure D.1. The best-fit values
and the 3σ confidence uncertainties are given above the his-
tograms.
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Table A.1. ALMA observations of DF Tau included in this work.

Project Code PI Name Obs Date N Baselines Exp Time Freq
code antennas (m) (min) (GHz)

2019.1.01739.S SB1 Tofflemire, B. 2021-07-18 49 15 - 3697 5.14 230.07 - 247.90
LB1 2021-08-24 48 47 - 12595 45.29

2021.1.00854.S LB2 Long, F. 2021-10-29 45 64 - 8283 26.31 217.60 - 233.93
SB2 2022-07-04 42 15 - 1997 6.25

Fig. B.1. SED for DF Tau A (blue) and B (red). Photometry that does not resolve A and B is shown in purple. The JWST-MIRI MRS spectrum
is shown in black. A BT Settl model photosphere for an M2-type star is shown in gray, scaled to the J-band photometry, for reference (Allard
et al. 2012). The SED has been de-reddened with an AV =0.5 mag (Allen et al. 2017). Error bars are smaller than the markers in most cases. The
photometric point at 1.3 mm from ALMA is the same for DF Tau A and B and the point for DF Tau A is shifted horizontally for clarity.

Fig. C.1. VLTI-GRAVITY visibilities squared (top) and the closure phases (bottom) in the observations (colors) compared to the best-fit model
(red).
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Optically thick Optically thin

Fig. D.1. Posterior distributions of the MCMC modeling of the JWST-MIRI spectra. The column densities, N, are in log10 space. Examples of the
correlations seen in optically thick and optically thin cases are shown in the upper right.
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Table A.2. Visibility modeling results, in addition to the parameters
given in Table 1.

Property Best value ±3σ unit

Phasecenter ∆RASB1 −24.2 ± 1.7 mas
DF Tau A ∆DecSB1 −24.6 ± 1.7 mas

∆RASB2 25.1 ± 9.7 mas
∆DecSB2 −12.2 ± 14.3 mas
∆RALB1 27.5 ± 0.1 mas
∆DecLB1 −29.5 ± 0.2 mas
∆RALB2 24.8 ± 0.6 mas
∆DecLB2 −21.3 ± 1.1 mas

Intensity iSB1 1.20 ± 0.04 -
Scaling iSB2 1.00 -

iLB1 1.10 ± 0.04 -
iLB2 0.92 ± 0.03 -

Gaussian fA 55.3+3.3
−8.0 µJy/pix

ring rA 0.1+3.2
−0.1 mas

σA 9.8+0.3
−1.3 mas

fB 44.5+12.5
−3.3 µJy/pix

rB 4.1+2.2
−4.1 mas

σB 8.3+1.7
−1.1 mas

Disk incA 18.9+6.0
−9.4 deg

Geometry∗ PAA 34.4+31.9
−20.0 deg

incB 26.5+4.7
−8.1 deg

PAB 4.0+15.0
−4.0 deg

Notes. ∗ indicates parameters that should be taken with caution. As the
emission is only marginally resolved, the values are not well constrained
and the uncertainties instead reflect the uncertainties of the model and
not the true uncertainties of the data.
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