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Planet formation in intermediate-separation binary systems
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ABSTRACT
We report the first characterization of the individual discs in the intermediate-separation binary systems KK Oph and HD 144668
at millimetre wavelengths. In both systems, the circumprimary and the circumsecondary discs are detected in the millimetre
continuum emission, but not in 13CO nor C18O lines. Even though the disc structure is only marginally resolved, we find indications
of large-scale asymmetries in the outer regions of the primary discs, most likely due to perturbation by the companion. The
derived dust masses are firmly above debris disc level for all stars. The primaries have about three times more dust in their
discs than the secondaries. In the case of HD 144668, the opacity spectral index of the primary and secondary differ by a large
margin of 0.69, which may be a consequence of the secondary disc being more compact. Upper limits on the gas masses imply
less than 0.1 Mjup in any of these discs, meaning that giant planets can no longer form in them. Considering that there have
been no massive gas discs identified to date in intermediate-separation binaries (i.e. binaries at a few hundred au separation),
this opens space for speculation whether their binarity causes the removal of gas, with tidal interaction truncating the discs and
hence shortening the accretion time-scale. More systematic studies in this respect are sorely needed.

Key words: planets and satellites: formation – protoplanetary discs – stars: pre-main-sequence – (stars:) binaries: visual – stars:
variables: T Tauri, Herbig Ae/Be – submillimetre: planetary systems – techniques: interferometric.

1 IN T RO D U C T I O N

The need to explain the diverse properties of exoplanets being
discovered (Winn & Fabrycky 2015) is continuing to drive research
into protoplanetary disc evolution and planet formation (there are
a number of reviews of observational and theoretical work, e.g.
Williams & Cieza 2011; Andrews 2015; Haworth et al. 2016;
Ercolano & Pascucci 2017). The main focus in theoretical research
into this problem considers the formation of planets from isolated
discs. However, there are environmental factors that can play a role,
one of which is stellar multiplicity.

A large fraction of solar-mass stars form in binaries (Duquennoy
& Mayor 1991). This fraction is even higher for stars with masses

� E-mail: o.panic@leeds.ac.uk

above 2 M� (70 per cent; Duchêne & Kraus 2013, and references
therein). In particular, the young, intermediate-mass stars with
circumstellar material (known as Herbig Ae/Be stars) are found
to form predominantly as multiples as attested by a number of
studies (e.g. Baines et al. 2006; Duchêne 2015). The separation of
the binary pair is expected to have a significant impact on the disc
evolution. For binaries on close orbits (short periods), their mutual
‘circumbinary disc’ is subject to enhanced torques from the binary
potential that result in an asymmetric, elliptical, often precessing
disc (e.g. Ogilvie & Dubus 2001; Tremaine & Davis 2014; Owen
& Lai 2017). Circumbinary discs also have dynamically excavated
inner holes (e.g. GG Tau Dutrey et al. 2014) and can have warped or
completely misaligned components (e.g. Papaloizou & Pringle 1977,
1983; Kennedy et al. 2019). For binaries with larger separations, tidal
truncation of the individual discs can physically constrain the range
of orbital distances within which planets can form. This occurs when
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torques from the binary extract angular momentum more effectively
than the extraction of angular momentum by viscous evolution in the
disc itself (Goldreich & Tremaine 1980). This more effective removal
of angular momentum can also promote accretion. Coronographic
imaging has revealed that G-K-M type stars have a lack of substellar
companions in the range 75–300 au (McCarthy & Zuckerman 2004).
An external binary partner can also induce asymmetries such as
spirals in the primary disc (Kurtovic et al. 2018).

Exoplanet statistics suggest that binarity could promote the forma-
tion of certain types of planets. In fact, Desidera & Barbieri (2006)
established that short-period massive planets are preferentially found
around stars that do have a companion at separation of less than a
few hundred au. In a more recent study, Fontanive et al. (2019) found
a high incidence of such companions for stars hosting giant planets
with masses ≥3–4 Mjup and orbits within 1 au. This supports the
theoretical expectation that such planets are formed via gravitational
instability, with the companion triggering the planet formation and
facilitating the inward migration of these planets (e.g. Stamatellos
& Whitworth 2008; Kratter et al. 2010; Forgan & Rice 2011; Hall,
Forgan & Rice 2017).

Zucker & Mazeh (2002) show that massive planets have a shorter,
1-d period when orbiting stars that have a binary companion, and a
longer, 3-d period around single stars. They show that planet-host
binary stars, including binary separations up to 1000 au, have an
anticorrelation of planet mass with the period of the planet, while a
strong correlation is present for single stars. Kraus et al. (2016) also
found that close stellar binaries can suppress planet occurrence. There
is hence growing evidence that binarity influences the frequency and
types of planets formed, which is important for the predominantly
multiple Herbig Ae stars.

A crucial insight into planet formation from discs around
intermediate-separation binaries (a few hundred au) can be provided
by observations in the millimetre wavelength regime, which can yield
information on the disc masses and reveal large-scale structures. In
one such study of Taurus multiple systems, G34 showed that there is
a marked transition around 100–300 au projected separation where
the more widely separated pairs had significantly larger disc masses
compared to the pairs with projected separations of less than 100 au.
This shows that stellar binarity, and orbital separation in particular,
are strongly related to disc mass and hence the ability of discs to form
planets. In fact, close-separation binaries are found to have lower disc
masses (Jensen, Mathieu & Fuller 1994; Andrews & Williams 2005;
G34; Long et al. 2018) and sizes (Manara et al. 2019). Furthermore,
a survey of excess emission in a large sample of main-sequence stars
with binary separations of less than 100 au (Rodriguez & Zuckerman
2012) has shown lower debris disc masses in such systems, with
possible implications for rocky planet formation and evolution.

Cox et al. (2017) surveyed discs towards Ophiucus with ALMA
870 μm continuum observations. They found that the binaries had
lower disc masses/radii. They also found that their dust discs were
less extended than the theoretical truncation radius, but considering
that these observations probe preferentially millimetre dust prone to
drift, observational tracers of the extent of the gaseous component
in discs are needed to test whether these discs are truncated by the
companion stars.

In this paper, we present ALMA images1 of two intermediate-
separation binary systems, KK Oph and HD 144668. Each star in

1This paper makes use of the following ALMA data: 2013.0.01600.S and
2013.1.00220.S. ALMA is a partnership of ESO (representing its member
states), NSF (USA), and NINS (Japan), together with NRC (Canada), MOST
and ASIAA (Taiwan), and KASI (Republic of Korea), in cooperation with

these systems hosts its own protoplanetary disc, and there is no
evidence for larger, common, circumbinary material.

The relatively low stellar densities in Lupus III and Ophiuchus
mean that the systems, at separations of a few hundred au, are in the
hard regime, meaning that they can be considered as having evolved
in a dynamical isolation from the other cloud members. This, together
with their mass ratio of 1–2, strongly supports the idea that they have
formed as binaries rather than having been formed through capture
(Kouwenhoven et al. 2010). The fact that each star, the primaries and
the secondaries, are surrounded by their own circumstellar discs, as
shown by our mm observations, provides further support that each
pair studied here consists of coeval stars.

De Rosa et al. (2014) find that over 40 per cent of A-type stars are
binaries with separations >50 au (limit of imaging surveys), with a
peak of the distribution at 200–300 au separations. This means that
the systems we investigate here are very frequent outcomes of A-type
star formation, which is important given the result that giant planets
are most frequent around stars ∼2 Msun (A-type) (Reffert et al. 2015).
Another factor of interest for understanding disc evolution and planet
formation in A-star binaries is that the two systems discussed here
have markedly different ages, with HD 144668 at 2.8 ± 1 Myr and
KK Oph at 8.0 ± 2 Myr (G62).

In this paper, we carry out characterization of the discs and discuss
how their properties may have been influenced by the binary nature
of their stellar hosts. Overall, we aim to understand the evolution of
such discs and what impact binarity may have on their planet forming
potential, which might help to explain the observed properties of
exoplanets in binary systems.

2 PRE-MAI N-SEQU ENCE STARS KK OPH AND
H D 1 4 4 6 6 8 , A N D T H E I R C O M PA N I O N S

2.1 KK Oph

KK Oph (Hen 3-1346, AS 220) is an A-type pre-main-sequence star
associated with an infrared excess characteristic of a protoplanetary
disc (Herbig 1960, 2005; Hillenbrand et al. 1992), and stellar
photometry which is highly variable. KK Oph forms a binary system
with KK Oph B at projected separation of 1.′′6 (Leinert, Richichi
& Haas 1997; Pirzkal, Spillar & Dyck 1997). Spatially resolved
spectroscopy and optical imaging by Carmona, Van Den Ancker
& Henning (2007) has shown that the secondary is a mid G-type
T Tauri star. They also provide a very detailed study of the stellar
properties, assuming a distance of 140 pc, which has more recently
been found to be greater (see section Section 3.2). In this paper, we
adopt the updated distance of 221.1+12.4

−10.4 pc, but note that there are
great uncertainties on the distance estimates.

KK Oph is seen in the proximity of the edge of the dark cloud
Barnard 59 and of the Sco OB2-2 complex. However, at a distance
of 221 pc, KK Oph is unlikely to belong to either, as also indicated
by Herbig (2005).

Optical long-baseline interferometric observations have confirmed
the existence of disc material at sub-au scales, in both the primary
and the secondary, in a disc-like geometry seen at a relatively high
inclination (i ≈ 70◦ Leinert et al. 2004; Kreplin et al. 2013). Kreplin
et al. (2013) find the companion KK Oph B to lie nearly along the
direction of the major axis of the disc around KK Oph A. Both binary
components appear to still be actively accreting material, at rates of
5 × 10−7 and 1.2 × 10−8 M� yr−1, respectively (Blondel & Djie

the Republic of Chile. The Joint ALMA Observatory is operated by ESO,
AUI/NRAO, and NAOJ.
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Table 1. Summary of the millimetre observations of KK Oph and HD 144668. Peak and total integrated fluxes at 1.3 mm measured towards our targets, along
with the best-fitting Gaussian peak locations and sizes in comparison with the resolution of our observations. The slight differences in coordinates are within
the astrometric precision of ALMA. Epoch corresponds to 2016.

Object RA Dec λ Integrated flux Peak flux Gaussian FWHM Synthesized beam
(hh:mm:ss) (dd:mm:ss) (mm) (mJy) (mJy per beam) (arcmin) (arcmin)

HD 144668 16:08:34.274 −39.06.18.68 1.2 26.25 25.61 ± 0.18 0.532 × 0.525 0.53 × 0.52
HD 144668a 16:08:34.275 −39:06:18.68 0.87 56.0 ± 1.1 54.02 ± 0.53 0.32 × 0.28 0.31 × 0.28
HD 144668B 16:08:34.390 −39.06.19.22 1.2 9.27 8.74 ± 0.18 0.545 × 0.530 0.53 × 0.52
HD 144668Ba 16:08:34.391 −39:06:19.23 0.87 16.1 ± 1.0 16.35 ± 0.53 0.31 × 0.28 0.31 × 0.28
KK Oph 17:10:08.124 −27.15.19.12 1.2 28.90 27.03 ± 0.16 0.606 × 0.598 0.58 × 0.51
KK Oph B 17:10:08.014 −27.15.19.80 1.2 8.3 8.1 ± 0.16 0.602 × 0.499 0.58 × 0.51

aThe data from Ansdell et al. (2016).

2006; Garcia Lopez et al. 2006). Fairlamb et al. (2015) derives a
lower rate of <10−8 M� yr−1, possibly due to variable accretion.
Low accretion rates are indicative of a low gas mass of the disc
(Hartmann et al. 1998; Manara et al. 2016). In Submillimeter Array
observations by G62 at 1.2 mm wavelength, the total continuum
emission from the binary system is detected at 36 mJy. The main
12CO isotopologue emission was detected in Atacama Submillimeter
Telescope Experiment observations, where Hales et al. (2014) report
0.6 Kkms−1 line intensity of the 12CO J=3–2 line.

2.2 HD 144668

HD 144668 is an A-type star also known as V856 Sco (Hillenbrand
et al. 1992; Alecian et al. 2012). The star belongs to the Lupus star-
forming region and has a spectral energy distribution characteristic
of a settled protoplanetary disc ( G62). In fact its fractional near- to
far-IR excesses are about 10 times lower than for KK Oph (Pascual
et al. 2016). Gaia distance to HD 144668 is 161 ± 32 pc as discussed
in Section 3.2.

Almost nothing, except for the approximate J2000 coordinates
16h08m34.4s -39d06m20s, is reported about the nearby secondary
star ∗∗ DUN 199B (HD 144668 B hereafter) at the projected
separation of 1.5 arcsec (SIMBAD) in the existing literature.

Ansdell et al. (2016) report a flux of 55.81 ± 0.36 mJy at 0.89 mm
for the HD 144668 system, and upper limits on 13CO and C18O lines
from which they derive an upper limit on the gas mass in the system
of 1 Mjup, but adopt a somewhat larger distance of 200 pc compared
to the Gaia DR2 distance of 161 ± 32 pc. A follow-up analysis by
Miotello et al. (2016) lowered this limit to 0.3 Mjup. Neither papers
discussed the star ∗∗ DUN 199B at the projected separation of 1.5
arcsec (SIMBAD), and its associated millimetre emission. We revisit
these data, extracting the fluxes separately for the primary and the
secondary from the ALMA image.

3 O BSERVATIONS

3.1 ALMA observations

The KK Oph and HD144668 systems were observed as part of the
ALMA programme 2015.1.01600.S (P.I. Panić) in Band 6 (1.3 mm)
at an angular resolution of 0.′′5 (Table 1) on 2016 May 15 and
June 11, respectively. Baseline ranges for both observations were
between 14 and 640 m, using 41 of ALMA’s 12 m antennas
for KK Oph and 38 antennas for HD144668. The spectral setup
included 13CO and C18O J=2–1 lines with rest frequencies of
220.3986841281 and 219.5603541, respectively (LAMDA database,

https://home.strw.leidenuniv.nl/ moldata/CO.html), at velocity reso-
lutions of 0.167 and 0.333 km/s as well as two continuum spectral
windows of aggregate bandwidth of 3.75 GHz.

For KK Oph, J1700−2610 was used as phase calibrator and
J1733−1304 as flux calibrator. For HD 144668, the flux calibrator
was Titan and the phase calibrator J1610−3958. Both observations
use J1517−2422 as the bandpass calibrator. Data reduction were
done entirely using CASA software (Jaeger 2008). Total flux accuracy
at ALMA Band 3 usually better than 7per cent. KK Oph was
calibrated using standard manual QA2 scripts, running in CASA 4.6.0,
making use of the task fluxscale. The flux scale was determined from
a compact QSO J1733−1304 which is monitored every 2 weeks.
At the time of observations, it had a flux density 1.832 Jy and
spectral index −0.65 at the reference frequency of ’226.50259GHz.
HD 144667 was calibrated using the pipeline running in CASA 4.5.3.
The flux scale was determined from Titan (Butler-JPL-Horizons
2012) using baselines shorter than 352 m.

As a test, we re-imaged HD 144668 using TCLEAN. A marginally
smaller synthesized beam (by 10 mas) was the only difference. The
phase reference was ≈1◦ from the target, PWV=2.52 mm. There
was up to 20◦ change in phase reference solutions on individual
antennas. The two 1.875 GHz spectral windows had enough S/N for
phase self-calibration with a 60 s solution interval, i.e. half the total
time on target. However, there was no improvement in S/N (≈165
both before and after). For KK Oph, the phase reference was ≈3◦

separation, PWV = 1.95 mm. The phase reference solutions showed
a scatter within scans and a change between scans of less than 10◦

each, per antenna, averaging to less than 2◦ scatter in the corrected
phases. The astrometric accuracy was determined as outlined in
section 4 of Miley et al. (2019), and is 12–13 mas for both targets.
Residual phase errors after applying the phase reference source
corrections affect the ‘seeing’. This smears the flux in proportion to
the map noise, by approximately (beam size)/(signal-to-noise ratio),
for snapshot observations such as these (Richards 1997; Thompson,
Moran & Swenson 2017). Thus, for our resolution, the position
uncertainties of emission at the 4 (3) σ rms noise level are 14
(18) mas.

Due to the complex structure of the brightness distribution, image
reconstruction was performed interactively, using the clean task
in CASA Software Package. During clean, the Briggs robustness
parameter (‘ROBUST’) was set to 0.5 and masks applied to enclose
all detectable emission. Off-source rms achieved in the continuum
images is 0.18 mJy per beam for HD 144668 dataset and 0.16 mJy
per beamfor KK Oph. The detected emission structure is only a few
arcsec across and as such does not require primary beam correction.
CO isotopologue line emission was not detected in any of these
observations, suggesting that any prior single dish detections may be
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Figure 1. 1.3 mm continuum images of the KK Oph (left) and HD 144668 (right) binaries is shown in colour. Overplotted in white contours are the residuals
from the subtraction of the beam-convolved point source emission (see text). The contour levels for KK Oph are levels = (−3, −2, 2, 3, 4) × 160 μjy per beam
(1 σ ) and for HD 144668 the contour levels are levels = (−3, −2, 2, 3, 4) × 180 μjy per beam (1 σ ). Dashed lines are used for the negative contours. The beam
is illustrated by the solid colour ellipses in the lower left of each image. Note that the separation between the stars is 355 au (1.′′5) in the KK Oph system and
240 au (1.′′5) in the HD 144668 system.

due to cloud emission. Quantitative details on the upper limits follow
in Section 4.2.4.

Both the primaries HD 144668 and KK Oph, and their companions
were detected in 1.3 mm continuum (Fig. 1). There is no detected
emission that would firmly indicate a common envelope or a circum-
binary structure in either of the systems. However, such structure
could not be excluded either as low-level emission, just below the
detection threshold, may well be bridging the short distance between
the two discs. In fact, low-level emission at <2σ connects the
primaries with the secondaries but higher sensitivity observations
would be needed to ascertain whether this is due to beam smearing
or an underlying low-density common structure. Thus the detected
1.3 mm emission is clearly distinct for the primaries and secondaries
in the current observations. In Table 1, the locations of the detected
continuum peaks from our Band 6 data are shown, and fluxes
listed.

In addition to our data, we use archival Band 7 (0.87 mm, 330 GHz)
continuum observations of HD 144668, which were taken as part
of the ALMA Lupus survey (Ansdell et al. 2016; Miotello et al.
2016). These observations have an angular resolution of 0.′′31x0.′′28
and PA = −88◦◦. Continuum rms 0.53 mJy per beam for 4.8 GHz
bandwidth.

3.2 Optical and near-infrared archival data

To establish the precise locations of the stars in the observed systems,
we use the publicly available data from the Gaia2 and ESO archives.3

2This work has made use of data from the European Space Agency (ESA)
mission Gaia (https://www.cosmos.esa.int/Gaia), processed by the Gaia Data
Processing and Analysis Consortium (DPAC, https://www.cosmos.esa.int/w
eb/Gaia/dpac/consortium). Funding for the DPAC has been provided by
national institutions, in particular the institutions participating in the Gaia
Multilateral Agreement.
3Based on observations collected at the European Southern Observatory under
ESO programme(s) 076.C-0708(A), and 095.C-0658(A).

These are then compared to the position of the millimetre peaks
in our ALMA data in Section 4.1. While Gaia is used to obtain
precise stellar positions of the primaries, NACO data are essential
for determining the offset between the primary and secondary star,
and the position angle of the system – values we will compare to
the millimetre results, especially because reliable Gaia data are not
available for all stars.

3.2.1 KK Oph system

KK Oph is an example of an astrometrically problematic source
in the Gaia catalogue. It is not present in the Hipparcos catalogue
and Gaia DR2 assigns to it a distance of 221.1+12.4

−10.4 pc (Vioque
et al. 2018), though it includes the warning label that it might be
unreliable. Fairlamb et al. (2015) derived a distance of 279+86

−81 pc
by placing KK Oph on the ZAMS. This means that they excluded
the lower range of stellar luminosities as inconsistent with the stellar
evolution models. This distance is consistent with the aforementioned
Gaia DR2 distance. Hereby, we adopt the distance of 221 pc, with a
note that this star has problematic stellar photometry and hence this
distance estimate carries large uncertainties.

For the companion star, KK Oph B, there are no reliable measure-
ments. Instead, we use high resolution adaptive optics imaging at
2 μm available in the ESO archive, obtained using the VLT/NACO
instrument. For the KK Oph system, these images have a typical
image quality of 75 mas spatial resolution. We determined the central
positions (in detector coordinates) of KK Oph A and KK Oph B
on the pipeline-reduced NACO images using stellar profile fitting.
The precision of the position measurement is 0.2 pixels, which
is 2.7 mas at the given pixel scale. We obtain a separation of
1.′′6088 ± 0.′′0075, i.e. 356 ± 2 au projected separation at the adopted
distance of 221 pc. Additional uncertainties in the plate-scale, pro-
jected versus true separation, distance are not included in the ±2 au
error.

As we will see in the following sections, the mm coordinates we
obtain with ALMA are fully consistent with the above.
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3.2.2 HD 144668 system

HD 144668 A has a reliable astrometric solution in Gaia Data
Release 2 (Lindegren et al. 2018), as we verified by computing the
renormalized unit weight error (Gaia technical note Gaia-C3-TN-
LU-LL-124-01). Its coordinates are RA = 16h08m34.275s, Dec. =
−39◦06

′
18.683

′′
for epoch = J2015.5. The errors on the RA and Dec

are 0.064 mas and 0.022 mas, respectively. The proper motions are:
pmra = −8.95 ± 0.15 mas/yr and pmdec = −23.007 ± 0.076 mas
yr−1. Parallax of 6.207 ± 0.070 mas gives the distance of 161.1+3.1

−2.9 pc,
which we will adopt throughout the paper for both HD 144668 A
and HD 144668 B. This is consistent with the previous estimate of
160 ± 32 pc (Fairlamb et al. 2015).

Regarding the companion, HD 144668B, the renormalized unit
weight error tells us that its Gaia astrometric solution is not reliable.

To assess the separation of the two stars in the near-infrared, we use
the archival NACO data. Based on the profile fitting to the saturated
PSF wings, we obtain a separation of 1.′′46 ± 0.′′02. Assuming the
distance of 161.1 au the projected separation is 235 ± 3 au.

4 R ESULTS

4.1 Geometry of the two binary systems

Millimetre emission in these two systems arises entirely from the
discs and not the stars, so discrepancies with respect to the stellar
position (Section 3.2) may arise as a result of asymmetries for
example. The majority of young discs observed with a modest
resolution, as is the case here, present a centrally peaked brightness
distribution. We will use the coordinates of the millimetre peaks from
Table 1, to assess the axial-symmetry of the millimetre disc emission
in Section 4.2.

For KK Oph A, the millimetre emission peak reported in Table 1
is fully consistent with the stellar location from Gaia data, taking
into account proper motion. Consistency is found also for KK Oph B
where NACO data were used. From the Gaia and NACO data, we
obtain a binary separation measurement of 1.′′6088 ± 0.′′0075. This
measurement is consistent with the 1.′′62 separation between the
millimetre peaks.

Our mm-imaging does not allow us to derive the disc inclination.
However, it is worth noting that in the KK Oph case, the excess
emission is located along the direction of the inclination of the
sub-au sized disc around the star seen in optical and mid-infrared
interferometry, which in turn is aligned with the direction of the
companion (Kreplin et al. 2013). Our data are therefore consistent
with the previous claims of high inclination of the disc around
KK Oph.

For HD 144668 A, we also have the millimetre peak at a location
consistent with the stellar coordinates obtained from Gaia. The
projected separation between the primary and secondary measured
using NACO is 1.′′46 ± 0.′′02 as discussed in Section 3.2 and fully
consistent with the separation between the two millimetre peaks in
ALMA imaging of this system.

4.2 Disc masses

4.2.1 Dust mass

Using the 1.2 mm continuum emission fluxes S1.2mm (Table 1), we
calculate the dust mass of the discs using the equation relating dust
mass and millimetre flux in the optically thin regime.

Mdust = SνD
2/κνBν(T ), (1)

where κν is the dust opacity per gram of dust at frequency ν and
Bν is the Planck function at temperature T, for which we adopt T
=20 K. Given the high S/N of these continuum detections (50–
170, see Table 1), the largest source of uncertainty in the dust mass
estimates is the assumed dust opacity. As the study of Draine (2006)
shows, the maximum opacity (corresponding to a millimetre-sized
maximum grain size) is around 1.15 cm2/gdust, and we adopt this value
in our calculations. We report the corresponding minimum dust mass
estimates in Table 2, with a note that these values may be up to 50
per cent higher due to uncertainties in the opacity. Considering that
the dust opacity decreases below 1 cm2/gdust for pebbles larger than
1 cm, larger amounts of solids may be present in these discs in the
form of pebbles, rocks, and larger objects. The millimetre emission
measurements therefore serve as probes of dust mass and not the
solid mass of the disc.

4.2.2 Comparing millimetre spectral indices of the HD 144668
circumprimary and circumsecondary discs

We measure the millimetre spectral index, which can be used to assess
the degree of dust evolution (see Draine 2006 for a full discussion on
this). The flux Fν scales with frequency ν according to the spectral
index α.

F2 = F1

(
ν2

ν1

)α

. (2)

Similarly, the opacity κν scales with frequency according to the
spectral index β.

κ2 = κ1

(
ν2

ν1

)β

. (3)

We refer to α and β as the flux and opacity spectral indices,
respectively. In the Rayleigh–Jeans regime, they are related by α

= 2 + β (Draine 2006).
The opacity spectral index is also related to the power of the grain

size distribution

dn(a)

da
∝ a−p (4)

via

β = βISM(p − 3), (5)

where β ISM ≈ 1.7 as discussed by Draine (2006) and n(a) is the
number of grains of size a. Note that in the Rayleigh–Jeans regime,
this is only valid for 3 < p < 4 (β > 0) and a β < 0 implies that the
assumption of being in the Rayleigh–Jeans regime is incorrect.

So with a measure of α, we can compute β, which allows us to infer
the power law of distribution p. For discs with growth to millimetre
sizes β is typically β ∼ 0.5, corresponding to p ∼ 3.3 (e.g. Carrasco-
González et al. 2016). These values are below the ISM ones, and
indicate grain growth.

For the the HD 144668, primary α = 2.35, β = 0.35, and p = 3.2,
values which are fairly typical of protoplanetary discs and are usually
interpreted as being indicative of grain growth4 (Testi et al. 2014).
For the secondary (HD 144668B), with our assumption of the disc
being the same temperature (20 K), we find α = 1.71, β = −0.29,
and p = 2.8, which is intriguing because (i) it is very different
to the spectral indices of the primary, and (ii) because it would
be incompatible with being in the Rayleigh–Jeans regime. Hence

4Note that β is sensitive to both the maximum grain size and the power law
slope of the grain size distribution p, see Fig. 2

MNRAS 501, 4317–4328 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/501/3/4317/6039327 by guest on 03 April 2024



4322 O. Panić et al.

we next adopt a differential measurement of the spectral indices to
negate flux calibration issues and measure the difference between,
rather than absolute value, of the primary and secondary spectral
indices.

4.2.3 Differential measurement of β between the circumprimary
and circumsecondary discs

Derived spectral indices α and β, as well as the resulting power
law of the grain size distribution p, suffer from two major sources
of uncertainty: (i) the absolute flux calibration of 10–15 per cent
in each measurement, exceeding the noise contribution seen that we
have very high S/N in all detections, and (ii) the unknown temperature
at which the emission arises in each disc.

In this situation, a way to remove the calibration uncertainty is to
use the ratio of flux of the primary to the flux of the secondary in
each image to draw comparisons between the two discs, rather than
measuring their individual α and β values. We can therefore use the
binarity to our advantage and calculate the difference in β between
the two sources using ratios of their millimetre fluxes.

For observing frequencies ν1 and ν2 sufficiently close to assume
the β to be constant, and following from equation (1), we have

κν1

κν2
=

(
ν1

ν2

)β

= Sν1

Sν2

Bν2(T )

Bν1(T )
≈ Sν1

Sν2

(
ν2

ν1

)2

, (6)

where we approximate e
− hν

kbT ≈ 1 − hν
kbT

, valid for hν
kbT

<< 1. An-
other assumption used above is that emission at both wavelengths
arises from the same temperature (i.e. layer) within each of the
discs. This is a valid assumption in case of optically thin millimetre
emission, as emission at both 1.2 and 0.87 mm will be dominated by
the bulk of the mass contained in the disc midplane. The parameter
space in the luminosity-radius relation of Tripathi et al. (2017),
occupied by protoplanetary discs in the same millimetre luminosity
regime as HD 144668 and HD 144668B all correspond to disc
models with 0.87 mm optical depth lower than 1, supportive of our
assumption that the emission is optically thin.

Now, labeling the millimetre flux Sν for the primary and secondary
discs with A and B, respectively, and frequency ν with 1 and 2 for
230 and 345 GHz (1.3 and 0.87 mm wavelength), respectively, we
find a simple relation between the flux ratios of the two discs at the
two wavelengths and their millimetre opacities, R as:

R = SA
ν1S

B
ν2

SA
ν2S

B
ν1

=
(

ν1

ν2

)(βA−βB)
. (7)

We can now express the opacity difference between the circum-
primary and circumsecondary disc as

βA − βB = log R

log (ν1/ν2)
. (8)

Applying the above reasoning to the HD 144668 binary system, for
which we have measurements at two wavelengths, we obtain a very
precise βA − βB = 0.69 ± 0.13. This is close to the difference we
found in our direct estimate β in Section 4.2.2 and, if correct, could
suggest that the dust is on average more evolved in the disc around
the secondary star. Interestingly the magnitude of this difference for
these coeval systems is similar to the typical range of spectral index
measurements for T Tauri stars, as in fig. 5 of Testi et al. (2014). This
would suggest that the diversity in β in unresolved samples is not
simply a function of age.

If we assume the disc around the primary is optically thick at
0.87 mm – for example if only 37 per cent of the emission escapes

the disc (i.e. τ 0.87mm =1) – we adjust the equation (7) such that

R = 0.37 × SA
ν1S

B
ν2

SA
ν2S

B
ν1

=
(

ν1

ν2

)(βA−βB)
, (9)

then βA − βB difference becomes as large as 3.7, allowing for even
more evolved dust grains in the disc around the secondary star in
comparison to the disc around the primary.

So, given a β difference of 0.69 (accounting for flux calibration),
we require either the primary to have a higher β than is usually
observed in discs (>1), or the secondary to have a lower β and hence
potentially more evolved dust. Alternatively, the secondary may not
be in the Rayleigh–Jeans regime at 0.87 mm, in which case, follow
up observations are required to re-evaluate the secondary spectral
index.

If we compare the emission of these two stars to the millimetre
size–luminosity relation found for protoplanetary discs (Tripathi
et al. 2017), we would expect the secondary to have more than two
times smaller disc than the primary, due to its lower millimetre flux.
Having less material at large orbital distances, the secondary would
then miss the more pristine reservoir of dust which in the case of
the primary dominates the dust mass. This may be the explanation
for, on average, flatter dust size distribution in the disc around the
secondary. However, this raises the question of how such a compact
disc can still retain a significant reservoir of large grains without
them in-spiralling on to the star.

The inferred spectral indices/grain distribution also has conse-
quences for the opacity, which in turn is a key source of uncertainty
in the disc dust mass estimates. A large number of factors can
affect the spectral index (e.g. Woitke et al. 2016), so to make a
practical assessment within the scope of this paper we used the
TORUS code (Harries et al. 2019) to compute the opacity for different
grain distributions. We always assume amorphous silicates with a
minimum grain size of 3.5Å, following Draine (2006), consider the
cases of maximum grain size 1 mm and 1 cm, and use a power-law
index of the grain size distribution of p = 3.2 inferred for the primary
in Section 4.2.2. The resulting absorption opacities for the primary
is given in Fig. 2, compared with the Draine (2006) result that uses
p = 3.5. The millimetre opacity when the maximum grain size is
1 mm is always ∼2 cm2 g−1 regardless of whether we use p = 3.2
or p = 3.5, conversely for larger maximum grain sizes the opacity
drops significantly.

The main uncertainty in the opacity hence stems from the max-
imum grain size rather than the power of the distribution. For the
plausible upper limits of 1 mm and 1 cm, we find opacity variations of
a factor 3 and 4.5 for the primary and secondary, respectively. Given
the apparently evolved state of the grain distributions, it is prudent
to assume that the maximum grain size is large and our choice of
opacity of 2 cm2 g−1 for the dust mass calculation in Section 4.2.1
will not contribute to an overestimate of the dust mass.

4.2.4 Upper limits on gas mass

Hales et al. (2014) report integrated 12CO 3–2 line emission of 7.2 and
0.6 Kkm/s towards HD 144668 and KK Oph with APEX observations
with beam size encompassing the entire binary system, cautioning
that both may be affected by cloud emission. In fact, each system is
located in the region of a core seen in C18O, at 4.1 km/s (Hara et al.
1999) and 3.6 km/s (Onishi et al. 1999), respectively. Neither CO
isotopologue line was detected in our observations. This supports the
interpretation of these prior single-dish (large beam) detections of
12CO as being due to cloud emission. However, some gas is present
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Figure 2. The absorption opacity (per gram of dust) for the HD 144668
primary (upper panel) for amorphous silicates. The maximum grain sizes are
1 cm (blue) and 1 mm (orange). The opacity/wavelength assumed in our dust
mass calculations is given by the black point and the line going through it has
slope corresponding to β = −0.35, as we find for the HD 144668 primary.
The lower panel is the same as Draine (2006) which uses a different power
law for the distribution.

in these discs as evidenced by the O[I] 63.2 μm emission detected by
G62. Due to the same rms levels for the measurements of the primary
and the secondary (as they are both in the same image), the integrated
emission over a wide range from 0 to 8 km/s is 14 mJy km/s for 13CO
J=2–1, for each star in the KK Oph system and 51 mJy km/s for
13CO J=2–1, for each star in the HD 144668 system.

Assuming local thermal equilibrium and optically thin emission,
we derive upper limits on the gas masses. It is a standard assumption
that in protoplanetary discs 13CO low-J rotational lines are thermal-
ized because of their optical depth, allowing them to trace the denser
interior regions. In the case of these two discs, we may be in a
situation of non-equilibrium if the gas mass is as low as to allow the
gas to become optically thin to stellar emission. In such a case, the
approach developed for debris discs in Matrà et al. (2015) would be
more appropriate. The lowest temperature at which CO is expected
to generate emission in this line in protoplanetary discs is the
temperature at which CO freeze-out becomes efficient in removing
CO from the gas-phase, around 20 K. CO gas in protoplanetary discs
has been measured down to very low temperatures, i.e. T < 20 K
(Dartois, Dutrey & Guilloteau 2003; Piétu, Dutrey & Guilloteau
2007), while the warmest midplane temperature at the outer radius

derived in physical modelling of discs reaches 25K at 150 au and
as high as 50 K at 10 au for exceptionally small 10 au discs. We
therefore adopt 20 K in our gas mass estimates, as this yields a firm
upper limit, while any higher temperature would correspond to a
lower mass estimate.

We estimate the gas mass as follows. The line integrated emission
coefficient for a molecular transition from level u → l is

j = hνul

4π
Aulnu (e.g. erg s−1 cm−3 st−1), (10)

where νul, Aul and nu are the frequency of transition, Einstein A
coefficient, and number density of species in the upper excited state,
respectively.5

If the total mass of the emitting molecules is Mmol and the mass
per molecule is mmol and the medium is optically thin, the flux at
distance d is simply

Fν = hνulAul

xuMmol

4πd2mmol
(e.g. erg s−1 cm−2), (11)

where xu is the fraction of the molecule in state u, i.e. (nu/n) and
mmol is the mass of a single molecule. The detected flux Ful is hence
related to the mass of the molecule in the object by

Mmol = 4πmmold
2Ful

hAulxuνul

, (12)

which can be converted to a total mass using the fractional abundance.
The only inputs to this expression are the detected flux and xu.
We solve for the latter analytically using a Boltzmann distribution,
assuming local thermodynamic equilibrium and computing the
partition function up to level J=40, which is sufficiently high that
less than one part per trillion are in this state at the adopted range
of gas temperatures. We also assume optically thin emission in this
estimate.

Using the described method, we obtain firm upper limits on the
mass of 13CO gas that is present in these discs. We convert from a
13CO mass to total mass using a relative abundance of 1.3 × 10−6

(Wilson & Rood 1994). Fig. 3 shows the upper limits on the gas
masses for the adopted range of temperatures and Table 2 lists the
minimum upper limits on the gas mass, ≤0.045 Mjup for each star in
the KK Oph system and ≤0.087 Mjup for each star in the HD 144668
system, as also shown in Table 2, and obtained under the assumption
of a 20 K temperature.

We note that for KK Oph, even the lower measured accretion rate of
1.2 × 10−8 M� yr−1, respectively, (Garcia Lopez et al. 2006) would
not be possible to sustain with this upper limit on the disc mass for
more than about 35 kyr. This implies that either the accretion is highly
variable, or could be periodically driven by the binary interaction.
We also note that these accretion rate measures do require a gas mass
reservoir.

The assumption of standard CO abundance and isotopic ratio may
be underestimating the derived masses by a factor of at most 3–4, in
case CO may largely be frozen out. This estimate comes from the
mass contained in a disc beyond the CO snowline. Another source
of uncertainty is photodissociation. Using DALI, Miotello, Bruderer
& van Dishoeck (2014) (their fig. 6) computed the ratio of line
intensities of CO isotopologues with and without photodissociation
in Herbig discs. They found that although C17O and C18O line
ratios are strongly sensitive to the effects of photodissociation,
13CO is relatively unaffected out to 100 au (our discs are less

5Molecular data from Pickett et al. (1998), Müller et al. (2001), Schöier et al.
(2005)
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Figure 3. Upper limits on the gas mass as a function of temperature for
the individual discs from 13CO 2–1 (solid) and 3–2 (dashed) transitions. The
upper panel is for HD 144668 and the lower panel for KK Oph. For the latter
system we do not have 3–2 data and the upper limit on the 2–1 flux is the
same for the primary and secondary, so their mass estimates are coincident.
For the estimates in Table 2, we use the mass at 20 K.

Table 2. Gas-to-dust ratios, dust and gas masses derived
in this work. Dust masses carry a 10 per cent error due
to flux calibration uncertainty and present a firm lower
limit to the total amount of solids in the disc. Upper
limits on the gas mass are based on our 13CO non-
detections, assuming a 20 K temperature. The gas-to-
dust ratios are therefore the highest possible values given
these observational constraints.

Object Mdust Mgas g/d
(MEarth) (Mjup)

HD 144668 32.6 ≤0.087 ≤0.9
HD 144668B 11.4 ≤0.087 ≤2.4
KK Oph 66.6 ≤0.045 ≤0.2
KK OphB 19.2 ≤0.045 ≤0.8

extended than this). We therefore have the theoretical expectation
that photodissociation does not significantly affect our upper limits
on the 13CO mass.

To explore the scenario of foreground cloud absorbing a part of
the emission from the disc and therefore causing the non-detection,

we investigate the line-of-sight extinction towards the two binary
systems considered here. According to the extinction maps of
Lombardi, Alves & Lada (2006) and Lombardi, Lada & Alves (2008),
KK Oph is not in a region of significant extinction, but there is some
line-of-sight extinction towards HD 144668. Using the dust map of
Lallement et al. (2019) and the Gaia DR2 distances and coordinates
to the primary stars, we obtain an E(B − V) = 0.046 ± 0.039
for KK Oph and E(B − V) = 0.015+0.022

−0.015 for HD 144668 system.
We adopt the maximum values possible for E(B-V) for each of
the systems and use it to estimate the amount of material along
the line of sight. As Av = 3.1 × E(B − V) (Schultz & Wiemer
1975) and NH = 2.2 × 1021cm−2Av (Güver & Özel 2009) and
adopting the ISM CO abundance of 10−4 and isotopic ratio 13C/12C
= 1:66 (Frerking et al. 1989), we obtain the line-of-sight column of
13CO≈1015cm−2. The optical depth we obtain for the 13CO J =2–1
line for this column, and assuming local H2 density of 102cm−2 and
a temperature of 20 K, is τ =0.35 for HD 144668 and an order of
magnitude lower τ . Considering that we used the maximum E(B
− V), this is the maximum optical depth expected so we can safely
assume that no line-of-sight absorption is affecting the emission from
either HD 144668 or KK Oph.

4.3 Resolved asymmetries in the outer regions of the discs

Our observations have clearly resolved the emission of the circum-
primary and the circumsecondary discs from one another. Visual in-
spection does not indicate that disc structure is significantly resolved,
but there are extended areas of low-level emission in both systems,
which prompt us to do a more thorough examination. To establish the
significance of the emission in these extended regions, we subtract
the emission expected from a point source, convolved with the
synthesized beam. We first use CASA task imfit to find the best-fitting
2D Gaussian distribution in the region which isolates the emission
of a disc from the emission of the disc of its companion. Gaussians
obtained through this fit are almost circular. The FWHM of the major
and minor axes for all discs closely resemble the synthesized beam
size, see Table 1. We then proceed by placing point sources of
appropriate flux at the best-fitting locations of the Gaussians (also
listed in Table 1) in blank images and convolve these images with
the appropriate synthesized beam sizes. This is then subtracted from
the ALMA images. For all observed stars, the millimetre peaks
are entirely consistent with the known optical coordinates of the
corresponding pre-main-sequence star as computed based on J2000
coordinates and proper motions provided in the SIMBAD database
(Wenger et al. 2000), and reconfirmed by Gaia.

Subtraction of beam-convolved point source emission for the
KK Oph system also reveals excess emission up to 4σ level in the
north-east direction of the primary (see Fig. 1). Optical interferome-
try of KK Oph also reveals a very inclined disc with the major axis
nearly along the north-east south-west direction Kreplin et al. (2013),
which is also the direction towards the companion.

In our Band 6 data for HD 144668, this procedure reveals a
significant extent of emission stretching from the north to the west
of the primary star reaching 4σ levels (see Fig. 1). This indicates a
large-scale asymmetry in the outermost regions of the circumprimary
disc, and a disc size that is very close to the spatial resolution of our
observations, corresponding to the disc radius of 42 au at the distance
of 161 pc. There is also a tentative detection of an excess north-east
from the secondary just reaching 3σ , but the size of this excess is very
small. Asymmetries such as these are expected in the outer reaches of
the disc where the gravitational influence of the companion becomes
non-negligible. We discuss the implications of these features further
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in Section 5.5. Similar procedure was applied to the Band 7 archival
data, but no excess is seen. This is unsurprising, considering the
lower S/N in the Lupus snapshot survey.

5 D ISCUSSION

5.1 Dust mass

While the dust masses of the circumprimary discs KK Oph and
HD 144668 are well above the debris disc regime, the discs around
the secondaries have barely enough dust mass to form minimum
mass cores for giant planet formation via core-accretion (Rafikov
2006). In fact, their dust masses are at the low end of the derived
heavy element mass of giant exoplanets (Thorngren et al. 2016),
which is not dissimilar from protoplanetary discs in general (Manara,
Morbidelli & Guillot 2018). What is striking about these systems
is the lack of gas, as discs as dust-rich as these typically have a
detectable gas reservoir, of around 0.01 M�.

5.2 Maximum gas mass from 13CO upper limits

Our gas mass limits are all below 0.1 Mjup (Table 2) showing that
giant planet formation is no longer possible in the two observed
binary systems. The primary stars, HD 144668 and KK Oph have the
least massive gas discs in our larger survey of 15 intermediate-mass
stars (Panić et al in preparation), and are also the only intermediate-
separation binary systems in the sample. A meaningful comparison
is that to the most evolved disc in our survey, HD 141569. This disc
has a considerably higher gas mass than the upper limits for our
binaries, 0.6 Mjup of gas, and is characterized as a debris disc by its
dust mass, SED and ring-like spatial structure in dust (Miley et al.
2018). One could view the gas-rich and dust-poor HD 141569 as the
opposite result of disc evolution than our binaries, which we find to
be gas-poor and dust-rich in comparison.

The lack of gas in HD 144668 is unusual when compared to the
other discs in Lupus. Our results imply a low gas-to-dust ratio of g/d
≤0.9. This upper limit on the gas-to-dust mass ratio is currently the
lowest for a disc in Lupus, when compared to the findings for other
observed Lupus discs in the Ansdell et al. (2016) survey. There,
26 discs out of 62 continuum detections were not detected in any
CO isotopologue lines, including HD 144668. Interestingly, the dust
mass of HD 144668 is the highest amongst all Lupus non-detections
of CO.

It is tempting to speculate whether the binary nature of our two
systems led to the premature removal of gas with respect to the
dust. One way in which this may happen is through dynamical
interaction, discussed in further sections. Another is efficient mutual
photoevaporation, for example if the two discs are misaligned,
allowing the radiation from the companion star to illuminate and
externally photoevaporate the disc from great proximity. A literature
search of intermediate-separation binary systems did not turn up any
discs with gas masses as high as a few Mjup, though note that for
many systems only dust mass estimates are available (e.g. G34).

5.3 mm spectral index from B6/B7 for HD144668

The range of the opacity spectral index β expected in protoplanetary
discs at millimetre wavelengths is from around 0.8 for larger, cm-
sized grains, to 3.0 for 100 μm grains. The low value obtained for
HD 144668 B in Section 4.2.2, −0.29, may be indicative of a lower
value of the power of grain size distribution p (see equation 4), which
allows for lower values of β (Draine 2006).

If we assume that the maximum grain size is comparable or
larger than 1 mm, the large difference in β between the primary
and secondary is possible if the primary disc has amax = 1 mm and
the secondary amax ≥10 cm, which yields �β = 0.4, with βA = 1.2
and βB = 0.8 (Draine 2006). An alternative explanation would be
that both discs have very evolved grains but that the disc with a lower
value of β has a flatter grain size distribution. Draine (2006) shows
an example of astrosilicate with amax = 100 cm and p =3.0 and 3.5
which produce spectral indices of 0.2 and 0.8, respectively.

An interesting comparison can be made between the 3 Myr old
HD 144668 binary system and the 2 Myr old 253-1536 binary
in Orion. Both are intermediate-separation binary systems with an
intermediate-mass primary and low-mass companion star. 253-1536
has a projected separation of 460 au, somewhat larger than the 235 au
for HD 144668. Using the same approach as for the calculation
of �β for HD 144688 in Section 4, and fluxes of the 253-1536
A and B from Ricci et al. (2011) at 0.88 and 6.9 mm, we obtain
�β253 − 1536 = 0.04+0.10

−0.05. Using the same 6.9 mm fluxes combined
with newer 0.856 mm observations of Mann & Williams (2009), we
obtain �β253 − 1536 = −0.09+0.11

−0.09. Combining these two constraints
results in a very narrow range of �β253 − 1536 = −0.05 − 0.02, which
indicates that the grain growth in the primary and secondary is almost
the same. This result for 253-1536 is in contrast with our results for
HD 144668, where �β = 0.69 ± 0.13 implies a significant difference
between the two discs, with the primary having some reservoir of
less evolved grains. Further observations and dedicated modelling
will be required to determine the cause of this, but it may arise due
to the secondary being a factor two more compact, which would
correspond to more rapid dynamical processing of the dust.

5.4 Tidal truncation of the primary disc

Tidal truncation of discs in binaries can have a significant effect on
their radial extent, which may affect the subsequent evolution and
also the detected mass. We follow G34, Pichardo, Sparke & Aguilar
(2005) to estimate the truncation radius of the primary via

Rt ≈ 0.337

[
(1 − e)1.2 ψ2/3μ0.07

0.6ψ2/3 + ln
(
1 + ψ1/3

)
]
Fap, (13)

where e is the eccentricity, ψ is the mass ratio of the primary star
to companion (Mp/Ms), μ is the reduced mass of the stellar pair (μ
= {Ms/Mp}/[1 + {Ms/Mp}]), and ap is the projected separation as
viewed in the plane of the sky. F is the ratio of the true semimajor
axis a to the projected separation ap, which Torres & Guillermo
(1999) show is

F = a

ap

= 1

1 − e cos(E)

1√
1 − sin2 (ω + νT ) sin2 i

, (14)

where ω is the longitude of periastron, E is eccentric anomaly, νT

is true anomaly, and i the orbital inclination. For those unfamiliar,
these (predominantly angular) parameters all just define the current
position on an elliptic Keplerian orbit and are discussed further
below. Note that the above equations can be applied to compute
the truncation of the secondary disc by inverting the stellar mass
ratio.

Since the orbital parameters in the above equations are unknown,
we follow Torres & Guillermo (1999) and G34 and sample them
using a Monte Carlo approach. That is, we construct an array of bins
of possible disc radius (i.e. truncation radius) Rt. We then choose a
set of random orbital parameters from which we compute a F and
hence Rt, the latter of which is then added to the appropriate bin
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in the array. Doing so a large number of times and normalizing the
resulting distribution across bins gives a probability distribution for
the truncation radius P(Rt). We use 1000 bins from 0 to 400 au and 10
million sets of random orbital parameters to populate the distribution.

The sampling of the orbital parameters is as follows. ω is sampled
randomly with uniform distribution from 0 to 2 π . We sample the
eccentricity uniformly from 0 to 0.7, that is assuming that the orbit
is not highly eccentric (Raghavan et al. 2006). The inclination has a
sine dependency, hence a given inclination for random variable r is
asin(r).

The mean anomaly M is constant with orbital phase and so is
randomly sampled with uniform probability from 0 to 2π . This is
related to the eccentric anomaly E by

M = E − e sin(E), (15)

from which we solve for E by bisection starting from E = π . The
true anomaly is then

νT = 2 atan

[√
1 + e

1 − e
tan

(
E

2

)]
. (16)

The ‘known’ inputs required for these calculations are the projected
separation and the stellar masses. We use the separations discussed
earlier in the text: namely 1.6088

′′
and 1.46

′′
for KK Oph and

HD 144668, respectively, with distances of 221 and 161 pc. The
stellar mass ratios are in the range 1.5–1.67 and 2.2–4.285 for KK
Oph and HD 144668, respectively. We re-run the entire Monte Carlo
sampling over the range of expected stellar mass ratios.

There is a further constraint on our models, in that we know the
primary discs are marginally resolved in both cases, so their projected
sizes are larger than the corresponding beam sizes, which sets the
lower limit on the disc size as 72 au for KK Oph and 43 au for
HD 144668. Similarly, since the secondaries are point sources, the
upper limit on the secondaries are 72 au for KK Oph and 43 au for
HD 144668.

The resulting probability distributions in the truncation radii of the
primary and secondary discs for KK Oph and HD 144668 are shown
in Fig. 4. In both cases, the region excluded due to whether or not
the disc is resolved by the beam is coloured grey. The most probable
truncation radii (and hence actual disc radius) of the primaries are 95
and 66 au, respectively. It is immediately clear that the primary disc
of HD 144668 is expected to be more truncated than that of KK Oph.
This might explain the initially surprising result that the younger
HD 144668 system has the lower dust mass. Stronger truncation
will result in faster growth and radial drift of grains (Birnstiel, Klahr
& Ercolano 2012). This could lead to faster growth of grains to
a size at which solids are not detected at millimetre wavelengths.
Additionally, if there is no pressure bump to trap drifting grains they
could also end up in the very inner disc where collisions fragment
them (see e.g. fig. 3 of Jankovic, Owen & Mohanty 2019) rendering
them undetectable at mm wavelengths and possibly end up accreted
on to the star.

5.5 Asymmetry of the primary disc

In Section 4.3, we find extended features in the dust continuum
emission in the circumprimary discs in both KK Oph and HD 144668,
as shown in Fig. 1. In both cases, the extended emission is located
away from the projected direction of the binary companion, which is
consistent with hydrodynamical models of dynamical perturbation of
protoplanetary discs in fly-by scenarios (Dai et al. 2015; Cuello et al.
2019a, b). In the case of our discs, the maximal perturbation induced

Figure 4. Normalized probability distributions of the truncation radius of
the primary (upper panel) and secondary (lower panel) discs of HD 144668
(blue) and KK Oph (red). The primaries are resolved, but the secondaries
are not, which allows us to place constraints on the disc size relative to that
of the beam. This places lower limits on the primary disc sizes (denoted by
the grey shaded region, which goes up to the beam size) and upper limits
on the secondary disc sizes (again, denoted by the grey region in the lower
panel, which is beyond the beam size). The vertical lines denote the peak
probabilities.

by the companions on the outermost regions of the circumprimary
discs would be achieved if the projected separation is taken as the
orbital distance. The comparison between the angular resolution and
projected distance in Table 1 implies that the ratio between the orbital
period in the outer disc (adopting beam size as the maximum size
of the disc) and the orbital period of the binary are around 1.2 for
both systems. Therefore the outer disc does not have enough time to
circularise following the encounters with the companion, whereby,
for example the companion has an elliptical orbit such to periodically
perturb the circumprimary disc. An example of a similar morphology
seen in observation is in the case of the Sr24 binary (Mayama et al.
2010), where some extended scattered light emission is seen in
the primary disc, pointing away from the companion. Such fly-by
scenarios also predict the discs to be warped, which would help
reconcile the high line-of-sight extinction towards KK Oph with the
outer disc morphology we see here, which is far from being edge-on.
Further, higher resolution imaging of these systems with ALMA will

MNRAS 501, 4317–4328 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/501/3/4317/6039327 by guest on 03 April 2024



Planet formation in intermediate-separation binaries 4327

be key to disentangling the exact morphology and sizes of their discs,
explaining the dynamical processes which shape them.

6 SU M M A RY

We present the first ALMA observations of the intermediate-
separation Herbig binary systems KK Oph and HD 144668 to
spatially resolve the discs (circumprimary and circumsecondary)
from one another. These intermediate-separation binaries, with each
star hosting its own protoplanetary disc, are perfect laboratories for
studying disc truncation and evolution. For the primaries, detection
of dust masses of 66.6 and 32.6 M⊕, respectively, well above debris
disc level, but very low upper limits on the gas mass (a few percent
of Mjup) are in stark contrast to the majority of Herbig Ae stars,
which exhibit abundant gas typically above Mjup level (Panić et al., in
preparation). It is tempting to assign this to mutual photoevaporation
– a scenario in which the discs are misaligned and allow the stars to
externally photoevaporate one another. This would be very efficient
in removing gas and submicron particles, leaving the larger, mm-
sized dust behind. Future observations of these systems will help
ascertain whether their discs are indeed misaligned.

In both systems, we find the disc around the primary to be more
massive and more radially extended. This may be related to the
finding that disc mass scales with stellar mass, as found for single
stars (Pascucci et al. 2016). We compute the expected truncation
radius based on the approach of Pichardo et al. (2005) and find that
the most likely sizes of the truncated circum-primary discs are in
agreement with the fact that we are marginally resolving these discs
in our observations. The wider separation pair, KK Oph seems to
be a scaled-up, higher dust mass version of the closer-separation
HD 144668 pair, in spite of being older. This may suggest that dust
evolution is affected by truncation much stronger than by regular
disc evolution processes.

In the case of the HD 144668 system, combining our observations
with archival ALMA data at a complementary wavelength allowed
us to determine that there is a large difference in opacity spectral
index between the primary and secondary of �β = 0.69 when flux
calibration is accounted for. We are unable to conclusively determine
why this is the case. One possibility is that the secondary disc is
expected to be around a factor two more compact (which would be
a consequence of tidal truncation) which would correspond to more
rapid dynamical processing of the dust.
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