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For a comprehensive understanding of planetary formation and evolution, we need to

investigate the environment in which planets form: circumstellar disks. Here we present

high-contrast imaging observations of V4046 Sagittarii, a 20-Myr-old close binary known to

host a circumbinary disk. We have discovered the presence of rotating shadows in the disk,

caused by mutual occultations of the central binary. Shadow-like features are often observed

in disks1, 2, but those found thus far have not been due to eclipsing phenomena. We have

used the phase difference due to light travel time to measure the flaring of the disk and the

geometrical distance of the system. We calculate a distance that is in very good agreement

with the value obtained from the Gaia mission’s Data Release 2 (DR2), and flaring angles of

α = 6.2 ± 0.6 deg and α = 8.5 ± 1.0 deg for the inner and outer disk rings, respectively.

Our technique opens up a path to explore other binary systems, providing an independent

estimate of distance and the flaring angle, a crucial parameter for disk modelling.

The stellar system under scrutiny here is peculiar. V4046 Sgr (HD 319139) is a double-

lined spectroscopic binary with an orbital period of P=2.42 days3. The K-type stars that comprise

the binary system have nearly equal masses, M?,A=0.90±0.05 M� and M?,B=0.85±0.04 M�, a

separation of a=0.045 au, and an eccentricity e< 0.001 (i.e., a circular orbit4). V4046 Sgr is a

proposed member of the β Pic Moving Group 5 with a kinematic distance of d=73 pc 6. The

estimated dynamical masses of the components along with their temperatures and luminosities

suggest an age of ≈ 10 − 20 Myr. At this relatively advanced age, gas-rich disks have usually

already been dissipated7. Several mechanisms have been advocated in order to explain the survival

of the circumbinary disk orbiting V4046 Sgr, such as e.g., tidal torque induced by the close binary
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on its disk that inhibits accretion and increases lifetime with respect to a single star8. Another

possibility is the presence of a cavity that may limit accretion flows onto the central star4. This

cavity could be the result of dynamical interactions with an unseen massive companion with a

mass limit of M<0.07 M� at separations a > 2.9 au (see Figure 8 in 4). Alternatively, the gap

could instead be related to photoevaporating winds that create large pressure traps (see 4 for further

details).

Given the intriguing nature of this object, multiple multi-wavelength observations have been

carried out. This includes Hα emission 9 and sub-millimeter studies 10. Rosenfeld and collaborators

4 reported a large inner hole (r = 29 au) that is spatially resolved in 1.3 mm continuum emission.

In their work they estimated a dust+gas mass for the disk of 0.094 M� and derived a disk inclina-

tion of i=33.5+0.7
−0.4, with a position angle (P.A.) of 76 degrees. Subsequently, GPI [Gemini Planet

Imager11] observations revealed a relatively narrow ring of polarised NIR flux whose brightness

peaks at ∼14 au12. This ∼14 au radius ring is surrounded by a fainter outer halo of scattered light

extending to roughly 45 au, which coincides with the previously detected millimeter-wave thermal

dust emission.

In this study we have used the ESO-VLT facility SPHERE13 instrument and acquired IFS14

and IRDIS15 high-contrast imaging and spectroscopic near-infrared observations (see Methods).

Figure 1 displays the wavelength collapsed IFS images for the two observed epochs in 2015 and

2017 after a PCA (Principal Component Analysis) algorithm was applied to remove the quasi-

static speckle contribution. Observations show a double-ring structure, similar to that reported
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by 12 from GPI datasets. Moreover, we confirm the presence of shadow-like features that were

previously suggested 12. We found that the shadows have rotated by 11±1 degrees between the

observed epochs, in agreement with what is expected from the central binary phase (see Table

1). We are observing the “penumbra” created when the primary component of the binary system

partially eclipses the secondary star and causes a reduction of the stellar flux illuminating the disk

surface (see Figure 2). We note that the total eclipse of less than 0.5 deg would be too narrow to

be detected. It is noteworthy that the presence of shadows is expected because the binary orbital

plane and the disk plane are aligned, with a difference in inclination of only dI = 0±1 degree 16.

Thanks to the high-contrast imaging capabilities of SPHERE we are able to detect these features

that were previously not observable because of technical limitations.

High-resolution observations of protoplanetary disks have revealed the presence of small-

scale features including spirals, cavities and shadows17. Shadows are not unusual on the surfaces

of circumstellar disks, but the physical mechanisms responsible for previously detected features

differ from those at work here. Examples of alternative astrophysical mechanisms include a self-

shadowing process1 due to different inclinations of the inner and outer rings, and the presence of

circumstellar material in binary systems (the case of GG Tauri18). Other well-known examples

include HD 1425272, MP Musca19 and TW Hydrae20. We also refer to refs 21−23 and references

therein for extensive diskussions on this topic. In contrast, our observations provide evidence

of fast-moving shadows in a circumbinary disk cast by the central binary system. Crucially, we

can exploit the presence of these shadows to infer two fundamental properties of the system: the

flaring angle of the disk and the distance to the system. The distance determination is a purely
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geometrical estimate that is completely independent from other methods. We have calculated the

expected phase delay of the shadow, due to the light travel time, with respect to the binary phase,

and compared the theoretical (expected) value with our observed measurements. This has been

done for the inner disk (at 13 au) and the outer disk (at 29 au) and for shadows on the near side

and on the far side of the disk. The phase delay of the shadow can be calculated as explained

in Methods; here we recall that phase delay depends on the binary phase ( φ), the flaring and

inclination angles of the disk (α and i, in radians), the distance between the stars and the disk rings

(r, where the inner ring is at 13 au and outer ring at 29 au), the speed of light c, and the central

binary period (P ) in seconds. In our Equation 1, there is a dependence of the phase delay on the

system distance (which enters into the ring positions as expressed in au) and the disk flaring angle.

To break the flaring-distance degeneracy, we have used polarimetric differential imaging

(PDI) observations acquired with IRDIS in 201624 to estimate the disk flaring. Observations ex-

ploiting differential imaging techniques (e.g., angular differential imaging, PCA) help in identify-

ing the shadow feature, because they naturally enhance discontinuities in the images. On the other

hand, they do not reproduce the correct (real) depth of the shadow given the self-subtraction ef-

fects produced by the image post-processing technique. After performing rotation, stretching, and

transformation to polar coordinates of the reduced PDI H band image, we performed a local poly-

nomial fit to the ring brightness profile and measured the depth of the shadows. The corresponding

uncertainty on this measurement is given by the r.m.s. of the fit corrected for small-number statis-

tics. Note that we have assumed that the polarisation does not change across the shadow and the

drop in polarised intensity is solely due to a drop in intensity. The positions of the shadows as
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observed in the polarimetric images can be easily identified in Figure 3. The described procedure

was performed for both the inner and outer rings while averaging the shadow depths for the near

side and far side of the disk. Specifically, for the inner disk we estimated depths of 0.14±0.02 and

0.17±0.03 for the near side and the far side, respectively. In the outer ring we measure 0.16±0.06

and 0.10±0.05 (errors are r.m.s of the fit corrected for small-number statistics). The mean values

result in 0.15±0.02 and 0.13±0.04, respectively.

To translate the observed shadow depth into disk flaring measurements, we calculated the il-

lumination of the disk from the central binary as a function of the angle with respect to the shadow

centre. Our computation assumes that the illumination depends on the sum of the areas of the two

stars as seen from the rings (the effects of limb darkening were neglected), and that the two stars

have the same effective temperatures. Evaluations of the impact of this assumption on the final

result were found to be negligible. We then calculated the shadow depth for α between 0 and 15

degrees with steps of 1 degree (see Supplementary Figure 2). As expected, the depth of the shadow

is directly related to the flaring of the disk because the flatter the disk (i.e., less flared), the deeper

the shadow. Note that for values >14 degrees, no shadows would have been detectable in our

dataset, because we only see the disk surface in scattered light. From comparison with our mea-

surements on the PDI data, the interpolation of our relationship shown in Supplementary Figure 2

provides a flaring angle of α= 6.2±0.6 deg and α=8.5±1.0 deg for the inner and outer rings, respec-

tively. We include in this estimate the impact of the instrumental spatial resolution (FWHM=50

mas). Our values can be compared with estimates by 24, who have determined α=5.33±0.34 deg

for the inner disk and 7.45±0.23 deg for the outer ring. In their study, Avenhaus and collaborators
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performed a fit of the two bright rings, assuming that they represent the disk scattering surface and

that the circular rings are inclined and displaced from the mid-plane. The errors were estimated

using an MCMC algorithm. Despite the differences in the procedures, there is very good agree-

ment between the two flaring angle determinations. The flaring angle determined for V4046 Sgr is

generally in agreement with that measured by 24 for other classical T Tauri stars and the marginally

lower value is likely to be because of the more advanced evolution of this disk.

Including our flaring estimates in Equation 1, we can now determine which distance values

minimise the difference between the expected and measured positions of the shadows. We found

that the difference between the expected shadow position, calculated by applying the delay due to

light travel time to the binary phase, and that measured on our data, (see Table 1) is 2.86±0.18 deg

where the error is the r.m.s from the average of the shadows observed in the disk near side (because

if their higher accuracy). This corresponds to a diskrepancy in the binary phase of 7×10−3. How-

ever ,our error in the phase is much larger, i.e., 0.03. Because of this large uncertainty, we decide

to exploit the phase difference between inner and outer rings, which is independent of the binary

phase, to infer the system distance. In this way we obtain a pure geometrical distance of d=78±8

pc, which is in good agreement with the new Gaia DR2 distance of d=72.4±0.3 pc.

Finally, we emphasise that the presence of shadows in the PDI observations (Figure 3)

demonstrates that these features are real and not an artefact due to post-processing techniques

such as e.g., ADI and similar algorithms that can introduce artificial structures. To quantify this,

we carried out an ADI simulation to test the possible effects of these procedures and see if they can
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introduce spurious shadow-like structures. Our simulation results suggest that artefacts introduced

by ADI post-processing are significantly different from the shadows detected in our observations

and they are preferentially located along the minor axis of the disk (see Methods).

Our study furnishes two main results. Firstly, we provide an estimate of the flaring angle by

using a new approach that does not depend on the details of disk modelling. Adopting the formal-

ism given in 4, we found values of the flaring angles that correspond to ψ=1.5 (in their Equation 2):

this is larger than the standard value of ψ=1.25 usually assumed for circumstellar disks (see also

4 for a similar result). Consequently, our finding provides quite stringent observational constraints

on disk modelling. Moreover, we obtain a measurement of the system distance that is complemen-

tary and independent from other methods. On the other hand, very accurate distances available

from Gaia can be used to determine the disk flaring on much more solid grounds, because only one

free parameter is then considered in our calculations. Our techniques can be applied to other sys-

tems, once the conditions of the close binary system and alignment of the binary and disk planes

are understood. In this regard, future observations of systems likeDK Tau, AK Sco, and new SB2

stars discovered in Sco-Cen25 will be crucial to study further.
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Methods

SPHERE observations The current dataset for IFS+IRDIS observations was acquired in the

framework of guaranteed time observations (GTO) for the SHINE survey [SpHere INfrared survey

for Exoplanets26] with SPHERE at the VLT. The configuration allows for simultaneous acquisi-

tion of a low resolution IFS (R∼35) spectrum in the YJ band, covering 0.96-1.34 µm, or the YH

19



band, covering 0.97-1.66 µm, while IRDIS is operating in dual-band imaging mode using either

two narrow H or two narrow K bands 27. For the first epoch (May 2015), IFS was operated in Y J

mode and IRDIS with the H2H3 (central wavelengths H2=1.59µm, H3=1.67µm) dual band filters.

For the 2017 observations the Y H (IFS) and K1K2 (IRDIS, K1=2.10µm, K2=2.25µm) extended

set-up was adopted. The resulting data-cubes were comprised of 60 and 64 science frames, for

2015 and 2017 respectively, with 64s of integration time. We used the SPHERE Data Reduction

and Handling (DRH) pipeline 28 to perform background subtraction, flat field correction, bad pixel

removal, and to center the star behind the coronagraph. The DRH pipeline was also use for IFS

spectral extraction. The data were reduced by the SPHERE Data Centre 29 and astrometrically cal-

ibrated following the methods in 30. Along with the science frames, the sequence also includes: (i)

Several observing frames that contain satellite sports distributed symmetrically around the central

star. The satellite spots are created by applying a waveform to the deformable mirror to create

four echoes of the source point spread function. They allow for an accurate determination of the

location of the star behind the coronagraph, and (ii) Exposure frames obtained by moving the

star’s position out of the coronagraph to acquire unsaturated stellar images to perform accurate

flux calibration.

The reduced datacubes were then processed through several Angular Differential Imaging

(ADI31) techniques, including the TLOCI-ADI algorithm (as described in 32) and a PCA method

(which combines ADI and spectral differential imaging) following the prescriptions in 33. In Sup-

plementary Figure 1 the outcome of the TLOCI-ADI 34 post-processing for the K-band IRDIS

observations is displayed. In Table 1 we report for each observing dataset the barycentric julian
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date, the corresponding binary phase, and the shadow positions as measured on the inner and outer

ring for the near side of the disk in the IFS images.

Polarimetric Differential Imaging (PDI) data were collected as part of the ESO Program

096.C-0523(A) (PI H. Avenhaus) using IRDIS in both broad-band J and H filters. Observations

were carried out during six nights from March 10 2016, to March 15 2016. V4046 Sgr is one of

the targets comprising the sample of T Tauri stars with disks presented in Avenhaus et al. 24. We

refer to this work for the full description of the observing sequence (flux, centering and science

frames), exposure times and data reduction, which was performed as in 35.

Binary orbit determination We have used the INTEGRAL Optical Monitoring Camera (OMC)

archive (http://sdc.cab.inta-csic.es/omc/index.jsp) and calculated the orbital

period by using 150 photometric measurements that span a time range between March 2003 and

October 2012. By adopting the zero point of 36, we provide a time coverage of 30 years. Our

ephemerides result in:

JD = 2 446 998.335 + 2.42129516× Y

where Y is the fractional part of the orbital phase φ. The formal error on our period determi-

nation, as given from the sinusoidal fit to our dataset, is 3.122×10−5 days.

Our estimate is in very good agreement with the period (2.421296± 0.000001 days) derived

in ref. 37. As already noticed in ref.37 this value is several sigma out of the determination by 36 and
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3; this might be explained as due to the stellar activity that produces an uncertainty much larger

than the nominal error in periodograms.

Given the uncertainty in the period, and the time elapsed since the last observations by 37 and

our dataset, we conclude that the binary phase at the epoch of our observations has an uncertainty

of ±0.03.

Results of the ADI simulation The ADI technique allows for the enhancement of weak features

that are responsible for azimuthal gradients in high contrast images, making them detectable above

the static (instrumental) speckle noise. The shadows considered in this paper match this crite-

rion. However, ADI may also create false alarms due to random distributions of the noise in the

residuals38. In addition, ADI may cancel real features out, which have weak or non-azimuthal gra-

dients, such as the emission around the main axis of the observed ellipses that result from the line

of sight projection of circular rings. We note here that ADI attenuation is inversely proportional

to the second derivative of the signal along the azimuth, and hence the signal attenuation due to

ADI is expected to be largest close to the minor axis. While the shadows we found on the disk of

V4046 Sgr do not align with either the major or minor axis of the disk projection, one may wonder

whether their prominent appearance in ADI images might be a consequence of the properties of

image post-processing.

To test this issue, we built a forward model simulating the photometric properties of the

V4046 Sgr disk and added a realistic noise model to it using real data of another target lacking a
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prominent disk and observed in conditions similar to those of V4046 Sgr. We then processed the

resulting simulated imaging data set through ADI with exactly the same procedure and parameters

used on our observed data of V4046 Sgr.

To estimate a photometric model for the disk, we computed a geometric model under the

hypothesis that it can be represented by a solid scattering surface. Similar approaches are de-

scribed in 39, 41, and 40 for the case of HD 100546 and SAO 206462, respectively. The surface is

assumed to have cylindrical symmetry and its height above the mid-plane is described by the law:

h = c1 ∗ (r/r0)
b, where c1 is a constant and r the distance to the star. We further assumed that

scattering efficiency is represented by a two-component Henyey-Greenstein (HG) function 42 with

coefficients as defined in 43 for the case of HR 4796. The model includes detailed consideration of

both disk walls and disk self-shadowing. In practice, we used the following model parameters: a

distance of 78 pc (this paper); disk inclination and position angle of 33.5 and 76 degrees, respec-

tively 12; two disks, the first one between 11 and 18 au and the second one between 21 and 38

au; and thickness parameters c1 = 0.042, b = 1.36, and r0 = 1 au. These values are compatible

with the results for the flaring angles we obtained with our modelling of the shadows. A Gaussian

smoothing is then applied to reproduce the instrumental resolution, and the image is then multi-

plied by the coronagraph transmission (A. Boccaletti, private communication). Final images are

produced with scale and size corresponding to IFS and IRDIS images so that they can be directly

summed to the datacube of a star without a prominent disk. For this we used an observation of

HD95086 obtained with SPHERE on April 2017. HD95086 has similar magnitude to V4046 Sgr.

The total exposure time and the field rotation of the images are also similar. Several relatively
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small adjustments of the disk intensity were needed to take into account the residual differences.

In Supplementary Figure 3 we compare the result of this ADI simulation (left-hand panel)

with the real ADI reduction of V4046 Sgr (right-hand panel). The figure reveals that ADI actually

creates gaps in the simulated disk that are not present in the original model. However, the most

prominent gap in the simulation is located along the minor axis and it is much wider than that ex-

pected for a shadow. Thus, the shadow properties are significantly different from the gap observed

in the ADI image.

Calculations of the phase delay In order to compute the phase delay between the shadow and the

binary due to the light travel time we first considered a geometric sketch of the system as displayed

in Supplementary Figure 4. The parameters that have to be included to calculate the phase delay

are the inclination of the disk (i=33.5 deg), the distance of the system, which we take into account

when converting the positions of the rings from angular to scalar distances, and the flaring angle

α. The locus of points on the surface of an axisymmetric disk with a flaring angle α at a distance

r from the central star is a ring of radius rcosα at a distance rsinα above the star. We can orient

our coordinate axis so that the star is at the origin and the observer is toward the positive z-axis.

If the disk is face-on with respect to the observer, then the equation for this ring can be expressed

parametrically as

x′ = r cosα cosφ; y′ = r cosα sinφ; z′ = r sinα,
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where φ is the phase angle representing the location along the ring. φ is defined clockwise starting

from the East side of the major axis of the apparent disk ellipse (see Figure 1).

In order to account for the inclination, we performed a coordinate transformation represent-

ing a rotation about the x axis.

The difference in the light path is then dx = r − z, because the light has to travel first to the

point on the ring and then scatter along the z-axis to the observer. Thus,

dx = r[1− sinφ cosα sin i− sinα cos i].

When sinφ=1 (near side of the disk), this produces dx = r − r sin (i+ α), whereas for

sinφ = −1 (far side) we have dx = r + r sin (i− α). We finally obtain that the phase difference

(PD) is:

PD =
r

cP
360o[1− sinα cos i− sinφ sin i cosα]. (1)

Thus, the distance d (in parsec) is:

d =
PD/360

f(α, φ, i)× s
× c× P × cosα

where s is the semi-major axis of the disk in arcseconds and f = [1 − sinα cos i −

sinφ sin i cosα].

We note that the difference in the position angles obtained for the inner and outer disks (see

Figure 3) due to the light travel time delay indicates that the binary is rotating counter-clockwise.

This agrees with the phase difference for the binary between the 2015 and 2017 observing epochs.

We have compared this Equation with those reported in 44, where the authors consider the effect
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of light travel time on the shape of a shadow cast by a clump orbiting close to central star. In our

calculation we have assumed that the separation of the two components is negligible with respect

to the disk scale. This implies that their Equation 5 is equal to zero. If we consider a different

definition for the phase, their Equation 10 is then exactly the same as our Equation 1.

A sanity check on the shadow depth calculations As mentioned in the main body of the manuscript,

the shadow depth (we recall that we detect the penumbra due to central binary eclipse) has been

determined by exploiting the PDI data.

However, simple calculations can give further corroboration to our results. The full width

half maximum (FWHM) of the penumbra is approximately 20 degrees. If we assume the same

stellar radius for both components (R=1.2 R�), basic geometrical calculations provide that they

should produce a penumbra of ≈26 degrees, given α = FWHM/2, and tan(α) = R∗
a
2

, where R∗ is

the stellar radius and a is the separation. The value of 26 degrees is in agreement with a flaring

angle of ∼ 5 deg, which is very close to our determination of flaring angle given by the shadow

depth measurements in the SPHERE images.

Thus, this basic cross check provides supporting arguments for our estimates.

Data Availability

All the data are publicly available through the ESO archive (http://archive.eso.

org/cms.html). The data that supports the plots within this paper and other findings of this
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study are available from the corresponding author upon reasonable request.
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Table 1: Observing epochs for our SPHERE-IFS observations in 2015 and 2017, along

with the SPHERE IRDIS (Avenhaus et al. 2018) and GPI (Rapson et al. 2015b) polarimet-

ric datasets acquired in 2016 and 2014, respectively. The Barycentric Julian Date BJD

(+2400000) and the central binary phase are given in Columns 2, 3, and 4 respectively.

The shadow locations are shown in the last four columns for the inner and the outer rings

(units are degrees), for the near and far side of the disk. Errors are 1-sigma.

Observing BJD Binary Binary Shadownear Shadownear Shadowfar Shadowfar

epoch (+ 2400000) phase phase (inner ring) (outer ring) (inner ring) (outer ring)

(deg) (deg) (deg) (deg) (deg)

2014 56770.749 0.028 10.0 3.8±3.0 —- 193.6±3.0 —-

2015 57146.831 0.350 126.1 122.9±0.6 117.3±0.6 284.5±1.1 276.6±1.1

2016 57461.905 0.476 171.5 164.2±0.6 159.5±0.6 328.2±1.1 314.7±1.1

2017 57870.879 0.384 138.1 134.6±0.6 128.3±0.6 305.6±1.1 291.3±1.1
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Figure 1: Comparison of IFS observations for 2015 (YJ bands) and 2017 (YH band) after a

PCA algorithm (with 100 modes) has been applied to remove quasi-static speckles. The shadow

location for the near side of the disk (indicated with a solid red arrow) has rotated (11±1 degrees),

as expected from the binary orbital phase. The corresponding location of the shadow in the 2015

dataset is marked with a dashed arrow in the 2017 observations. The binary phase is defined as

shown from the white line, setting φ=0 from the semi-major axis of the disk. Note that φ has been

measured on the de-projected image of the disk. The bright artefacts close to the shadow position

are due to ADI/PCA post-processing technique but do not impact our analysis as we use the PDI

images to measure the shadow depth (see Figure 3).
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Figure 2: Simplified sketch of the shadow phenomenon. Distances of the two stars and size of the

disk are not in scale. Umbra (dark grey) and penumbra (light grey) due to the eclipses between

the components are projected onto the disk with a distorted pattern due to the finite speed of light

speed. The ring locations (13 and 29 au) and the binary separation are shown. The labelled phases

of the eclipse phenomenon (A, B, C, D, E) corresponds to flux reduction as shown in the lower

panel.

30



e-07 6.18e-07 8.84e-07 1.15e-06 1.42e-06 1.69e-06 1.95e-06 2.22e-06 2.49e-06 2.76e-06 3.02

Shadow near side

(a)

E

N

0.2"

0027 0.00032 0.00036 0.00041 0.00045 0.0005 0.00054 0.00059 0.00063 0.00068 0.00

Near side

(c)

Far side

(b)

Figure 3: Upper panel: Polarised IRDIS H band observations for V4046 Sgr 24 are shown in panel

(a). An un-sharp masking algorithm has been applied to the original image to enhance the shadow

locations, with different cuts for the near and far side (panels b and c, respectively). Each pixel

image has also been multiplied by r2 to compensate for the stellar illumination drop-off with radial

distance. Lower panel: Intensity profile of the disk vs the orbital phase from PDI observations

(IRDIS H band) for the circumbinary disk orbiting V4046 Sgr. The ring brightness variation along

the position angle is due to scattering processes. The solid vertical lines indicate the expected

positions of the shadows at the inner ring (black solid lines) for one shadow at φ=164.2±1.1 (near

side of the disk) and the second one at φ=328.2±1.1 deg (on the far side of the disk, see Method for

φ definition). The error on the shadow position in the PDI dataset is calculated using a formula for

Gaussian centering with dependency on FWHM, signal-to-noise ratio, and sampling. As expected,

the difference in the position between the far side and near side of the disk is not exactly 180

degrees due to disk flaring. The same holds for the outer ring (red dashed lines), where shadows

are located at φ=159.5±0.6 deg and φ=314.7±1.1 deg.

31


