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ABSTRACT

One of the defining properties of debris discs compared to protoplanetary discs used
to be their lack of gas, yet small amounts of gas have been found around an increasing
number of debris discs in recent years. These debris discs found to have gas tend to be
both young and bright. In this paper we conduct a deep search for CO gas in the system
HD 95086 – a 17 Myr old, known planet host that also has a debris disc with a high
fractional luminosity of 1.5×10−3. Using the Atacama Large Millimeter/submillimeter
Array (ALMA) we search for CO emission lines in bands 3, 6 and 7. By implementing
a spectro-spatial filtering technique, we find tentative evidence for CO J=2-1 emission
in the disc located at a velocity, 8.5±0.2 km s−1, consistent with the radial velocity
of the star. The tentative detection suggests that the gas on the East side of the disc
is moving towards us. In the same region where continuum emission is detected, we
find an integrated line flux of 9.5±3.6 mJy km s−1, corresponding to a CO mass of
(1.4–13)×10−6 M⊕. Our analysis confirms that the level of gas present in the disc is
inconsistent with the presence of primordial gas in the system and is consistent with
second generation production through the collisional cascade.

Key words: circumstellar matter – planetary systems – submillimetre: planetary
systems – submillimetre: stars – stars: individual: HD 95086

1 INTRODUCTION

The presence of gas in a circumstellar disc was once used as
a factor in distinguishing between protoplanetary and debris
discs. As a system evolves, the primordial gas is depleted by
photoevaporation and accretion onto the star and growing
planets. The disappearance of the gas allows the remain-
ing planetesimals to be dynamically stirred, increasing their
relative velocities and enabling the onset of a collisional cas-

? E-mail: markbooth@cantab.net

cade. Such collisions produce debris and hence the circum-
stellar disc becomes a debris disc (see e.g. Wyatt et al. 2015).

Nonetheless, a number of systems that otherwise appear
to be debris discs do show signs of the presence of atomic and
molecular gas in both absorption and emission (see Hughes
et al. 2018, for a recent review). So far the only molecular
gas that has been observed in emission is CO. In some cases
the CO gas seems to be consistent with being a primordial
remnant from the protoplanetary disc. HD 21997 is the best
example of this with a CO mass comparable to its dust mass
and with CO gas interior to the cold dust belt despite its
∼ 30 Myr age (Kóspál et al. 2013; Moór et al. 2013b). On
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angular resolution of 1.9× 1.7′′ for the band 3 data and an
RMS per spectral channel of 4.8 mJy beam−1 and angular
resolution of 0.8× 0.5′′ for the band 7 data.

3 CO EMISSION LINES

3.1 CO J=2-1 analysis

Although there is no obvious CO detection in the dirty data
cube, it is possible that there may still be evidence for CO
if we make use of spatial and spectral filters as Matrà et al.
(2015, 2017b) have done for Fomalhaut. We start by looking
for evidence of CO J=2-1 emission in the band 6 combined
data as this is the deepest dataset. The top plot of figure
2 shows the spectrum obtained by summing over all pixels
with a signal-to-noise ratio of at least 10 in the continuum
image (this covers radii of ∼0.5′′ to ∼5′′ from the star)2.
The radial velocity given is the barycentric radial velocity
set such that a CO line with velocity equal to the Solar Sys-
tem’s barycentric velocity would appear at 0 km s−1. If CO
is present in the disc, it should have a velocity consistent
with that of the star. In the case of HD 95086, there are two
values in the literature for the radial velocity of the star.
Moór et al. (2013a) used spectroscopy to determine a radial
velocity of 17±2 km s−1. Unfortunately, radial velocities are
difficult to determine for early-type stars due to their high
rotational velocities and because their optical spectra have
few absorption features (Becker et al. 2015). An alterna-
tive is to consider the three dimensional space motions of
stars. Madsen et al. (2002) used Hipparcos astrometry to
determine a radial velocity of 10.1±1.2 km s−1. Given the
discrepant nature of these radial velocities, we assume that
CO from the debris disc will have a velocity close to one of
these velocities. These velocities are indicated in the plots by
the vertical lines. There is a rise in the spectrum at both ve-
locities – 2.7±1.5 mJy at around 9 km s−1 and 3.1±1.5 mJy
at around 17 km s−1 – but in both cases these peaks have a
significance of < 3σ (where σ is the RMS of the spectrum)
and so are indistinguishable from the noise. From this we
can only conclude that the RMS on the integrated line flux
spatially integrated across the disc is 2.4 mJy km s−1 (see
Appendix A).

Due to the orbital motion of the gas and the non-zero
inclination of the disc, the gas will likely have a slightly
different radial velocity to that of the star, for instance an
axisymmetric gas disc will produce a double-peaked spec-
trum if spectrally resolved. For a low signal-to-noise ratio
(SNR) observation such as this, we can attempt to increase
the SNR by taking into account the velocity and shifting the
spectra in each pixel so that it should peak at the velocity of
the star. Assuming the gas is moving at Keplerian velocity
(as is shown to be the case for the β Pic disc, Dent et al.
2014), the radial component of the velocity at a point in the

2 For this we use the natural weighted continuum image, which
has an RMS of 6.7 mJy beam−1. Note that this is different to

the value given in Su et al. (2017) and the beam size is also
different as they actually used Briggs weighted images with a

robust parameter of 0.5 throughout that paper but erroneously
referred to them as natural weighted images.

disc (R, θ) is then given by:

vrkep(R, θ) = 29.8

√

M?/M�

R/AU
sin(I) cos(θ − Ω) km/s (1)

where M? is the mass of the star (∼1.6M� for HD 95086 as-
suming a M?/M� = 4

√

L?/L� mass-luminosity relation), R
is the distance to the star, I is the inclination, θ is the angu-
lar displacement of the pixel measured anti-clockwise from
North and Ω is the position angle of the disc’s semi-major
axis. We assume the gas disc has the same inclination and
position angle as the dust disc, which are found to be around
31◦ and 98◦ respectively (Su et al. 2017). Whether the ve-
locity is positive or negative at any given disc location will
depend on which direction the gas is orbiting. The plots on
the right in figure 2 show the relative radial velocities across
the disc assuming the gas is travelling at keplerian velocity
for the given orbital distance of each pixel. The middle plot
is for the case where the gas to the East is moving away
from us and the bottom plot is for the case where the gas to
the East is moving towards us. Shifting the spectra in each
pixel by the negative of its assigned radial velocity relative
to that of the star and then summing spatially across the
region where the continuum is detected gives the spectral
profiles shown in figure 2 middle and bottom for the East
side moving away and towards us respectively.

We find that no signal is detected in the case where
the East side is moving away from us. On the other hand,
for the case where the East side is moving towards us, the
previous tentative signal at ∼9 km s−1 has been boosted
from 2.7±1.5 mJy to 4.3±1.4 mJy therefore implying that
the gas is likely orbiting in this manner.

Given the low signal to noise ratio here, it is worth
checking to make sure that this is not a spurious line that
appears in only one observation. This line does, indeed, ap-
pear in both data sets. In fact it is seen at > 3σ signifi-
cance when considering just data set A, where the peak is
6.2±1.8 mJy at 8.3 km s−1. In data set B, it shows up with
a lower peak of 3.6±2.2 mJy at 9.5 km s−1. Whilst the value
for the peak in data set B is somewhat lower than that for
data set A, they are consistent and the lower significance of
the peak in data set B is also due to the worse observing
conditions at the time of those observations (see table 1 in
Su et al. 2017).

It is also worth considering the false positive potential of
our result. Our peak in the spectro-spatial filtered spectrum
is significant at the 3.05σ level. Given that we have 3791
channels (after removing flagged channels and those not cov-

ered by both data sets), we expect 3791×0.5×erfc
(

3.05√
2

)

=

4.3 of them to have values > +3.05σ even when no signal
is present (given that the noise is approximately normally
distributed). We, in fact, find that there are 4 channels with
values > +3.05σ, thus making it plausible that this peak is
simply noise. Nonetheless, the coincidence with (one mea-
sure of) the stellar radial velocity can give us some reassur-
ance that the emission detected may be real. To calculate
the false positive probability here we should consider the
probability of a channel that has a velocity consistent with
the stellar radial velocity (given the inconsistency of the two
measurements of the stellar radial velocity noted above, we
conservatively define this as within 2σ of either of the mea-
surements) and has a flux density > 3.05σ in either of the
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115.544±0.002 GHz that is both spatially and spectrally un-
resolved. It has a flux density of 12.2±2.2 mJy and, given the
beam size, is consistent with the location of the bright con-
tinuum source as shown in figure 6. However, since this is un-
resolved spectrally, it cannot be coming from a background
galaxy as galaxies have CO linewidths of >100 km s−1.
The frequency means it would have a radial velocity of
−712 km s−1 if it is CO J=1-0, which is unusually high for
a galactic background source. We therefore conclude that
this is a spurious source of unknown origin unrelated to the
continuum emission.

4 RESOLVED SPECTRAL INDEX MAP

In addition to probing multiple gas lines, observing the disc
at multiple ALMA wavelengths allows us to determine the
spectral index of the dust across the image. At submillime-
tre wavelengths (i.e. in the Rayleigh-Jeans limit), the flux
density, Fν , is a power law function of the wavelength λ in
the form Fν ∝ λ−α, where α is the spectral index. If the
grains emit as pure blackbodies, they would have a spec-
tral index of 2. In reality, dust grains are inefficient emitters
at wavelengths much greater than their size and so we ex-
pect deviations from this at sub-millimetre wavelengths. To
determine the spectral index we create CLEAN, naturally
weighted images of the continuum emission for each pair of
spectral windows. This gives us seven images (two in band 3,
three in band 6 due to the overlap between datasets A and B
and two in band 7) at frequencies of 102, 114, 216, 231, 246,
333 and 345 GHz. We smooth them all to a consistent 2.5′′

resolution (chosen to be slightly larger than the beam size
of the band 3 image). Then for each pixel we fit a power law
to get the spectral index and its uncertainty (which is calcu-
lated from the square root of the diagonal of the covariance
matrix output by the curve fitting algorithm). The resultant
spectral indices for the continuum emission are shown (only
spectral indices with an SNR>2 in order to only show spec-
tral indices for the real emission) in figure 7 (left). We find
that the bright source clearly has a much steeper spectral
index than the disc, with a peak at 3.6±0.3 (which will be
discussed further in section 5.3). Some variation in the spec-
tral index is seen across the disc but this is not found to be
significant (see figure 7 right). A weighted average across the
disc (defined here to be pixels with a spectral index that has
an SNR>2 and flux density in the smoothed band 7 image of
less than 60 µJy beam−1 to avoid the bright source) results
in a spectral index of 2.41±0.12 (which will be discussed
further in section 5.4).

5 DISCUSSION

5.1 Gas production within the disc

In the previous cases where gas has been detected in debris
discs, there are some discs where the gas is expected to be
primordial gas and others where the gas must be second gen-
eration. As noted by Zapata et al. (2018), the low gas mass in
this system clearly rules out the presence of primordial gas.
In this section we check whether it is consistent with current
models for second generation production through collisional
cascades of icy planetesimals and make predictions for the

possibility of confirming the presence of CO by searching for
other emission lines.

In section 3.1, we found an integrated CO J=2-1 line
flux of 9.5±3.6 mJy km s−1. Using the molecular extinction
code of Matrà et al. (2015) (enhanced to include UV fluores-
cence as discussed in Matrà et al. 2018) we can convert this
flux to a CO mass. Due to its steep increase as a function of
UV wavelength, the stellar UV dominates over the interstel-
lar UV at the wavelengths relevant for CO fluorescence. The
UV field was, therefore, modelled using a PHOENIX stel-
lar atmosphere model (Arkenberg et al. in prep.)5 with the
known stellar parameters of HD95086, and scaled to match
the star’s flux as seen from Earth. The conversion also de-
pends on the density of collisional partners (assumed to be
electrons for a second generation gas production scenario)
and the kinetic temperature of the gas. These quantities are
unknown, but a range of values can be used that is suffi-
ciently wide to cover the transition between the two limiting
regimes of radiation-dominated at low electron density and
collision-dominated at high electron density (specifically, we
use electron densities between 10−4 and 1010 cm−3 and ki-
netic temperatures between 10 and 250 K). We, therefore,
find that our integrated line flux translates to a CO mass of
(1.4–13)×10−6 M⊕.

Undertaking the same analysis using the CO J=3-2 and
J=1-0 flux limits results in limits on the CO mass that are
always above the mass found from the J=2-1 emission line
and so these non-detections do not help constrain the exci-
tation temperature or electron density. Conversely, we can
use the CO mass calculated from the CO J=2-1 observa-
tions to make predictions for the sensitivity needed to detect
these other emission lines. These predictions are dependent
on the line ratio, which is dependent on the assumed electron
density and kinetic temperature. Using the same ranges as
before, we predict integrated line fluxes for CO J=3-2 be-
tween 2 and 40mJy km s−1 and CO J=1-0 between 0.6 and
10mJy km s−1, where low electron densities in the radiation-
dominated regime result in the highest CO J=1-0 line flux
and lowest CO J=3-2 line flux whereas high electron densi-
ties in the collision-dominated regime produce the opposite.
Assuming the same set-up as used for the band 7 and band
3 observations presented here (i.e. multiplying the observa-
tion time of the observations presented here by the square
of the required increase in sensitivity), a 3σ detection of the
CO J=3-2 line would take between 40 minutes and 10 days,
whilst a 3σ detection of the CO J=1-0 line would take be-
tween 8 hours and 2 years of observation time (not including
calibration time). In other words, it may be possible to de-
tect one of the other CO emission lines within a few hours,
although the optimum choice depends on the unknown line
ratio and completely rejecting the presence of CO at a level
consistent with our tentative detection would require unfea-
sibly long observations with ALMA.

Kral et al. (2017) predicted line flux densities for a large
sample of systems based on a model of CO gas produced in a
steady state collisional cascade. For previous gas detections
and non-detections they found their model fitted the obser-
vations to within an order of magnitude except in a couple

5 The latest PHOENIX models can be found at https://www.

astro.uni-jena.de/Users/theory/for2285-phoenix/grid.php.
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the orbital motion of the gas (Matrà et al. 2017b) point to-
wards the brighter side being further away from us assuming
Fomalhaut b is on a prograde orbit. This implies that the
grains would be back-scattering (Min et al. 2010) in the Fo-
malhaut disc. This demonstrates the benefit of combining
gas, scattered light and planet observations to determine
the correct geometry and orbital direction of a planetary
system.

5.3 Nature of the compact continuum sources

In addition to the disc, the ALMA continuum image shows
two compact sources coincident with the West side of the
disc; one bright, marginally resolved source and one faint,
unresolved source (Su et al. 2017). In this section we discuss
the possible nature of these sources.

Zapata et al. (2018) used the proper motion of the star
to provide further evidence that the bright source must be a
background source. The lack of detection of the star meant
that they had to infer the position by modelling the disc
(for which they used a trial and error method) and as-
suming the star is at the centre. They find that the cen-
tre of the ring is moving with a proper motion (in right
ascension and declination) of µα = −90 ± 25 mas yr−1 and
µδ = −31±27 mas yr−1 compared to the Gaia DR2 values of
µα = −41.14±0.05 mas yr−1 and µδ = 12.70±0.05 mas yr−1

(Gaia Collaboration et al. 2018), whereas the bright source
remains in roughly the same location. Given the large un-
certainties and the assumptions in the method to calculate
them, we consider this evidence inconclusive. The low proper
motion of this source means that it will likely be necessary to
wait many more years before a proper motion difference can
conclusively be determined and, unfortunately, if the bright
source is a background object, it will still contaminate the
observations for the next ∼200 years as the star is moving
towards the current location of the bright source.

Su et al. (2017) considered a number of possibilities
for what the bright source could be if it was part of the
disc. In all cases, CO gas is expected to be concentrated at
the same location as the enhanced dust emission, as is seen
in β Pic (Dent et al. 2014). We confirm here that there is
no significant concentration of CO gas present at the loca-
tions of these sources, even when taking into account the
Keplerian velocities (figure 3). Specifically for the band 6
observations (the deepest and most constraining observa-
tions discussed in this paper), the RMS in a single channel
is 0.24 mJy km s−1 beam−1 and the area of the bright source
is roughly 1.4 beams so that the 3σ upper limit of the line
flux is ∼1 mJy km s−1. This is < 11% of the total line flux
density i.e. the fraction of CO gas in this region compared to
the whole disc is much less than the fraction of continuum
emission in this region compared to the whole disc (∼ 25%).
Here we have assumed that the range of velocities in the
clump is low such that the line is unresolved, although we
note that it is possible that the range of velocities is high
enough that the line becomes resolved, thereby marginally
increasing the upper limit. Nonetheless, it seems unlikely
that the bright continuum source is contributing any CO
around the stellar velocity.

Su et al. (2017) also noted the steeper spectral index
of the bright source compared to the disc using just the
band 6 data. In section 4 we make use of the new band 3

and 7 data to give us a much more accurate measure of the
spectral index and confirm that the spectral index of the
bright source is indeed steep with a value at the peak of
3.6±0.3 compared to 2.41±0.12 for the rest of the disc (as
discussed in section 5.4). As discussed in Su et al. (2017), this
steep spectral index is consistent with this source being a
background galaxy. For instance, Casey (2012) found from a
sample of luminous and ultraluminous infrared galaxies, that
the spectral slope in the Rayleigh-Jeans regime is 3.60±0.38.

In conclusion, the lack of a concentration of CO at the
location of the bright source and the clear difference in the
spectral index between the source and the disc shown here
does back-up the earlier claims of this source being an un-
related background source.

For the faint, unresolved source (indicated by the lower
cross in figure 3), the large uncertainties here mean that
we cannot draw any conclusions as to whether that point
contributes strongly to the CO emission or not and so the
possibility remains open that this is a clump at the outer
edge of the disc.

5.4 Size distribution

The spectral energy distributions of debris discs are close
to blackbodies but deviate from the Rayleigh-Jeans slope at
long wavelengths since dust grains are inefficient emitters
at wavelengths much greater than their size. Measuring the
spectral slope at submillimetre wavelengths can, therefore,
allow us to determine the size distribution of grains in the
disc. By using resolved images we can look for variations
in the spectral index across the disc and avoid contamina-
tion from the background source (see section 4). By doing
this we find that there are no significant variations in spec-
tral slope across the disc and find an average of 2.41±0.12.
This is consistent with the value of 2.37±0.15 found by Mac-
Gregor et al. (2016) using the ALMA 1.3 mm photometry
(Su et al. 2017) and the ATCA 7 mm photometry (Ricci
et al. 2015). By using the analytic approximations of Draine
(2006), which assume an astrosilicate composition, we can
interpret our measure of the spectral index as a size distri-
bution slope of 3.27±0.07. This is quite shallow compared
to spectral indices of other debris discs, but not without
precedent (MacGregor et al. 2016; Holland et al. 2017).

Whilst the variations in spectral index across the disc
seen in figure 7 are not found to be significant due to the low
sensitivity of the band 3 and 7 data and the low resolution of
the band 3 data, with deep resolved maps at multiple ALMA
wavelengths, such methods could be used to determine such
variations. Variations are expected, for instance, in the case
of an eccentric disc, where a difference in size distribution
is expected between the pericentre and apocentre due to it
being easier to remove small grains by radiation pressure at
the pericentre than at the apocentre (Löhne et al. 2017; Kim
et al. 2018).

6 CONCLUSIONS

In this paper we search for CO gas in the debris disc around
the star HD 95086 using ALMA. We find a tentative sig-
nal for the J=2-1 line. This candidate line has a peak of
4.3±1.4 mJy at a velocity of 8.5±0.2 km s−1. This velocity
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is consistent with the stellar radial velocity found by Mad-
sen et al. (2002), the significance of the line is higher when
spectro-spatially filtering compared to just spatially filtering
and there is a clear rise in the radial profile consistent with
the location of the belt as seen in continuum emission. We
therefore consider this to be a tentative detection of CO gas
in the HD 95086 system, although it is clear that more obser-
vations are needed to confirm this. We find that the data are
best matched by gas moving towards us from the East ansa
and away at the West ansa. Assuming the gas is orbiting
in the same direction as the known planet (clockwise), then
we can say that the South side of the disc and the planet
are inclined away from us and the North side is the near
side. The integrated line flux found is 9.5±3.6 mJy km s−1,
corresponding to a CO mass of (1.4–13)×10−6 M⊕, which
would imply a cometary mass fraction of 5.7-35.7%. This is
consistent with second generation production through the
collisional cascade as derived by Kral et al. (2017).

We did not find any evidence for CO J=3-2 or J=1-0
emission. This is unsurprising given the much lower sensitiv-
ity of the band 3 and band 7 datasets and so does not give
us any strong constraints on the CO line ratios. Whilst it is
hard to make predictions for how deep we would need to go
to detect the CO emission at these bands as we do not know
for sure what the line ratio is, we predict that CO could be
detected in either band 7 or band 3 observations within a
few hours depending on the excitation regime. As noted by
Kral et al. (2017), looking for C i in band 8 would also be
a viable and, perhaps, more promising strategy to follow-up
this tentative detection.

Contrary to the continuum observations, we find no
bright point-like CO source consistent with the radial ve-
locity of the system. We make use of the continuum images
in all three bands to precisely determine the spectral in-
dex across the image and find a clear difference between the
bright source and the disc. Both of these factors add weight
to the hypothesis that the continuum source is an unrelated
background object.
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APPENDIX A: UNCERTAINTY ON THE

INTEGRATED LINE FLUX

The RMS on the integrated line flux for an unresolved line,
σint, is given by

σint = σspwe, (A1)

where σsp is the RMS of the integrated spectrum and we

is the effective bandwidth, which is the channel width, wch,
multiplied by the number of channels in the effective band-
width, be (2.667 in this case as Hanning smoothing was
used). This takes into account that neighbouring channels
are correlated, so the RMS measured in the spectrum is
not characteristic of one channel, but of one effective band-
width6.

When the line is resolved, i.e. the number of channels,
Nch > be, then this is changed to

σint =

√

(σspwe

√
Nich)2 + σ2

cal, (A2)

where Nich is the number of independent channels, i.e.
Nich = Nch/be. For completeness, we have also added in
quadrature the flux calibration uncertainty, σcal (assumed
to be 5% of the integrated flux; see section C.4.1 ALMA
Partnership et al. 2016).

This paper has been typeset from a TEX/LATEX file prepared by

the author.

6 https://safe.nrao.edu/wiki/pub/Main/

ALMAWindowFunctions/Note_on_Spectral_Response.pdf
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