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ABSTRACT
Long-period comets observed in our solar system are believed to originate from the Oort cloud, which
is estimated to extend from roughly a few thousand to 105 AU from the Sun. Despite many theoretical
arguments for its existence, no direct observations of the cloud have been reported. Here, we explore
the possibility of measuring Oort clouds around other stars through their emission at submillimeter
wavelengths. Observations with the 545 and 857 GHz bands of the Planck satellite are well matched
to the expected temperatures of Oort cloud bodies (on the order of 10 K). By correlating the Planck
maps with catalogs of stars observed by the Gaia mission, we are able to constrain interesting regions
of the exo-Oort cloud parameter space, placing limits on the total mass and the minimum size of grains
in the cloud. We also explore an observed excess around the brightest and nearest stars in our sample
as arising from possible exo-Oort clouds or other extended sources of thermal emission. We compare
our measurements with known debris disk systems – in the case of Vega and Fomalhaut we find a
significant excess that is in agreement with measurements from Herschel. We use the measurements
around Fomalhaut to constrain a possible exo-Oort cloud of that system. We argue that future CMB
surveys and targeted observations with far-infrared and millimeter wavelength telescopes have the
potential to detect exo-Oort clouds or other extended sources of thermal emission beyond ∼ 1000 AU
from the parent stars.
1. INTRODUCTION

The observation of comets passing through the inner
solar system led Oort (1950) to hypothesize the existence of a spherical cloud of distant icy bodies, now
known as the Oort cloud (OC). Since then, a number
of additional theoretical arguments in support of Oort’s
hypothesis, as well as a more detailed understanding of
the cloud’s expected properties, have emerged (for a review, see e.g. Dones et al. 2004, 2015). However, to date,
no direct observation of the Sun’s OC has been made.
The Oort cloud, sometimes also called the Öpik-Oort
cloud, is believed to originate from a population of small,
icy bodies within 50 AU of the sun that were present in
the young solar system. Orbital perturbations caused
by the giant planets would, in a short time, increase
the orbital energies of many of these bodies onto highly
elliptical orbits with very large semi-major axes. Bodies in regions of relative dynamic stability could remain,
mainly in the ecliptic plane, resulting in the Kuiper Belt
and ecliptic comet populations that we see today. For
bodies with eccentric orbits and semi-major axes of tens
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of thousands of AU, interactions with nearby stars, the
galactic potential, and nearby molecular clouds can stabilize these orbits by increasing the perihelion distances
of the orbits so that perturbations by planets in our
own solar system are no longer dynamically important.
Assuming these gravitational interactions are isotropic,
the expected result is a population of comets having
semi-major axes between a few thousand and tens of
thousands of AU and inclinations that are randomly
distributed relative to the ecliptic plane. Since other
stars likely experienced similar histories, it is reasonable to expect that they may also host their own Oort
clouds, which we refer to as exo-Oort clouds (EXOCs).
In fact, there have been several reported detections of
exo-comets in the literature through transits (e.g. Rappaport et al. 2018) as well as the spectral signatures of
evaporating small, icy bodies (e.g. Welsh & Montgomery
2016).
Directly detecting the OC orbiting the sun, or the
EXOC of another star, is extremely challenging. The
vast distances of these bodies from their parent stars
mean that they are faint in reflected light. While there
may be a very large number of OC bodies, their total surface area results in an effective OC optical depth
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that is extremely small, τ < 10−6 , even if the OC is very
massive (above 100M⊕ ) and contains a large number of
small (micron-sized) particles. Stellar occultations provide a promising avenue for directly detecting bodies in
our OC (see Lehner et al. 2016; Ofek & Nakar 2010),
but the events are very short (less than 1 second in duration) and rare, meaning that a large number of stars
have to be observed at very high cadence. In principle,
the thermal emission from the OC imprints a distortion
of the black body spectrum of the CMB, but even for
optimistic assumptions about the mass of our OC, this
signal is too small to be observed with existing CMB
experiments (Babich et al. 2007). Detecting thermal
emission from OCs around nearby, bright stars is another possibility. Particularly at long wavelengths close
to the peak of the EXOC blackbody, the large aggregate surface area of emitters in the EXOC means that
thermal emission from the central star itself is expected
to be orders of magnitude smaller than that from the
EXOC, even though the star is much hotter than the
typical EXOC body. Stern et al. (1991) used IRAS data
to search for excess mid-IR emission in the vicinities of
a small number of nearby, bright stars in an attempt
to place limits on the total masses of their EXOCs. We
will pursue longer wavelengths that are more suitable for
EXOC detection using a much larger sample of stars.
Given that the OCs of nearby stars may be tens of
thousands of AU in diameter, they may subtend tens of
arcminutes on the sky as seen from Earth. This makes it
possible to use high spatial resolution, wide-area CMB
surveys like Planck (Planck Collaboration et al. 2018)
to place limits on the average excess thermal emission
at millimeter and submillimeter wavelengths using large
samples of nearby stars having precise distances now
measured by Gaia (Gaia Collaboration et al. 2018).
Such emission can be distinguished from more localized
debris disk or point source emission using the large difference in scales between such emission and that of an
EXOC. Typical debris disks extend to only a few hundred AU at most, orders of magnitude smaller than the
expected sizes of EXOCs.
In this work, we analyze Planck 545 and 857 GHz
maps to place limits on the total non-stellar thermal
emission within the EXOC regions of a sample of main
sequence stars within 300 pc of the Sun identified using
Gaia data. We use stacked measurements across these
stars to place limits on the properties of EXOCs. Since it
is not known how generic EXOCs are, we also explore for
the brightest stars the possibility that only some fraction
of them have EXOCs. We argue that current and future
CMB surveys may offer the possibility of improved limits

on EXOC properties, and explore the possibilities for
future detections using targeted observations.
The paper is organized as follows: in §2 we describe
the expected properties Oort clouds, and our model for
their thermal emission; in §3 we describe the datasets
used in this analysis; in §4 we describe our procedure
for measuring the thermal emission signal around the
Gaia stars. Our results are presented in two parts: in
§5 we show the results averaged over many of the stars
in the sample, while in §6, we investigate possible signals
around the closest and hottest stars. We conclude and
discuss prospects for future measurements in §7.
2. MODELING

We are interested in modeling the thermal emission
signal from EXOC bodies. The expected signal is sensitive to several aspects of the Oort cloud, including its
total mass, the size distribution of the Oort cloud bodies,
and the intensity of radiation from its parent star. As
we will show, for reasonable assumptions, the expected
temperatures of Oort cloud objects are tens of Kelvin.
For these temperatures, the peak emission is at submillimeter wavelengths, so the natural datasets to pursue
the signal are far-infrared surveys or surveys designed
to map the Cosmic Microwave Background (CMB) at
millimeter wavelengths.
The Planck satellite mapped the CMB in nine frequency channels and is well suited to the pursuit of
EXOC signals. We will focus on the highest two frequency channels, centered at 545 and 857 GHz, for
the remainder of this paper and return to a discussion
of datasets in other frequencies in the Discussion section. Since the wavelength corresponding to 857 GHz
is 0.35 mm, it is close to the peak emission of EXOC
bodies at a temperate of ∼ 10K. We describe both the
Planck data and the Gaia star catalog with which we
correlate it in more detail in §3.
2.1. Expected properties of Exo-Oort clouds
The total mass of our Oort cloud is estimated from
the rate of long-period comets observed to pass through
the inner solar system. Oort himself estimated an OC
comet flux of one per year within the inner 1.5 AU of
the solar system, leading him to estimate that the total
number of OC comets is approximately 1011 with a total
mass of the OC of approximately 0.3 M⊕ . Current estimates of the OC mass, made using updated comet flux
data and assuming a comet size distribution, range up
to 10 M⊕ (see Dones et al. 2004 and references therein).
This value is highly uncertain, in part because it is difficult to account for inner OC bodies that seldom venture
into the inner solar system for us to observe. Given
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our current observational understanding of the OC, total masses of up to 100M⊕ are not obviously ruled out
(Bauer et al. 2017). Our Oort cloud is believed to extend roughly from a few thousand to 105 AU, though
there are significant uncertainties in demarcating its extent. At distances of 105 AU or more, bodies become
unbound to the sun and may be lost to interstellar space.
One might expect the size of the EXOC to be related to
the Hill Sphere of the central star, in which case the size
of the Oort cloud would increase with stellar mass as
1/3
rmax ∝ M∗ . However the age of the star, its planetary
architecture and possible membership in a star cluster
can have a significant impact on the extent and mass of
EXOCs.
Based on direct observations of long-period comets as
they move through the inner solar system, and the recent discoveries of possible inner-OC bodies like Sedna
(Brown et al. 2004), we expect that the OC bodies are
primarily icy in composition. Recently, it has also been
suggested that there is a small but significant population of scattered asteroids with rocky compositions in
the OC (Shannon et al. 2015). Since small, icy OC bodies are thought to be generated from the disintegration
of larger ones, the internal structural properties of the
OC objects play an important role in determining their
overall size distribution (Pan & Sari 2005). Currently,
we have only a rough understanding of the bulk properties of outer solar system bodies. Measuring the masses
of these objects is only possible if they have measured
radii and small moons with measured orbital periods.
Radiometric measurement of the objects’ radii is challenging (Brown & Butler 2017), making their volumes
highly uncertain even if the masses are well measured
using moons. The densities of only a handful of outer
solar system bodies are directly measured, but Pluto’s
density of 1.9 g cm−3 is likely indicative of the densities
of OC bodies.
Inferring the overall size distribution of the bodies in
the OC is a major observational challenge. Observations
of long-period comets and outer solar system bodies like
Sedna are highly biased toward larger, closer, and therefore brighter, bodies. Theoretically, it is expected that
the overall size distribution of OC bodies should follow
a power-law. Pan & Sari (2005) simulated the evolution
of a population of icy bodies with very little internal
strength and found that there should be a break in the
overall size distribution of OC bodies at radii of approximately 40 km, which decreases the expected number of
very large bodies. This is broadly consistent with the
observational results of Bernstein et al. (2004), who used
HST to carry out a pencil-beam survey for Kuiper Belt

bodies, which have much smaller semi-major axes than
the OC bodies we consider here.
There is also considerable uncertainty in the smallscale distribution of Oort cloud bodies. Collisions between comets can produce small grains and dust down
to scales of about 1 µm. However, several effects tend
to drive the smallest dust grains out of the solar system.
These include radiation pressure from the central star,
stripping by the ISM, and stellar winds. At reasonable
Oort cloud distances, though, the effects of the stellar
wind are typically negligible. Howe & Rafikov (2014) argue that grains smaller than about 10 µm are stripped
from the solar system by the passage of the solar system through the ISM. However, smaller grains that have
been recently produced in collisions may still be present.
No direct measurement of the size distribution of bodies
in the OC has been made, but in the future observations
of background stars occulted by bodies in our OC may
be able to directly constrain the overall size distribution
down to about 1 km in radius (Lehner et al. 2016).
The temperature of Oort cloud bodies is set by equilibrium between absorption of light from the central star,
interstellar light, and the cosmic background radiation,
and thermal emission from the objects. In principle, radioactive decays could also provide a heat source, but
this is expected to be subdominant to radiative heating
for the small objects that dominant the EXOC thermal emission. The material properties and sizes of the
bodies determines how efficiently they absorb and emit
radiation, and therefore their equilibrium temperatures.
For the OC grains of interest, the thermal emissivities at
relevant wavelengths are expected by be less than one,
leading to temperatures on the order of tens of Kelvin
(see details of the dependence on grain size below). For
stars more luminous than the Sun, these temperatures
can be significantly higher for a given orbital distance.
In principle, Oort cloud objects could also reflect stellar light, resulting in a different equilibrium temperature. The relatively high geometric albedo of Sedna
(A= 0.32 ± 0.06; Pál et al. 2012) confirms the predominantly icy surface composition of that body. However,
other Kuiper belt objects appear to have much lower
albedos (Brown & Butler 2017), and we will assume low
albedo in the EXOC model developed below.
2.2. Exo-Oort cloud model
Given the above discussion, we now develop a model
for the EXOC thermal emission signal. We assume that
the Oort cloud mass, M , is proportional to a power law
function of the mass of its parent star, M∗ :
M = AM (M∗ /M )µ .

(1)
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We set µ = 1, but find that our results are fairly insensitive to the precise value of µ given the narrow range
of stellar masses considered. We treat the normalization
of this relation, AM , as a parameter of our analysis. As
noted above, the total mass of our own OC is poorly
constrained, but reasonable estimates range from about
0.3 M⊕ to 20M⊕ .
We use r to represent the distance between a point
in the EXOC and its central star, and R to represent
the projection of that distance onto our line of sight
towards the star (i.e. the impact parameter). We model
the radial dependence of the mass density of the Oort
cloud, ρ(r), with a power law (Duncan et al. 1987; Howe
& Rafikov 2014)

A (r/r )−γ if r
ρ
min
min < r < rmax
ρ(r) =
(2)
0
otherwise,
where the normalization, Aρ , is set such that the total
mass of the cloud is M :
M (3 − γ)
Aρ =
(3)
3 ).
3
4π (rmax
(rmax /rmin )−γ − rmin

We assume that Oort cloud bodies have constant density
of ρ0 ; we choose ρ0 = 1 g cm−3 as a fiducial value. Following Howe & Rafikov (2014), we adopt a fiducial value
of γ = 3.5. Given the expected weak scaling of rmax with
1/3
stellar mass (rmax ∼ M∗ if rmax is determined by the
star’s Hill sphere) and the large uncertainties associated
with the radius of our own OC, we ignore possible scaling of rmax with stellar mass and simply treat rmax as a
free parameter below.
We model the probability distribution of the radii of
Oort cloud bodies, a, as a broken power law that is
independent of distance from the star:


AP (a/abreak )−β1 if amin < a < abreak

P (a) = AP (a/abreak )−β2 if amax > a > abreak , (4)



0
otherwise

where a is the radius of the Oort object and AP is a normalization factor. The small end power law is expected
to be β1 ∼ 3.7 and the large end power law is expected
to be β2 ∼ 5 (Pan & Sari 2005). We explore several
choices of amin ranging from 1µm to 50µm. Following
Pan & Sari (2005), we set abreak = 40 km.
The geometric absorption coefficient at distance r
from the central star is calculated by integrating over
the particle distribution:
Z amax
ρ(r)
αν (r) =
πa2 R amax
P (a)da.
(4π/3)(a0 )3 ρ0 P (a0 )da0
amin
amin
" 1
#
1
u3−β1
3ρ(r)
3−β1 − 3−β2 − 3−β1
=
,
(5)
1
1
4ρ0 abreak
4−β1 − 4−β2

where u = amin /abreak , and in the second line we have
assumed that amin  abreak , amax  abreak , β1 < 4 and
β2 > 4. The total optical depth of the cloud for a line
of sight with impact parameter R is then
Z ∞
p

τ (R) =
aν
(6)
R2 + s2 ds.
−∞

2.3. Temperature profile
Because of their large cross-sectional area per mass,
the small grains will dominate the thermal emission from
the EXOCs. For a grain temperature of 10 K, the wavelength at peak emission given by Wien’s law is roughly
300 µm, whereas we are assuming that the smallest OC
grains have radius a ∼ 10µm. Consequently, the relevant wavelengths of light for thermal emission are long
compared to the sizes of the smallest grains in our model.
Assuming the grains have a dirty ice composition, we
therefore expect the emissivities of the grains to be inversely proportional to wavelength, i.e. (λ) = λ0 /λ
(Dwek et al. 1980). In thermodynamic equilibrium, we
then have
"

−1
λ0
T (r) = 5.2K (1K)−4 (1 − A)
1µm
1/5

L∗
4
, (7)
Tbg +
16πσsb r2
where A is the albedo, and we set the background temperature Tbg = 3.5 K (Stern et al. 1991). We set A =
0.03 following Stern et al. (1991) and adopt λ0 = 10 µm
as a reasonable choice for dirty ice grains of this size
(Morales et al. 2016). To model the stellar emission, we
relate the observed temperatures of the Gaia stars to
their luminosities and masses by interpolating between
the locus points from Eker et al. (2018).
2.4. Signal profile
We assume that the Oort cloud bodies emit with a
Planck blackbody source function, modulated by their
emissivities. The specific intensity from the EXOC at
projected radius R and frequency ν is then
Z

∞

Iν (R) =

(c/ν)αν
−∞

p


R2 + s2
 p

Bν T
R2 + s2 ds, (8)

where Bν (T ) is the Planck function.
The signal in the Planck 857 GHz band is found by
integrating Iν over the bandpass of that channel:
Z
I(R) =
Iν (R)B857 (ν)dν,
(9)
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where the constantR of proportionality
by the
R is fixed
~ 2 θ = I(θ)d
~ 2 θ. While
requirement that I beam (θ)d
the Planck beam does have some far-wing sensitivity,
(Planck Collaboration et al. 2016), it is too low to be
important for this analysis.
We show the expected density, temperature, optical
depth and 857 GHz EXOC profiles (with and without
the beam) for several parameter choices in Fig. 1.
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2.5. Additional sources of submillimeter emission
around stars
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In addition to possible Oort clouds, many stars are
known to host debris disks which can be strong emitters
at submillimeter wavelengths. Debris disks are typically
understood to be a post-planet formation phase of protoplanetary disks. Many debris disks around nearby stars
have been detected via their thermal emission by IRAS,
Herschel and ALMA, as well as in scattered light by HST
(see review by Hughes et al. 2018). The presence of debris disks presents a challenge for Oort cloud detection,
since the total emission from these disks may dominate
that of an Oort cloud by an order of magnitude or more.
However, physical differences between debris disks and
Oort clouds should make separating them possible. In
particular, debris disks are expected to be confined to a
plane, while Oort clouds are expected to have spherical
geometry. Additionally, the physical extent of a debris
disk is of order 100 AU (Hughes et al. 2018), while Oort
clouds could extend out to 105 AU. A high resolution
experiment could separate out the Oort cloud emission
using both of these differences. An additional complication is the possible “halo” of particles blown out of
debris disks due to radiation and stellar winds. We discuss this possibility further below.
Stars can produce both thermal and non-thermal radio emission through a variety of processes (Güdel 2002),
and emission is observed from many different types of
stars in the 1 to 10 GHz range. This emission can be related to chromospheric activity and flares, stellar interaction in binary systems, or accretion processes in very

fiducial
d = 20 pc
β1 = 3.8
T∗ = 8700 K

10−10

τ (R)

where B857 (ν) is the bandpass function. We approximate this function as a top-hat with amplitude 0.8 over
the frequency range from 750 to 1000 GHz.
Finally, we must account for the impact of the Planck
beam. We approximate the Planck beam with a 2D
~ ∝ exp(−θ2 /(2σ 2 )), with σbeam =
Gaussian, F (θ)
beam
√
θFWHM /( 8 ln 2), where θ~ is the angular separation vector between the parent star and a point of interest.
The specific intensity after the application of the beam,
~ is given by
I beam (θ),
Z
~ ∝ I(θ~0 )F (θ~0 − θ)d
~ 2 θ0 ,
I beam (θ)
(10)
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Figure 1. Oort cloud properties as a function of projected
radial distance from the central star, R. The fiducial model
assumes AM = 5M⊕ , rmax = 5 × 104 AU, amin = 10−6 m,
β1 = 3.7, β2 = 5, abreak = 40 km, γ = 3.5, ρ0 = 1 g/cm3 , and
d = 60 pc.

young star systems. High energy electrons from a stellar
wind may also generate radio emission through gyrosynchrotron processes. Relatively little is known about the
quiescent radio emission from stars at the much higher
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frequencies considered here, though millimeter and submillimeter emission from the photospheres of a small
number of stars has recently been directly measured
(White et al. 2018; Anglada et al. 2017).
3. DATA

3.1. The Gaia catalog
We use data from the Gaia DR2 release to identify stars within 300 pc of the Sun (Gaia Collaboration et al. 2018). This data release contains proper motions and parallaxes for more than 109 stars down to
a limiting magnitude of G=21. The Gaia satellite also
obtains low-resolution spectroscopy, from which broadband photometry is extracted and stellar parameters are
estimated (Andrae et al. 2018). We focus our analysis
on nearby stars with d < 300 pc. For main sequence
stars in this volume, the Gaia parallax measurements
can have errors of less than ±0.1 mas. The Gaia data
set is virtually complete for main sequence stars in this
volume.
3.2. Planck data
The Planck satellite1 observed the full sky in nine
bands ranging from 30 GHz to 857 GHz over the course
of four years. In this analysis, we use the 545 and 857
GHz maps constructed from observations by the Planck
High Frequency Instrument (Planck Collaboration et al.
2016). These 545 and 857 bandpasses of Planck are
well matched to the expected frequency of peak of emission of Oort cloud bodies. The approximate beam sizes
for the 545 and 857 GHz bandpasses are 4.8 and 4.6
arcminutes FWHM, respectively (Planck Collaboration
et al. 2016). We use the publicly available maps at
https://pla.esac.esa.int/.

Figure 2. The selection of Gaia stars used in this analysis.
Orange points indicate stars that pass the baseline selections
of the analysis, intended to identify main sequence stars.
Blue points represent a wider selection to show the regions of
color space that are excluded. The cuts remove stars that are
much fainter than the Sun (which may not have Oort clouds)
and giant stars (which are cooler and may have emission in
the wavebands of interest related to dust produced during
the AGB phase). The star symbols indicate the selection
of T > 8000 K stars used in the analysis of §6. Green stars
indicate those that do not have a signal-like excess, while red
stars indicate those that do.

4. METHODOLOGY

We focus our analysis on main sequence stars that
have luminosities comparable to or brighter than the
sun. Significantly smaller stars may not posses their own
Oort clouds, and any Oort cloud that they do possess
will likely be less luminous because of its lower temperature. Similarly, we remove possible white dwarfs
as it is unclear whether such stars would be expected
to have EXOCs. Giant stars, on the other hand, can
have significant thermal emission related to ejected gas
and dust that could masquerade as an Oort cloud signal (Ventura et al. 2018). Note, though, that emission
from giant stars would not be resolvable by the Planck
beam, whereas Oort cloud emission could be resolved
for nearby stars.
1

http://www.esa.int/Planck
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Figure 3. The signal at 857 GHz after imposition of the
HI mask. Dark blue regions are masked because they have
HI column densities in the top 80% across the sky.

We accomplish the selection motivated above with
several cuts:
• The absolute magnitude in the Gaia G band, MG ,
is less than 6.0.
• We remove stars that have MG < 4 and color BP −
RP > 0.9, since these stars are possible giants.

7
• Stars with MG < 4 × (BP − RP ) − 1 and (BP −
RP ) > 0.5 are also removed as possible giants.
• stars with MG > 4 × (BP − RP ) + 3 are removed
as possible white dwarfs.
The stellar selection is illustrated with the orange points
in Fig. 2.
We measure the average temperature of the Planck
545 and 857 GHz maps in annuli around the selected
Gaia stars. The annuli are defined in terms of physical
projected distance from the star, from Rmin = 0 AU
to Rmax = 105 AU in six linearly spaced bins. We use
the stellar distance measurements from Gaia to convert
these projected radial bins into angular bins for each
star. In §6 we will perform measurements around the
closest stars in our sample, for which a different choice
of radial bins is motivated.
We reduce the impact of non-EXOC galactic emission on our measurements by imposing a conservative
sky mask in the analysis. The mask is derived from a
map of HI column density by Lenz et al. (2017), which
has been shown to correlate strongly with thermal emission from galactic cirrus at low HI column density. We
mask those pixels that have column densities in the top
80% of pixels in this map. Furthermore, if the apertures
used to estimate the background (see below) near to a
star intersects the mask, that star is not included in the
analysis, since presumably it lives in or near a region of
high background emission. The 857 GHz Planck map
with this mask applied is shown in Fig. 3. Additionally,
we use the PSCz catalog from Saunders et al. (2000) to
mask IRAS-detected galaxies with an aperture of 5’ and
NGC objects with a mask of 15’.
To further reduce the impact of galactic contamination on the measurements, we subtract an estimate of
the local background flux for each star. This estimate of
the background is derived by averaging the Planck map
in an annulus of width 10’ centered on the star. The angular size of the inner radius of the annulus is either (a)
the angular scale corresponding to 105 AU or (b) 10’; we
choose whichever option yields the larger aperture size.
To prevent bright patches from biasing the background
estimate in the apertures, when computing the average
in the annulus, we exclude pixels whose flux is in the
bottom or top 10% of that aperture.
Finally, to remove possible spurious signal from the
coupling of background fluctuations to the mask, when
performing stacked measurements we subtract from
these measurements the signal measured around random points uniformly distributed across the mask. This
typically results in a small change to the measured signal.

The above analysis choices are well motivated, but
of course are not unique. One could imagine, for instance, choosing different masking thresholds, different
aperture sizes, or different procedures for estimating the
background flux near the stars. We discuss the impact
of varying the fiducial analysis choices in §5.2.
5. CONSTRAINTS ON EXOC EMISSION FROM

STACKING ANALYSIS
We first average the intensity measurements around
the Gaia stars in bins of MG and distance from Earth.
Averaging the signals from many stars allows us to beat
down instrumental and background noise in the Planck
maps. Binning in absolute magnitude reduces the possibility that the (much more numerous) faint stars might
cause an Oort signal around brighter stars to be averaged down. Binning in distance is useful since the apparent sizes of EXOCs relative to the Planck beam and
relative to scales of variation in galactic backgrounds
will change as the distance to the stars changes.
We note, though, that averaging the signals from
many stars may be disadvantageous if not every star
hosts an EXOC. The proposed mechanism of formation
of our own Oort cloud relies on the presence of the giant planets to perturb the orbits of solar system objects.
If a star does not have any giant planets, it is possible
that it might not form an EXOC. Including such stars
in the averaging process could reduce the signal averaged across many stars. We explore an alternative to
averaging across many stars in §6.
For a resolved EXOC, the surface brightness will be
independent of distance, d, but the number of resolution
elements across the cloud will go down as d−2 . Assuming
constant stellar density in our local neighborhood, the
number of stars in a shell of thickness ∆d at distance d
is proportional to d2 ∆d, so the signal-to-noise for each
radial shell of unit thickness is constant after averaging over resolution elements (this same expectation also
holds true for larger distances where the EXOC may be
unresolved, although the number of resolution elements
will remain fixed in that case). However, the scale height
of the Milky Way stellar disk is roughly 300 pc; consequently, beyond 300 pc, the number of stars per radial
shell will only grow as d∆d. Hence we set 300 pc as the
maximum distance used in our analysis.
When binning the stars in distance, we prefer to not
mix vastly different scales of galactic emission; this motivates the use of roughly logarithmic bins in d (which will
lead to the higher distance bins having more signal-tonoise). Based on these considerations, we use three distance bins between 80 and 300 pc: [80, 120], [120, 180],
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and [180, 300]. We will explore the stars with d < 80 pc
in §6.
We also restrict the analysis in this section to stars
with 2 < MG < 6 (using two bins). This restriction
ensures that we do not use stars significantly fainter
than the sun. We will explore measurements around
the brightest stars in §6.
The averaged 545 and 857 GHz signals (orange and
blue points with error bars) measured around the stellar sample are shown in Fig. 4 for two different bins of
absolute G-band magnitude (top and bottom) and for
three bins of stellar distance (left to right). For illustration, we also indicate the scale corresponding to the
Planck σbeam with a vertical dashed line (note that the
beam is slightly different for the 545 GHz and 857 GHz
maps).
Fig. 4 shows that the stacked measurements appear
consistent with no signal. We now use these measurements to put constraints on the properties of the EXOCs. The parameters which most impact the predicted
EXOC signal are the normalization of the Oort cloud
mass, AM (Eq. 1), the size of the EXOC, rmax , the power
law index of the Oort object size distribution at the
small end, β1 (Eq. 4), and the minimum Oort object size,
amin . In Fig. 4 we show the expected EXOC signal for
a somewhat extreme EXOC model with AM = 50 M⊕ ,
rmax = 105 AU, and β1 = 3.7; the two solid curves show
the predicted signal at 545 (orange) and 857 GHz (blue).
Note that this model includes the variation in the stellar
temperatures and distances in each bin. As can be seen
in the figure, this model is ruled out by the measured
signals, assuming that every star hosts an Oort cloud
with these properties.

5.1. Upper limits on EXOC parameters
We use the stacked 857 GHz measurements to put limits on the Oort cloud properties in the following manner.
We compute the range of AM allowed by the data as a
function of the assumed minimum grain size, amin . We
define a model for the observations:
~ = I(AM , amin ; di , M i , ν i , θ),
~
m̂(AM , amin ; di , Mgi , ν i , θ)
g
(11)

where I is the intensity model computed as described in
§2, di describes the distance bin, Mgi describes the magnitude bin, ν i describes the frequency (either 545 or 857
GHz), and θ~ represents all other model parameters. We
define a χ2 for this model relative to the measurements

via
χ2 (AM , amin ) =

X
i,j,k

C

−1



~
m − m̂(AM , amin ; di , Mgj , ν k , θ)

T


~ , (12)
m − m̂(AM , amin ; di , Mgj , ν k , θ)

where C is the covariance matrix of the observations in
a bin. For each amin , we compute the maximum value of
AM such that the minimum χ2 is less than 49.8, corresponding to a 2σ upper limit for 35 degrees of freedom.
Repeating this process as a function of amin leads to the
upper limits shown in Fig. 5. Note this procedure ignores potential contributions to the measurements from
sources of emission other than the EXOCs, including debris disks and the Kuiper belt. However, including some
prescription for these sources of emission in our analysis
would only strengthen our limits.
Fig. 5 shows the maximum values of AM allowed (at
2σ confidence) as a function of amin , for several parameter choices. The red star in the figure illustrates
a reasonable estimate for the model parameters of our
own Oort cloud. We do not quite exclude such Oort
cloud models. However, for small amin , our limit on the
EXOC mass normalization is below the expectation for
our own Oort cloud. For high values of β1 , our limits on
the EXOC mass are significantly stronger owing to more
of the mass in the Oort cloud being in smaller objects,
which contribute the most to the thermal emission of
the cloud.
5.2. Variations around fiducial analysis
We have made several analysis choices above that
could in principle affect the stacked measurements
shown in Fig. 4. Here we comment on some of the
other choices we have explored, and their impact on the
results.
Above, we have restricted the analysis to parts of the
sky for which the HI column density is in the lowest 20%
across the sky. This choice ensures that the stars in our
analysis do not live near regions of significant diffuse
dust emission that could add significant variance to our
measurements, but still allows for the inclusion of a significant number of stars. We find that making the mask
more conservative by using only those regions that have
HI column densities in the lowest 10% across the sky
has little impact on the mean of our measurements, but
results in an increase to our error bars, as expected by
the reduction in the number of stars. In the other direction, the error bars on the stacked measurements could
likely be reduced somewhat by using a less conservative
mask, but the gains are not large since the variance in
the Planck maps increases significantly as one moves to
regions with higher HI column density.
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Figure 4. Measurements of 545 GHz (orange) and 847 GHz (blue) signal around Gaia stars in bins of distance (left to right)
and absolute G-band magnitude (top: 2 < MG < 4, bottom: 4 < MG < 6). Error bars correspond to the square root of the
diagonal of the covariance matrix for each bin; the corresponding correlation matrices are shown in Fig 11 (545 GHz) and Fig 12
(857 GHz). The number of stars in each bin ranges from ∼ 1400 for the brightest, closest bin, to ∼ 4 × 104 for the faintest and
farthest bin. Vertical lines indicate the approximate scale of the Planck beam for each bin and for each channel. The orange
(blue) curves show an example EXOC model prediction with AM = 50M⊕ , amin = 1.0 µm and rmax = 105 AU for the Planck
545 (857) GHz bands; see text for more details.

We have also experimented with changing the sizes of
the apertures used when calculating the background flux
and with changing the percentile thresholds used when
determining the mean flux in the aperture. We find that
prior to subtraction of the signal around random points,
making these adjustments results in small constant additive shifts to the measurements that are comparable to
the sizes of the error bars. However, there is no significant impact to the shape of the measured signals. After
performing the random subtraction, this sensitivity to
the aperture choices is reduced, suggesting that there
may be some coupling of the mask to the measurements
of the background.
The present analysis receives significant noise contributions from galactic backgrounds. An alternative
to using the Planck maps themselves to estimate these
backgrounds, one could imagine using a template for the

backgrounds derived in some other way. We have experimented with using the HI column density map described
above in this manner, i.e. using the spatial variation of
this map to form an estimate of the spatial variation
of the galactic backgrounds to our signal. However, we
find that the resolution of that map is not sufficient to
capture some of the small-scale galactic background fluctuations observed in the Planck maps, and consequently
we do not explore this possibility further.
6. MEASUREMENTS AROUND INDIVIDUAL

STARS
The results presented in §5 were found by averaging the 545 and 857 GHz intensity measurements across
many stars. The averaging approach is useful because
it can help to beat down noise sources in the measurements. However, if not every star hosts an Oort cloud,
it could miss potential signals and possibly result in ar-
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6.1. Vega and Fomalhaut
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Figure 5. Limits on the normalization of the Oort cloud
mass, AM , as a function of the minimum grain size, amin , for
different Oort cloud models coming from stacked measurements of the 545 and 857 GHz Planck maps around Gaia
stars. Values of AM above the curves are excluded based on
the stacked measurements shown in Fig. 4, assuming that
every star in each distance and magnitude bin hosts an identical Oort cloud. The parameter rmax controls the maximum
size of the Oort cloud (Eq. 2), while β1 controls the size
distribution of Oort cloud objects in the small scale regime
(Eq. 4). The red star indicates a reasonable estimate for our
own Oort cloud.
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Figure 6. Measured Planck 857 GHz signal around Vega
(blue points) compared to measurements from Herschel (orange points). Green curve shows the result of applying the
Planck beam to the Herschel measurements; the dashed region corresponds to an extrapolation assuming that there is
no flux from Vega beyond that measured by Herschel.

tificially tight limits. In this section, we perform measurements around individual stars.

Two nearby stars known to host debris disks are Vega
and Fomalhaut. Because of these debris disks, the two
stars are strong emitters at submillimeter frequencies.
The debris disk of Vega, which lives at 7.68 pc from
Earth, has been measured extensively with Herschel
(Sibthorpe et al. 2010). Unfortunately, Vega has a low
galactic latitude (19.3◦ ) making it difficult to separate
its emission from diffuse backgrounds. The debris disk of
Fomalhaut has also been extensively measured by Herschel (Acke et al. 2012) and ALMA (MacGregor et al.
2017), among others. Fomalhaut is roughly 7.7 pc distant from Earth (by coincidence almost exactly as far
away as Vega), but lives at much lower galactic latitude
and is therefore in a much quieter part of the sky in the
857 GHz Planck band. We measure the 857 GHz Planck
signal around both stars. These measurements serve two
purposes: first, as a check on our measurement approach
since both stars have extensive flux measurements in the
literature, and second, as targets for detecting extended
emission from Oort clouds. We note that Stern et al.
(1991) also used measurements around individual stars
in IRAS data to place limits on their Oort clouds.
A comparison of our measurements around Vega using
the 857 GHz Planck map (blue points) to the Herschel
350 µm measurements from Sibthorpe et al. (2010) (orange points) is shown in Fig. 6. We use the same measurement procedure as described in §4, except that we
use a smaller range of radial bins since these stars are
so close to Earth. We note that changing the size of the
background apertures used for these measurements can
change the asymptotic value of the intensity at large R,
but does not impact the shape of the measured signal.
Estimating the uncertainty associated with the measurements around Vega is complicated by nearby large
background fluctuations. We take the approach of estimating the uncertainty with a spatial jackknife. The azimuthally averaged measurements are repeated 20 times,
each time with a different patch (we refer to these as
jackknife patches) of the map near Vega removed; we use
constant angle wedges centered on Vega as the jackknife
patches. The covariance matrix is then estimated from
these jackknifed measurements using the standard estimator (e.g. Norberg et al. 2009). While this approach
captures some of the background fluctuations in the
neighborhood of Vega, it misses any large wavelength
modes that may be constant over the region considered.
We compare the measurements around Vega with the
857 GHz band from Planck to those with the 350 µm
band from Herschel; these two bands are very well
matched in terms of frequency. Direct comparison of the
Planck and Herschel measurements is complicated, how-
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ever, by the fact that the beam sizes of the two telescopes
are very different (roughly 2 arcminutes for Planck vs.
10 arcseconds for Herschel). In order to facilitate comparison between the two measurements, we show the result of convolving the Herschel measurements with the
Planck 857 GHz beam (green curve). The solid part of
the curve illustrates the region for which we have Herschel measurements, while the dashed green line is an extension to larger separations assuming that the Herschel
measurements capture all emission from Vega. We find
that the Planck and Herschel measurements are completely consistent after taking the differing beam sizes
into account. However, we find that the signal-to-noise
of the Planck measurements is not sufficient to detect
or rule out extended emission around Vega. We do not
attempt to constrain possible EXOC emission around
Vega because of the complications involved with estimating measurement uncertainty in a region with large
galactic background fluctuations.
We repeat the process described above to measure the
emission signal around Fomalhaut. Unlike Vega, Fomalhaut lives in a relatively clean part of the sky. As a
result, its emission can be seen clearly by eye in the
Planck 857 GHz maps (top panel). The azimuthally averaged measurements around Fomalhaut are shown in
the bottom panel of Fig. 7. Because of the fairly uniform galactic background near Fomalhaut, we estimate
the uncertainties on our Fomalhaut measurement by repeating these measurements on random points in a 5
deg. × 5 deg. patch around the star. The uncertainty
is then taken from the covariance across these random
point measurements. This approach has the advantage
that it captures variations in the galactic backgrounds
across the map (unlike the jackknife approach used to
estimate the uncertainties on our Vega measurements).
However, this approach may result in overestimation of
the uncertainties if Fomalhaut happens to live a relatively clean part of the 5 deg. × 5 deg. patch. We
adopt this somewhat conservative approach, as we will
use the Fomalhaut measurements to place upper limits
on its EXOC properties below.
We compare our measurements around Fomalhaut using Planck data to measurements made with the Herschel 350 µm band by Acke et al. (2012). As with Vega,
we must account for the large beam size of Planck in
this comparison. The green dashed curve in Fig. 7
shows the Planck beam, normalized to match the total intensity of Fomalhaut as measured by Acke et al.
(2012). We find that our measurements with Planck
are in excellent agreement with those using Herschel
data. We also plot a typical Oort cloud model (red solid
curve) with AM = 10M⊕ , amin = 10 µm, β1 = 3.7, and
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Figure 7. Top panel: map of Planck 857 GHz signal centered on Fomalhaut. Error bars shown take into account
variations due to large scale fluctuations in the galactic backgrounds, as described in §6.1. Bottom panel: azimuthally
averaged 857 GHz measurements as a function of distance
from Fomalhaut (blue points). The green dashed curve
illustrates the Planck beam normalized such that the total intensity matches measurements from Herschel, while
the red solid curve illustrates a fairly typical Oort cloud
model, with AM = 10M⊕ , amin = 10 µm, β1 = 3.7, and
rmax = 5 × 104 AU. Typical exo-Oort cloud emission from
Fomalhaut would extend well beyond the beam of Planck.

rmax = 5×104 AU. The Fomalhaut system is sufficiently
close and bright that its expected EXOC emission extends well beyond the Planck beam. As with Vega, we
do not find evidence for extended emission around Fomalhaut given the large errorbars. We now proceed to
use these measurements to place limits on a potential
EXOC around Fomalhaut.
Following the same approach as described in §5, we
use the Fomalhaut measurements to constrain AM as a
function of amin . These results are shown in Fig. 8. The
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Figure 9. Measured signal around 43 ’hot’ stars with distances between 40 pc < d < 80 pc and effective temperature
T > 8000 K. Points with error bars show average across all of
the hot stars, while gray curves show measurements around
individual stars at 545 GHz.

limits placed on the properties of a Fomalhaut EXOC
are comparable to those found in the stacking analysis
of §5. Note that Stern et al. (1991) obtained a limit
on the optical depth of an EXOC around Fomalhaut of
τ < 1.5 × 10−5 at 100 µm.
6.2. The EXOCs of nearby hot stars
In §5 we restricted the stacked analysis to stars with
absolute MG > 2. We now perform measurements
around a sample of nearby bright stars, investigating
them both individually and using a stacking approach.
For MG . 2, the correlation between MG and the
total bolometric luminosity is not very strong. Conse-

quently, rather than making a selection based on MG ,
we select instead on Gaia-estimated temperature, which
we expect to be strongly correlated with luminosity. The
Gaia temperature estimates, which are based on threeband photometry, have an internal uncertainty of up to
325 K (Andrae et al. 2018). We select all stars with
T > 8000 K and with distances 40 < d < 80 pc. The
minimum distance cut ensures that large scale structure
in the galactic emission does not bias our measurements,
but removes only a small number of stars. We adopt a
maximum distance of 80 pc for this analysis so that the
expected signal per star is high and the Oort clouds are
well resolved by the Planck beam.
The measurements around this subset of 43 stars are
shown in Fig. 9, with the gray lines indicating the individual measurements in the 545 GHz channel and the
points with error bars indicating the averages of the
measurements at both 545 and 857 GHz. The averaged
signal shows an excess, with signal-to-noise of 3.2 for
the 545 GHz data and 2.4 for the 857 GHz data. Note,
however, that there is significant variation from star to
star, as illustrated by the gray curves in Fig. 9.
Since there may be physical effects driving considerable variation in EXOC and debris disk emission from
star to star, we also explore the measurements around
individual stars with 40 pc < d < 80 pc. The measurements around four stars showing large excesses are presented in Fig. 10. The top panels show the sky signal
in 1200 × 1200 patches around each of these stars, while
the bottom panels show the azimuthally averaged signal. The white circles in the top panels indicate the
annuli used to measure the background for each star;
they vary in size because the stars are at different distances. To determine the error bars for the azimuthal
measurements around individual stars, we perform the
same measurements around random points and compute
the variance across these measurements. The error bars
therefore reflect variation in the maps due to fluctuating
backgrounds.
The measurements around the largest excesses appear
to have signals with shapes roughly consistent with expectations for EXOC-like emission. Assessing the statistical significance of these measurements is complicated
by at least three factors: (a) we have selected stars that
show large excesses, (b) we do not necessarily expect
a signal around every star, and (c) the distribution of
the background flux is non-Gaussian. Indeed, measurements around random points occasionally show signals
similar to those in Fig. 10.
To asses the significance of these measurements, we
first define what we would consider a potentially interesting signal. As illustrated in Fig. 1, we expect the

13

I545 [MJy/sr]
0.3

0.4

0.5

0.6

0.7

0

0

0

0

20

20

20

20

40

40

40

40

60

60

60

60

0

50

0

50

0

50

0.8

0

50

0.25

I(R) [MJy/sr]

0.20
0.15
0.10
0.05
0.00
−0.05

0

25000

50000 75000 100000
R [AU]

0

25000

50000 75000 100000
R [AU]

0

25000

50000 75000 100000
R [AU]

0

25000

50000 75000 100000
R [AU]

Figure 10. Measured 545 and 857 GHz signal around individual Gaia stars with T > 8000 K that show excess signals in the
545 GHz maps. The upper panels show the 545 GHz maps at the locations of the stars; bottom panels show azimuthally averaged
signal for both 545 (orange) and 857 (blue) GHz maps, with error bars derived from the variance across many independent
patches within the mask. We have selected the stars showing the largest excess for this plot. The dashed orange curve shows a
potential EXOC contribution at 545 GHz with a minimum radius, as described in the text. Parameters of the model have been
chosen to roughly match some of the observed excesses. The blue curves in the lower panels show the contribution from a point
source for illustration. The measured signals clearly extend beyond the point source curves, as do the EXOC models.

signal from an EXOC to be a steeply declining function of radial distance. We therefore define interesting
signals with the following two criteria:
• The signal is positive in the smallest three radial
bins. This ensures that the emission is extended.
• The signal in the first radial bin is larger than
that in all other radial bins. This ensures that
the signal is decreasing as a function of distance
from the star, which is a robust prediction of our
models.
These criteria are quite general, and should encapsulate
most reasonable Oort cloud signals. Of course, noise
fluctuations may cause a true Oort cloud signal to not
meet these selection criteria. We will explore variations
in these criteria below.
We find that 12% of measurements around random
points (after applying the same masking cuts as for the
real stars) meet these criteria. We therefore conclude
that given these selection criteria, our false positive rate
for this selection is 12%. Using the actual stars locations, though, we find that 12 out of the 43 stars in the
bright sample, or 28%, meet the selection criteria.

We can determine whether 12 out of 43 stars meeting
the selection criteria is significant in the following way.
Since there is a 12% chance of meeting the selection
criteria by chance, the probability that 12 out of 43 stars
happen to meet the selection criteria by chance is given
by the binomial distribution:
P (12) = B(k = 12, n = 43, p = 0.12)
 
n k
=
p (1 − p)n−k .
k

(13)

The chances of 12 or more stars meeting the selection
criteria by chance is then
p=1 −

i=11
X
i=0

= 0.005.

B(k = i, n = 43, p = 0.12)

(14)
(15)

We therefore conclude that the fact that 12 stars out of
43 meet our criteria for potential signals is statistically
significant. However, we caution that the false positive
rate is very high. Of the measurement in the sample, we
expect pn = 0.12 × 43 = 5.2 of them to occur by random
chance alone.
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The excesses shown in Fig. 10 are significantly more
extended than point source emission. We illustrate a
point source signal convolved with the Planck beam with
the blue curve. Also shown in Fig. 10 is an example
of an EXOC cloud model that can roughly fit some of
the measurements. As seen in the figure, the Oort cloud
model yields emission that is more extended than a point
source (the point source amplitude is scaled to match
that of the EXOC model). Fitting the measurements
requires a somewhat extreme choice of model parameters: AM = 300M⊕ , amin = 1.0 µm, β1 = 3.8, γ = 3.2,
rmin = 104 AU and rmax = 5 × 105 AU. This model
is both more extended and more luminous than would
be naively expected based on constraints from our own
Oort cloud. However, we emphasize that the properties of EXOCs are largely unknown, and it is possible
that bright stars have larger Oort clouds than a simple extrapolation based on stellar mass compared to our
own. We discuss below other possible sources of thermal
emission at large distances from host stars.
6.3. Properties of the hot star sample
As shown by the locations of the 43 stars in our hot,
nearby star sample in the HR diagram in Figure 2,
we find that most of these objects are A dwarf stars
(35 of 43), with the rest being slightly evolved A stars
or main sequence B stars. As expected based on the
overall statistics of the A star population, a significant
fraction of these stars are known binaries (24 of 43).
Similarly, again consistent with the overall properties of
the A star population, several of the stars in our sample are reported to have chemical peculiarities in their
spectra (8 of 43). We find no significant differences between the average properties of the stars in our sample
with and without excess 857 GHz and 545 GHz emission. We considered the ages of these stars based on the
work of David & Hillenbrand (2015), who used narrowband photometry compared to isochrones to estimate
ages of early type stars. We find that the 38 of the
stars in the sample have age estimates and that those
ages span a range of 65 to 725 Myr. The average age
of the of the 12 objects with potential excess emission
is 247±52 Myr, while the average age of the remaining
stars is 350±40 Myr, indicating that the potential excess stars are possibly younger. We note that we find no
very young objects (≈10 Myr) where emission phenomena specific to Young Stellar Objects may be expected.
A significant fraction of A stars are known to have
debris disks, and the rate of occurrence of these disks
is observed to decline steeply at ages greater than 300
to 400 Myr (Habing et al. 1999). Some of the stars in
our hot, nearby star sample are known to have debris

disks, including 49 Cet (Roberge et al. 2013). We cross
matched the stars in our sample with known, resolved
debris disks2 and found that two stars in our sample
have well-studied debris disks - 49 Cet, for which we find
a 857 GHz excess, and HD 21997 (Kóspál et al. 2013), for
which we do not. We also compare our sample to known
IR excess stars from McDonald et al. (2017) and find
only one overlap. However, we note that catalogs of IR
excess stars are based in part on IRAS measurements at
60 and 100 µm, which probe significantly hotter thermal
emission than the Planck data. In addition, many IR
excess stars will be evolved or very young stars, which
have intentionally been excluded from our analyses.
In some cases, A stars are known to have substantial magnetic fields, particularly the chemically peculiar
Ap stars (see Mathys 2017 and references therein). It
is possible that electrons in the stellar winds of these
stars could produce radio emission that has a large physical extent through gyrosynchrotron radiation (Güdel
2002). Comparison of 857 GHz to 545 GHz signals in
our data argues against this source of radiation since for
synchrotron radiation the emission at lower frequencies
should be stronger. Similarly, we find that there are
no NVSS (Condon et al. 1998) 1.4 GHz radio sources
within 30” of any member of our hot, nearby star sample. While we cannot definitively exclude the possibility
of an emission source that is physically associated with
the star, but not gravitationally bound to it, this explanation appears unlikely given the available data. If
a significant population of high energy electrons are involved in the emission process, we might expect a corresponding X-ray signature due to inverse Compton scattering in the radiation field of the star. We searched
the ROSAT point source catalog of Boller et al. (2016)
and found that 11 of 43 stars in our hot, nearby star
sample have X-ray point sources within 30”. Of these,
four are found to have 857 GHz excesses in our analysis. Given the number of sources in the ROSAT catalog
(≈ 1.35 × 106 ), the probability of X-ray sources falling
within 30” of any one of the stars in our sample is less
than 1%. We note that the ROSAT sources are very
non-uniformly distributed in galactic longitude, so this
is an overestimate of the probability of ROSAT sources
falling within 30” of our stars. Previous studies of Xrays from A stars have reported a similar fraction of
objects with detectable emission (Simon et al. 1995),
which they attribute to chromospheric emission in the
case of isolated A stars.
2

https://www.circumstellardisks.org
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Finally, we note that two of the stars in the hot,
nearby star sample (one with 857 GHz excess, one without) are known α2CVn variable stars. These stars are
thought to have strong magnetic fields, rapid rotation,
and surface features that evolve in time, causing lowlevel photometric variability.
6.4. Variations around fiducial analysis choices
One could imagine changing the criteria introduced
above for selecting possible excess signals. Changing the
criteria will necessarily change the false positive rate of
the selection. We find, though, that the p-values continue to be small for reasonable variations around our
fiducial choices. For instance, if we require the signal
to be positive in the first two bins rather than the first
three, the p-value changes to 0.007; increasing the requirement to the first four bins reduces the p-value to
8 × 10−4 . This change in p-values suggests that the random fluctuations have a typically narrower profile than
the on-star fluctuations. Alternatively, if we require that
the signal in the first bin be larger than the third through
sixth bin (rather than all other bins), then the p value
changes to 0.003. Finally, using the same signal requirement, but switching to the 857 GHz data results in a
p-value of 0.007. In all cases, the on-star measurements
show significantly more EXOC-like signals than the random point measurements.
We also tested an alternative method where we select
stars with lower background contamination, motivated
by the analysis of Stern et al. (1991). Apertures around
each star were split into halves along lines of constant
longitude and latitude. If the mean signal in two halves
was determined to be significantly different, that star
would be excluded from the analysis. The intention of
this selection was to remove stars that live on large-scale
galactic cirrus fluctuations. However, we found that this
approach could potentially introduce significant selection biases into the measurements, and so we do not
present those results here.
Finally, we have also tried changing the temperature selection in this analysis. We find that as our
temperature threshold is reduced from 8000 K to below
∼ 7000 K, the statistical significance of the stacked signal shown in Fig. 9 declines. Note that the number of
stars increases rapidly with lower temperature threshold, and these low temperature stars will therefore dominate the average. It appears that the apparent excess is
being driven by the stars with the highest temperatures.
7. DISCUSSION

7.1. Summary and caveats

The analysis presented here demonstrates that detection of extra solar Oort clouds (EXOCs) using data from
CMB surveys is promising. In this exploratory analysis
we have placed limits on the properties of EXOCs, in
particular on the mass contained in them and the minimum grain size (Figs. 5 and 8).
We have also identified a potentially interesting excess
emission signal around nearby hot stars, shown in Fig. 9
and 10. We found statistically significant signal in the
Planck 857 GHz and 545 GHz channels at distances of
104 to 105 AU from 43 nearby hot stars, mostly A stars.
We also compare our measurements with known debris
disk systems in the case of the stars Vega and Fomalhaut we find a significant excess that is in agreement
with measurements from Herschel. With conservative
estimates of the uncertainty due to background fluctuations, we do not see a significant excess at large distances
beyond the debris disk signal convolved with the Planck
beam. We use the measurements around Fomalhaut to
constrain a possible exo-Oort cloud of that system.
EXOC emission is not the only explanation for the
apparent excess emission around our hot star sample.
We describe our procedure for masking and subtracting
potential contributions from galactic dust, which is our
primary source of systematic uncertainty. If the signal
is indeed real, it could result from at least two other
sources: a “halo” of particles ejected from the debris
disks by radiation pressure or stellar winds, or nebular emission seen in young stars. The ages of the ‘hot’
stars in our sample are typically larger than 100 Myr, so
the latter explanation appears unlikely. Distinguishing
a genuine exo-Oort cloud from a particle “halo” appears
challenging, as the emission in both cases is dominated
by small grains. We have not pursued these possibilities
in any detail.
The connection of thermal emission well beyond the
scale of debris disks to the planetary system of host stars
is a topic of great interest. The generation of extended
scattered disks and Oort clouds like our own require the
dynamical presence of Neptune-Jupiter sized planets for
Sun-like stars. The scale of the Oort cloud is also influenced by the early environment of the star, such as
the possible presence of a star cluster. Hence empirical
knowledge of the statistics of EXOCs and their correlation with the planets and debris disks of host stars
can yield insights on the early stages of the formation of
stars and planetary systems.
7.2. Strategies for future measurements
We now turn our attention to prospect for future
analyses. In the current analysis, we have focused on
two measurement strategies: stacked measurements on
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many stars, and measurements around individual bright
stars. The data requirements and aims of future analyses will depend on which measurement strategy is
adopted. The advantage of a stacked analysis is that
one can effectively beat down noise sources by averaging. However, it is not clear whether all stars host Oort
clouds, so this averaging may also reduce the measured
signal. Observations of individual stars do not suffer
from this drawback, but must reach significantly higher
sensitivities per star to reach the threshold for detection.
Both approaches seem worth pursuing in future analyses. For a stacking analysis, wide field survey data is
ideal since it will enable averaging over many stars. For
measurements around individual stars, targeted observations would likely offer higher signal to noise.
In both cases, one must determine a distance threshold
to use for identifying stellar candidates. For distances
d . 300 pc, the number of stars available for the analysis
goes as the distance cubed. At distances of d & 300 pc,
however, one reaches the limits of the disk of the Milky
Way, and the number of stars will increase more slowly
with distance. Additionally, separating EXOC emission
from possible debris disk emission could be very difficult
for distant stars. If the EXOC is resolved (which may
be realistic up to around 1 kpc), its surface brightness
will be independent of distance. Even so, the number of
beams one can average, which is desirable, is greater for
nearby EXOCs.
Given expected temperature estimates in the range
of 10 to 50 K for parts of EXOCs, wavelengths from
about 60 to 300 µm or frequencies from about 600 to
5000 GHz would be well matched to detection of EXOC
emission. For sun-like stars, the lower wavelength and
upper frequencies ends of these ranges would be optimal.
While pushing to lower frequencies may not be optimal
in terms of the amplitude of the signal, the background
from galactic cirrus will also be reduced. As seen in
several of the figures above, the error bars for the 545
GHz measurements are typically smaller than those of
the 857 GHz measurements for precisely this reason.
While the expected temperature ranges of EXOCs are
well constrained, the signal amplitude is largely uncertain. For reasonable choices of model parameters, the
intensity of the EXOC thermal emission ranges from
about 10−2 MJy/sr in the inner parts of the clouds to
10−6 MJy/sr in the outer parts (see e.g. Fig. 1). Sensitivities better than 10−5 MJy/sr would be ideal for detecting extended EXOC emission, but there are regions
of parameter space where detection could be achieved
with considerably less sensitive measurements.
In addition to high sensitivity, perhaps the most desirable feature for future observations would be high an-

gular resolution. For reasonable model parameters, the
EXOC signal drops rapidly with distance from the star.
Consequently, for a large beam, it is difficult to distinguish EXOC emission from point-like emission, which
could for example be sourced by a debris disk. Furthermore, the background fluctuations from galactic dust
have less power on very small scales, so a small-scale
EXOC signal could be more easily separated from backgrounds. Pushing the beam to below R = 103 AU, either
by using nearby stars or a higher angular resolution instrument, would be ideal.
7.3. Prospects for EXOC measurements using CMB
and far-infrared datasets
In this analysis, we have used 545 and 857 GHz data
from Planck to attempt to measure EXOC emission.
This dataset is well matched in terms of frequency and
has the advantage of large sky coverage. However, the
measurements with Planck suffer from the effects of a
large beam relative to the scales of an EXOC. There are
several current and future datasets that may be well
matched to detecting Oort cloud emission, which we
summarize below.
Given their large sky coverage and high sensitivity
to microwave frequencies, CMB survey data is well
matched to stacked searches for Oort cloud emission.
Among ongoing CMB experiments, the South Pole Telescope (SPT; Carlstrom et al. 2011) and the Atacama
Cosmology Telescope (ACT; Swetz et al. 2011) offer
higher resolution and deeper maps over thousands of
square degrees.
Future CMB observations from Advanced ACTPol
(Henderson et al. 2016), SPT-3G (Benson et al. 2014),
the Simons Observatory and CMB-S4 (Abazajian et al.
2016) will provide significantly deeper maps of the microwave sky than considered here, and at higher resolution (roughly 1 arcminute beams at 150 GHz, compared
to the 2 arcminute beam at 857 GHz for Planck data),
and over wide regions of the sky.
With current Planck data we have reached sensitivities of roughly 10−3 MJy/sr in stacked measurements.
Future data from stage-III and stage-IV CMB experiments is expected to be roughly 10 and 100 times more
sensitive than current Planck data, respectively (Abazajian et al. 2016). However, a significant limitation of the
current analysis is our ability to model galactic backgrounds. With higher resolution data, background modeling could be significantly improved, and presumably
more stars could be included in the analysis. Assuming
a factor of 10 increase in the number of stars and factors
of 10 or 100 improvements in the sensitivity, it should
be possible to reach sensitivities of roughly 3 × 10−6 to
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10−5 MJy/sr in stacked measurements. At these sensitivities, reasonable Oort cloud models could be detected
out to their edges, at R ∼ 5 × 104 AU. Additionally, this
level of sensitivity should be sufficient to detect emission
from individual EXOCs around nearby stars for reasonable models.
Wide-field CMB or infrared surveys are well matched
for stacked searches for EXOC emission. Targeted observations at similar frequencies, on the other hand,
could be used to detect emission from individual EXOCs. There are several current instruments that could
potentially be used to this end, including CARMA,
MUSTANG-2 (Dicker et al. 2014), ALMA (Wootten &
Thompson 2009), and BLASTPol (Dober et al. 2014).
While the peak emission of a 10K Oort cloud is well
matched to the 545 and 857 GHz maps considered here,
the inner, hotter parts of EXOCs could have peak emission closer to the infrared bands. As noted previously,
searches for EXOCs have already been attempted using

IRAS (Stern et al. 1991). Other infrared instruments
such as Herschel could be potentially well matched to
EXOC detection. Debris disks around stars have already
been detected by Herschel; searching for Oort cloud
emission would simply involve extending these searches
to larger distances from the parent stars.
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Figure 11. Correlation matrices corresponding to the 545 GHz measurements plotted in Fig. 4.
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Figure 12. Correlation matrices corresponding to the 857 GHz measurements plotted in Fig. 4.

APPENDIX
A. COVARIANCE MATRICES OF STACKED 545 AND 857 GHZ MEASUREMENTS AROUND GAIA STARS

p
Figs. 11 and 12 show the correlation matrices (i.e. Cij / Cii Cjj , where Cij is an element of the covariance matrix)
for the 545 and 857 GHz measurements plotted in Fig. 4, respectively. The ordering of the panels is the same as in
Fig. 4: moving top to bottom corresponds to stacking around fainter stars, while moving left to right corresponds to
stacking around more distant stars. More distant stars (right panels) correspond to smaller angular scales on the sky,
and therefore result in more covariant measurements due to the effects of the Planck beam.

