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ABSTRACT

A set of twenty late-type (K5-M5) stars were observed with the Herschel Space Observatory at

100 and 160 microns with the goal of searching for far-infrared excesses indicative of the presence of
circumstellar disks. Out of this sample, four stars (TYC 7443-1102-1, TYC 9340-437-1, GJ 784 and

GJ 707) have infrared excesses above their stellar photospheres at either 100 or 160 µm or both. At
100 microns TYC 9340-437-1 is spatially resolved with a shape that suggests it is surrounded by a

face-on disk. The 100 µm excess flux associated with GJ 707 is marginal at around 3σ. The excess flux

associated with GJ 784 is most likely due to a background galaxy as the dust radius estimated from

the spectral energy fit implies that any associated dust disk should have been resolved in the Herschel

images but is not. TYC 7443-1102-1 has been observed with ALMA which resolves the emission at
its location into two distinct sources making the Herschel excess most likely also due to a background

galaxy. It is worth noting that this star is in the 23 Myr old β Pic association. With a disk luminosity
on the order of 10−3 L∗, this system is an ideal follow-up target for high-contrast imaging and ALMA.

Keywords: Herschel — circumstellar disks — young stars — late-type stars

1. INTRODUCTION

Low-mass stars such as late-K and all M-dwarfs are the most populous stars in our local universe, and yet we are
just now determining how often they form planetary systems (Dressing & Charbonneau 2015; Dressing et al. 2019).

These stars play a critical role in understanding planet formation and evolution as the two competing planet formation

paradigms, core accretion (Pollack et al. 1996) and gravitational instability (Boss 1997), predict very different planet

frequencies for the smallest stars. Theoretical investigations regarding the formation of planets around M dwarfs

make it clear that the predicted number of Jupiter and terrestrial mass planets and the timescale for planet formation

significantly depend on the formation scenario and initial conditions (Pascucci et al. 2011). Core accretion models
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predict relatively few giant planets (1%; Kennedy & Kenyon 2008), while gravitational instability models (e.g. Boss
2006) predict giant-planet frequencies similar to those of Solar-type stars, perhaps 10% or more. Another planet

formation scenario, which involves pebble accretion, has been successfully used to recreate the compact planetary

system around the late-M, Trappist-1 star with an outer disk radius of 200 AU (Ormel et al. 2017; Schoonenberg et

al. 2019). All of these planet formation mechanisms rely on the protostellar disk environment as an initial condition
to planet formation. Identifying and characterizing protoplanetary disks across a wide range of ages and stellar

environment is key to connecting these planetary formation theories to the types of planetary systems we see today
(Roberge et al. 2012; Ertel et al. 2020).

Both transit and radial velocity surveys have estimated giant planet occurrence rates which are less that what is

found for FGK stars with a 2-3 times smaller occurrence rate, for instance, for 0.3-3MJ planets with period less than

100 days (Bonfils et al. 2013; Cumming et al. 2008). The occurrence rate is different for smaller planets (1-4 R⊕)

with Dressing & Charbonneau (2015) finding more than one planet (2.5±0.2) expected to be present around low-mass

stars in orbits less than 50 days. Given the difference in the outcome of planetary architectures from formation models
as well as an observed difference in planet populations between giant and rocky planets, knowing as much as possible

about the properties of disks around low-mass stars over an ample age range provides insight into the dominant initial

conditions for planet formation. From an observational standpoint, it is advantageous to characterize the amount of

dust around these stars to determine to what degree exo-zodical emission will inhibit the direct detection of planets

near the star.
Relative to earlier-type stars, the frequency and properties of M-dwarf debris disks are observationally poorly con-

strained. We do know that more than half of low-mass T Tauri stars as young as 1 Myr possess primordial disks
(Meyer et al. 1997; Haisch et al. 2001), and primordial disks are known to persist for longer around M dwarfs than

earlier-type stars (Carpenter et al. 2006). Debris disks around mature M dwarfs, however, are rare with more disks

found so far around G- and A-type stars (Su et al., 2006; Meyer et al. 2006; Thureau et al. 2014; Sibthorpe et al.

2018). The sample of M dwarfs older than 10 Myr with clear disk detections long-ward of λ ∼70 µm is growing (i.e.

Plavchan et al. 2005; Gautier et al. 2007; Lestrade et al. 2006; Smith et al. 2006; Zuckerman et al. 2011; Kalas et al.
2005; Rodriguez et al. 2014; Silverberg et al. 2016; Binks & Jefferies 2017; Kennedy et al. 2018; Bayo et al. 2019).

Selection effects, such as luminosity contrast and lower effective dust temperatures relative to earlier-type stars, have
not completely explained the potential lack of >10 Myr M dwarfs with observable circumstellar material (Liu et al.

2004; Plavchan et al. 2005); however, sensitivity could play a role to some degree (Luppe et al. 2019). Currently, we

do know that circumstellar disks around young stars evolve and dissipate, but the physical mechanisms responsible

and the timescale for disk dispersion are not yet observationally constrained. On the other hand, stellar age could

be playing a role as, on average, most field late-type stars are older thus allowing for additional collisional evolution
within the disk which would lead to a lower luminosity for the same initial disk mass (i.e. Marino et al. 2019). Here,

we present the results of a small Herschel imaging survey of young or nearby M dwarfs. In §2 we discuss the selection
of our stellar sample, in §3 we discuss the Herschel observations and data analysis, and in §4 we review the results of

the survey.

2. SAMPLE

Our late-type dwarf sample consists of 20 stars falling into two categories: 1) late-type dwarfs with known mid-

infrared excesses and 2) late-type dwarfs that show indications of being young (< 300 Myr) and are nearby (< 40

pc) and, therefore, have a good probability of having circumstellar disks which are detectable with Herschel. Table 1

contains the list of stars in this program. Because our project was submitted to the last GO Call for the Herschel

satellite, we chose a sample of specific science targets compared to a flux-limited or volume-limited survey. The stars
in our sample have a distance range of 4-50 pc, a range in Ks magnitudes of 5 to 8.5 and encompass stellar spectral

types of K5 to M5V. The young stars in the sample have been characterized as such due to their rapid rotation rates
and large X-ray fluxes (Plavchan et al. 2009).

3. OBSERVATIONS AND ANALYSIS

For this survey, we used the Herschel Photoconductor Array Camera and Spectrometer (PACS) photometer (Pilbratt
et al. 2010; Poglitsch et al. 2010) in small scan-map mode to image debris disk candidate sources using the 100 and

160 µm band configuration. We selected the 100/160 micron configuration of PACS to maximize the signal to noise

of our observations and hence the positional accuracy (using the 0.6×FWHM/SNR estimator). We are also taking
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advantage of the stability in the shape and full width half max (FWHM) of the point spread function (PSF) at these
longer wavelengths compared to 70 µm (2-4% at 100 µm versus 10% at 70 µm, Kennedy et al. 2012). The dominant

error in the astrometry is the pointing accuracy of the telescope. Because the cold dust we expected to detect with

Herschel should have spectral energy distributions that peak between 100 and 200 µm the signal to noise improvement

gained by observing at 100 µm outweighs the marginal (∼40%) reduction in FWHM gained by working at 70 µm.
Each observation consists of two scans performed in different directions to provide a cross-scan. The medium scan

rate is used (20 ′′/sec), with a scan leg length of 3 arcminutes, a cross-scan step of 4′′, and 10 scan legs per map
repeat. The resulting pixel scale of the mosaicked images is 1′′/pixel for the 100 µm images and 2′′/pixel for the 160

µm images. These parameters are taken from the PACS mini scan-map mode release note (PICC-ME-TN-036, v2.0,

12th Nov. 2010). Each map was repeated 6 times to reach the desired noise level of 2.75 and 5.24 mJy at 100 and 160

µm, respectively. The depth of these observations is comfortably above the confusion noise in these bands.

3.1. Photometry

The Herschel photometry is extracted using apertures of 5′′ and 10′′ in radius for 100 and 160 µm, respectively, and

a sky annulus from 20 to 40′′ in radius. These radii are the similar to those used by larger Herschel programs for

unresolved sources including the DUst around NEarby Stars (DUNES) survey which used radii of 5 and 8′′ at these

two wavelengths (Eiroa et al. 2013).The photometric uncertainty is calculated by directly sampling the variation of the
background flux away from the target star. Using the same aperture size and aperture correction as for the target star

photometry, the background brightness is measured throughout the surrounding sky annulus. In order to account for

the correlated noise between neighboring pixels, the uncertainty in the photometry values is estimated by convolving

the sky annulus with the photometric aperture size and then estimating its RMS. The signal to noise ratio of the

detected flux (χ) is then used to determine whether that flux is significantly greater than the stellar photosphere. The

significance of an infrared excess is quantified via χ = (Fobs − F∗)/
√

σ2

obs
+ σ2

∗ where F and σ are the flux and errors

of the stellar photosphere and observed flux in that band pass. Table 2 provides the aperture photometry estimated
from our Herschel images, χ values and excess flux above the photosphere, Fobs/F∗, in each pass band. In Table 2 we

also provide estimates of the ratio of the dust luminosity to the stellar luminosity, Ld/L∗, for those stars with both
confirmed infrared excesses and non-detections using the formulation given in Beichman et al. (2006). For the stars

with non-detections, the Ld/L∗ values are upper limits.

3.2. Spectral Energy Distribution (SED) Fitting

The optical and near-infrared photometry for each star is extracted from multiple sources in the literature including

TYCHO (Høg et al. 2000), DENIS (Epchtein et al. 2007) and 2MASS (Cutri et al. 2003). The optical stellar fluxes
are fitted using a grid of K and M dwarf PHOENIX NextGen spectra (Allard & Hauschildt 1995) which depend on

stellar temperature while assuming Solar metallicity. The SED used to model the Herschel photometry is a simple

blackbody function given there are at most only two far-infrared data points for our excess stars. The best fit to the

complete SED is achieved with the amoeba minimization algorithm by minimizing the χ2 value comparing the fit of

the model to the observed fluxes. The complete SED of the star and the dust is those components added together
and fit to the optical and infrared fluxes. To provide a more physical fit to the data, we utilized the assumption of

radiative equilibrium for the dust grains which relates the luminosity of the star (via its temperature and radius) to
the temperature and distance of the dust grains. Therefore, the free parameters in our fit are the stellar radius and

temperature and dust distance and temperature. The first guesses for the stellar radius and temperature are taken

from the Gaia catalog (Gaia Collaboration et al. 2018). The range in which these values are allowed to vary during

the fit come from the range of values given in this catalog. The values of the free parameters which produce the best
fits to the photometry are provided in Table 3.

A systematic calibration uncertainty (2.75% and 4.15% for PACS100 and PACS160, respectivelyis also included

in the SED fitting (PICC-ME-TN-037 Herschel release note; Balog et al. 2014). The uncertainties on the fitted

parameters are estimated by varying each parameter until the reduced chi square value changed by one and holding

the remaining free parameters constant at their best fitting values. We also provide a lower limit to the dust mass

derived from Jura et al. (1995, equation 5) using our estimate of Ld/L∗ and assuming spherical grains with a density

of 3.5 g/cm3, and radius of 1.0 µm. In the case of an object which is not detected at either 100 or 160 µm, a dust
luminosity limit is estimated by setting the peak of a blackbody curve to occur at 160 µm, adjusting the dust radius

until the combined stellar and dust SED passes through the 160 µm upper limit and adding up the total flux within

that blackbody curve.
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4. RESULTS

Out of the 20 stars that were observed with Herschel, four (TYC 7443-1102-1, TYC 9340-437-1, GJ 784 and GJ

707) have infrared excesses near or above 3σ (see Table 2). TYC 7443-1102-1, TYC 9340-437-1, and GJ 784 have a

significant flux detections at both 100 and 160 µm while GJ 707 is only detected at 100 µm. Below we discuss each
detection in detail as well as the significance of the non-detection of the nearby young star, AP Col.

4.1. TYC 9340-437-1

TYC 9340-437-1 is a β Pic Moving Group member at an age of 23±3 Myr (Gaia Collaboration et al. 2018; Mamajek

& Bell 2014; Torres et al. 2006) and a distance of 36.66±0.03 pc (Gaia Collaboration et al. 2018). With fluxes of
88.9±1.7 and 98.6±6.5 mJy at 100 and 160 µm, respectively, this star has significant flux excesses of 51 and 15σ,

respectively, at 100 and 160 µm. In addition, the disk is spatially resolved at 100 µm (see Figure 2). The FWHM of

the dust emission is 23±1′′ compared to the Herschel PSF FWHM of 6.77′′ at this wavelength (Poglitsch et al 2010;

PACS Observers Manual). An image of the subtraction of the Herschel PSF from the image of TYC 9340-437-1 is also

shown in Figure 2. The remaining flux appears to be symmetric at this spatial resolution.
The convolution of a simple ring model with the PSF model is subtracted from the observed Herschel image and is

also shown in Figure 2. The ring model is offset by 1.4′′ to match the difference in the nominal and observed target
positions (see Table 2). The dust disk is assumed to be radially concentrated into a thin ring with (∆R/R) of 0.1,

a Gaussian radial profile, and an inclination is 7±19 degrees consistent with a face-on disk. Because of its face-on

orientation, the position angle of the disk is not well defined. We use an MCMC procedure (emcee; Foreman-Mackey

2013) to find both the best fit parameters and the range of values that are consistent with the observations. The

successful fit of a ring model produces a radial spatial extent of the dust of 2.6±0.2′′ corresponding to a dust radius
of 96±7.4 AU. The absence of significant residuals from this model subtraction in combination with the non-detection

of any extended emission in HST/NICMOS observations suggests that the orientation of the circumstellar material
is consistent with a face-on disk. When we consider the luminosity of the star (0.19 L⊙) and the measured radius of

the dust disk, this data lies above the power-law fit but within the scatter of data points in Figure 1 of Matrà et al.

(2018) which addresses a potential correlation between these two observables. If we use the best fit line to the Matra

et al (2018) data, we’d expect this disk to have a radius of ∼50 AU. Our single new data point does not significantly

impact the conclusions from this study that this correlation indicates that there are preferred radii for the formation

of planetesimals. The age of this star and the large dust radius could, however, indicate the presence of planetesimal

stirring in the absence of a planetary system (Krivov & Booth 2018).
Our SED fit to the photometry for this system results in a dust temperature and radius of 37±10 K and 24±6 AU,

respectively. If we force the equilibrium dust radius to the 96 AU estimated from the resolved image, then we can fit

all of the photometry again with the same dust temperature but now with a 1/λ emissivity power law for the dust

grains and a grain radius of 1.25 µm. With only two photometry points to characterize the dust, we are hesitant to

fit the data with the more complex dust models used in similar studies (e.g. Morales et al. 2016, Dodson-Robinson

et al. 2016). To estimate the probability that this detection could be due to a background galaxy, we have consulted

Table 2 in Sibthorpe et al. (2013) which provides an integration of the galaxy luminosity function at 100 µm. From
this table we estimate that this source has a probability of ∼1.5×10−5 of being a background source. Because this

star was pre-selected based on the presence of its mid-IR excess, it is more likely than a randomly chosen star to

be contaminated by a far-IR background source. Nevertheless, we conclude, based on the brightness of the observed

far-infrared flux and the fact that the emission is spatially resolved, that the likelihood of such contamination is small.

4.2. TYC 7443-1102-1

TYC 7443-1102-1 is also a β Pic Moving Group member at a distance of 51.24±0.12 pc and an age of 23±3 Myr

(Gaia Collaboration et al. 2018; Mamajek & Bell 2014). The PACS images show a solid detection right at the stellar

position. The fluxes are 10.2±1.4 mJy at 100 µm and 17.2±4.5 mJy at 160 µm. This is ∼23 times the photosphere at

100 µm. Fits to the SED of the star produce a dust temperature and radius of 27±4 K and 37±12 AU, respectively.
This inner dust radius determined from the SED fit is consistent with the point source seen in the Herschel image

which corresponds to an upper limit on the disk radius of < 200 AU as determined at 100 µm.
TYC-7443-1102-1 was observed with ALMA in band 7 (0.87 mm, 345 GHz) on 22 August 2018 under project

2017.1.01583.S (PI: G. Kennedy). The observations used baselines ranging from 15.1 to 483.9 m from 48 antennae

with an average precipitable water vapor of ∼0.76 mm. The total on-source observing duration was 14.62 minutes.
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J2056-4714 and J1924-2914 were used for pointing, bandpass and flux calibration. J1924-2914 was observed between
individual target scans for time-varying atmospheric calibrations. The spectral setup comprised four windows centered

on 347.883, 335.883, 333.987 and 345.987 GHz with a width 2 GHz and 128 channels for all but the last window which

has a width 1.875 GHz and 3840 channels.

The raw data was calibrated with the provided ALMA pipeline script in CASA version 5.1.2-4 (McMullin et al.
2007). All images were generated with the CLEAN algorithm in CASA. Continuum imaging was carried out using

natural weighting and self-calibration was not attempted. This gives a synthesized beam with a position angle of 83.6◦

and semi-major and semi-minor axes of 0.43′′ and 0.48′′ respectively. The corresponding image is shown in Figure

5, with a measured rms of 40 µJy beam−1. At the wavelength of observation the star would have a flux density of

4.5µJy and is not detected. Two distinct sub-mm sources are clearly detected, neither are centered at the Gaia DR2

proper-motion adjusted location of the star. The two sources are 1.4′′ and 0.9′′ distant from the stellar location and
have flux densities of 1.3 mJy and 0.5 mJy respectively. There is also a smaller peak to the west of the stellar location

separated by 0.17′′ and with a flux density of 0.1 mJy.
The ALMA absolute pointing accuracy for this observation is ∼30 mas and the error on the Gaia stellar location

is sub-milliarcsecond. Therefore, these mm-wave sources are most likely not associated with the star and constitute

background galaxies. For a putative debris disk to be detected with PACS but not with ALMA, the spectral slope

of the dust emission would need to have γ . −1, steeper than is seen for well-characterised cases (e.g. Gáspár et al.

2012; Macgregor et al. 2016). Larger surveys (that are less precise) find γ values in the range of −0.5 to −1 (Holland
et al. 2017). Thus a scenario where the PACS detection is of a circumstellar disk that is then not detected by ALMA

is improbable. Therefore the Herschel excess most likely originated from these contaminating sources and not from a
circumstellar disk.

4.3. GJ 707

GJ 707 (HIP 89211, HD166348) is a M0V star at a distance of 13.20±0.01 pc (Gaia Collaboration et al. 2018).

This star has significant excess emission in just the 100 µm band. The observed flux at this wavelength is 12.7±2.7

mJy which gives it a 3.3σ excess above the stellar photosphere. This star is also in the Moro-Martin et al. (2015)
paper with a flux of 11.3±2.8 mJy. While our flux measurements are consistent, the excess detection at 100 µm

is marginal at best. The star is not detected in the publicly available Spectral and Photometric Imaging Receiver

(SPIRE) data from the Disc Emission via a Bias Free Reconnaissance in the Infrared and Sub- millimetr (DEBRIS)

survey. Our blackbody fit to the Herschel photometry produces a dust temperature and radius of 65±6 K and 6.6±2.1

AU, respectively. The hotter temperature and corresponding smaller equilibrium dust radius than those estimated

from the other excess stars in our sample is most likely a result of the fit to the single 100 µm photometry point. The
Herschel image is unresolved at 100 µm allowing us to place an upper limit of <7′′ or ∼92 AU on the diameter of its

purported disk assuming the above stated stellar distance.

4.4. GJ 784

GJ 784 (HIP 99701, HD 191849) is an M0V star at a distance of 6.161±0.002 pc (Gaia Collaboration et al. 2018).

With our data analysis, this star has a >3σ excess emission at both 100 and 160 µm. At 100 µm we estimate a
flux of 24.5±1.4 mJy which corresponds to a 10 σ detection above the stellar photosphere which is 10.6 mJy at this

wavelength. The Herschel DEBRIS survey also included this source in its survey although with a shorter integration
time (1686 seconds vs. 721 seconds). Moro-Martin et al. (2015) report a 100 µm flux of 19.42±2.95 mJy for this

star. At this flux the detection is then at 2.95σ significance above the stellar photosphere. Additionally, the peak of

the emission seen in our Herschel image is offset with respect to the nominal Herschel position by 2-3 ′′ - within the

pointing error for the Herschel telescope (Sánchez-Portal et al. 2014). At the location of this star there are SPIRE data

also from Herschel in which there is significant emission at 250, 350, and 500 µm, respectively. When we fit an SED
to the Herschel data the resulting inner radius and temperature for the dust are 27±2 K and 25±5 AU, respectively

(see Figure 3). The Herschel image is unresolved at 100 µm allowing us to place an upper limit of <7′′ or ∼43 AU on
the diameter of the disk assuming the Gaia distance to the star.

4.5. AP Col

AP Col has been categorized as one of the closest pre-main sequence stars through its lithium equivalent width,

photometric variability, astrometry and rotational velocity (Riedel et al. 2011) which is why we included it in our
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sample. It has an age of ∼40 Myr and is at a distance of 8.4±0.07 pc based on RECONS parallax measurements
(Reidel et al. 2011, 2014). Despite its relative young age, this star showed no significant dust emission at either

100 or 160 µm. The photometry values for this source are 3.7±1.6 and 1.0±5 mJy at 100 and 160 µm, respectively,

corresponding to a 1.39 and 0.2 σ significance at these two wavelengths. We can use the lack of excess emission at

these wavelengths to place an upper limit of Ld/L∗ < 5×10−5 on any dust emission if we use the 100 µm photometry
value and Ld/L∗ < 6×10−6 if we use the 160 µm photometry value.

5. DISCUSSION AND CONCLUSIONS

The dust temperatures for TYC 7443-1102-1 and TYC 9340-437-1 are unusually cold for Solar-type stars but less

so for dust around early-type M dwarfs (see Figure 3, Binks & Jefferies 2017). Despite a small sample size of 20

stars we report significant, resolved excess dust emission associated with the young late-type dwarf, TYC 9340-437-1,

at 100 and 160 µm indicative of the presence of a face-on circumstellar disk. This debris disk has a very cool dust

temperature (∼40 K) making it analogous to cold Kuiper belts. This system joins a small collection of additional
low-mass stars in the β Pic association for which debris disks have been identified via infrared excess (i.e. Binks &

Jefferies 2017). We also report the confirmation of excess emission around two nearby M dwarfs (GJ 784 and GJ
707); however, these detections are either marginally significant or most likely due to background extended emission.

Our survey adds one new detection and three non-detections to the sample of 18 members of the β Pic moving group

observed by Riviere-Marichalar et al. (2014) as part of the GASPS survey (Dent et al. 2013). Their sample includes

five late type stars with one (HIP 11437) exhibiting a significant excess dust emission. Therefore, three out of nine

late-type stars in the Beta Pic moving group have debris disks detected in the far-infrared with Herschel. HIP 11437
is an K6V star with a disk that is not spatially resolved in the Herschel data with an estimated dust radius of 8.3±1.7

AU and an Ld/L∗ of 10−3. This means that while its infrared excess is comparable to TYC 9340-437-1, the disk is not
as large. Our survey also included AP Col which has no measurable infrared excess emission at 70 µm having detected

the stellar photosphere and an upper limit measured at 160 µm.

Late-type stars are still an underrepresented group in large, long wavelength stellar debris disk surveys but are

quickly catching up to Solar-type stellar surveys. The Herschel DEBRIS survey (Moro-Martin et al. 2015; Sibthorpe

et al. 2018) is volume limited for M and K dwarfs out to 8.6 and 15.6 pc, respectively. Their M dwarf survey has

yet to be published and contains 117 nearby late-type stars (Phillips et al. 2010). While studies have shown there

is no significant correlation between the presence of both debris disks and extrasolar planets (Wyatt et al. 2012;
Moro-Martin et al. 2015; Meshkat et al. 2017), this relationship has not been fully explored in terms of stellar mass

and age but is slowly improving in sample size and variety (Wyatt et al. 2012; Marshall et al. 2014; Matthews et

al. 2014). A recent analogous survey of late-type stars with known planets found two new debris disks in a sample

of 21 systems (Kennedy et al. 2018). Our survey did not detect any excesses around our nine field late-type dwarfs,

however, this small sample size and a lack of published limits on the presence of planets in these systems prevents any

meaningful conclusions on a planet-disk correlation.
This study provides an additional direct imaging target in TYC 9340-437-1 for ALMA. This star may also be an

interesting target for HST STIS observations in search of the disk in scattered light if its large fractional luminosity,

Ld/L∗, ≈10−3 is enough to counteract the fact that it appears to be a face-on disk in the Herschel images. Further work

will be necessary to model the disk in scattered light. This disk can be added to the small collection of circumstellar

disks around late-type stars which have been resolved in thermal emission. These include the famous young edge-on
disk AU Mic (Matthews et al. 2015), and the debris disk around the planetary system, GJ 581 (Lestrade et al. 2012).

Both of these disks were also resolved in Herschel PACS images. There is also the ALMA survey by Long et al. (2018),
which resolved disks around a sample of ten late-type stars. By growing the collection of resolved circumstellar disks,

we can compare and contrast the morphological properties and grain properties of the disks as a function of age,

inclination, and host star and now also among the late-type stars.
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Figure 1. Herschel images at 100 microns showing 120×120 ′′ regions around TYC 9340-437-1. The frames show the the raw data (upper

left), the data after subtracting a point-spread function (lower left), a ring model convolved with the instrument PSF (upper right), and

the residuals when subtracting the model from the data (lower right). All images have the same linear-stretch scale and each is oriented

with North up and East to the left. Note the ring-like residuals after PSF subtraction, evidence a face-on extended disk. The color bar on

the right and the contour levels correspond to the pixel values in Jy. The contour levels are in increments of 10% of the peak pixel value.
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Table 3. SED Model Parameters

Star Teff R∗ Td Rd Dust Mass Lower Limit

Kelvin R⊙ Kelvin AU M⊕/10
−6

GJ 707 4261±15 0.66±0.02 65±6 6.6±2.1 >0.31

GJ 784 3918±10 0.53±0.04 27±2 25±5 >2.46

TYC 7443-1102-1 3731±35 0.86±0.06 27±4 37±12 >90

TYC 9340-437-1 3949±45 0.91±0.05 37±10 24±6 >129
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Figure 2. Herschel images at 160 microns showing 80×80 ′′ regions around TYC 9340-437-1. The frames show the the raw data (left), a

point-spread function fit to the data (center), and the data after subtracting the point-spread function (right). All images have the same

linear-stretch scale and each is oriented with North up and East to the left. The color bar on the right and the contour levels correspond

to the pixel values in Jy. The contour levels are in increments of 10% of the peak pixel value.
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Figure 3. Left - Plot of the photometry and best fitting SED for TYC 7443-1102-1. Right - Plot of the photometry and best fitting SED

for TYC 9340-437-1. The purple (solid) line including the shaded region represents the emission from the star, while the blue (dotted) line

represents the best blackbody fit to the Herschel photometry. The black (thick solid) line is the sum of the stellar and dust components.
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Figure 4. Left - Plot of the photometry and best fitting SED for GJ 707. Right - Plot of the photometry and best fitting SED for GJ

784. The purple (solid) line including the shaded region represents the emission from the star, while the blue (dotted) line represents the

best blackbody fit to the Herschel photometry. The black (thick solid) line is the sum of the stellar and dust components.
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Figure 5. Natural-weighted ALMA image of the sub-mm sources in the vicinity of TYC-7443-1102-1. The ellipse in the lower left corner

shows the beam size of 0.43×0.48 ′′. No emission centered on the stellar location, marked with a +, is detected. Two distinct sources well

separated from the stellar location are apparent. North is up and east is to the left in this image.


