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ABSTRACT

We present Atacama Large Millimeter/submillimeter Arrédl MA) 1.3 mm continuum images of the as-
teroid 3 Juno obtained with an angular resolution 642’ (60 km at 1.97 AU). The data were obtained over a
single 4.4 hr interval, which covers 60% of the 7.2 hr rotati@riod, approximately centered on local transit.
A sequence of ten consecutive images reveals continuongebhan the asteroid’s profile and apparent shape,
in good agreement with the sky projection of the three-disimmal model of the Database of Asteroid Models
from Inversion Techniques. We measure a geometric meanedégairaf 25944 km, in good agreement with
past estimates from a variety of techniques and wavelen@the to the viewing angle and inclination of the
rotational pole, the southern hemisphere dominates afieofmhages. The median peak brightness temperature
is 215+13 K, while the median over the whole surface is 3975 K. With the unprecedented resolution of
ALMA, we find that the brightness temperature varies acrbesstirface with higher values correlated to the
subsolar point and afternoon areas, and lower values beyenevening terminator. The dominance of the
subsolar point is accentuated in the final four images, stggea reduction in the thermal inertia of the re-
golith at the corresponding longitudes, which are possiblyelated to the location of the putative large impact
crater. These results demonstrate ALMA's potential to Ikesthermal emission from the surface of main belt
asteroids, and to measure accurately their position, ggmnsbape, rotational period, and soil characteristics.

Subject headings: minor planets, asteroids: general — minor planets, asterandividual (3 Juno) — planets
and satellites: surfaces — techniques: interferometric
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1. INTRODUCTION ing its (sub)millimeter radiometers (Gulkis et al. 201012
Discovered in 1804, Juno was the third main-belt asteroid S€cond, ALMA has exquisite continuum brightness tempera-

identified, following Ceres and Pallas. The first reasonably tUré sensitivity at small angular scales. For example, the 5
accurate measurement of Juno’s diameter was performed wittf"t€nna, full-bandwidth sensitivity in one minute at 3002GH
filar micrometers on the Great Lick Refractor (Barnard 1895) (1 mm) at the highest angular resolution (13 mas) is 10 K.
and the Yerkes 40-inch Refractor (Barnard 1900), yielding Since their physical temperatures are typically 100-200 K,
a value of 193+ 20 km (see also Dollfus 1971). A mod- ALMA can effectively image these bodies down to linear res-

ern measurement of its physical cross section came from 15.0lutions of 10 kr;1 (ata dibslt_ana?] =1 AU)f V‘ch high Sfigln?f'(;l
station stellar occultation data, yielding a mean diameter ~t0-N0ise ratio (S/N), enabling the use of the powerful tdol o

2675 km with a significant ellipticity (Millis et al. 1981).  S€lf-calibration. 'As a significant step toward demonsigafi
Optical speckle interferometry soon produced a size measur IS capability, in this Letter we present the first milliraet
ment consistent with the occultation result (Baier & Weigel Vavelengthimages to resolve the surface of Juno, which were
1983). Like most asteroids, Juno’s light curve is double- OPt@ined during the recent campaign to commission ALMAS
peaked with two maxima and two minima (e.g., Birch & long baseline capabilities (ALMA partnership et al. 2015).
Taylor 1989), indicative of a non-spherical shape. Based on] € availability of the DAMIT model provides an excellent
light curve inversion, Juno has a unique rotational pol¢ tha €St Of ALMAS imaging performance, while the resulting im-

is significantly tilted with respect to the ecliptic (Magnus 29€S provide new details on the surface conditions of Juno.

son 1986; Dotto et al. 1995), and its period of 7.209531 hr 2 OBSERVATIONS

is known to high accuracy (Kaasalainen et al. 2002). This in- . . .

formation, combined with recent, near-infrared adaptige o AN approximately 53-minute length scheduling block (SB)
tics (AO) imaging led to a triaxial ellipsoid model with axis {0 observe the 1.3 mm (233 GHz) continuum emission from
lengths of 297, 233, and 222 km (Drummond & Christou Juno was executed five consecutive times on 2014 Oct 19

2008). A three-dimensional model with 2036 faces and 1020Starting at 09:15 UT (43 min before local sunrise) and end-

vertices based on a combination of the historical optiggitii  I"g &t 13:38 UT. Four spectral windows were used, each with
curves and two occultationBgrech et al. 2011; Kaasalainen 2 GHz bandwidth, 128 channels and dual polarization. Center

- ; frequencies were 224, 226, 240, and 242 GHz. All necessary
etal. 2.002) 'SEO.Sted by the Da}abass of A;stermd MOdeISfromcaIibration observations were performed in each execution
Inversion Techniques (DAMITDurech et al. 2010). the SB. An additional focus measurement and adjustment was

Juno is a member of the S-class of asteroids (Chapman e

; " _ ) : berformed prior to the fifth execution (two hours after sun-
al. 1975), which have a stony composition of iron-bearifig s yise) a5 per normal operations. The SB included an exter-
icates and metallic iron as inferred primarily from thejuth nal ephemeris with 4 min sampling obtained from Jet Propul-
spectral absorption feature (e.g., Gaffey et al. 1993arefd g5 | ap (JPL) Horizor, which reports a 3 uncertainty of
erences therein). The optical Small Main-Belt AsteroidSpe gy mas in right ascension and 26 mas in declination.
tr_(t)_scoplbq Slt”t"ey (Sd'\frf‘SE”)l a55|gnr?_ 'thS“bﬁ.lg‘is Sk ﬁslla ran- - calipration and imaging was performed in CASAersion
sition object toward the K-class, which exhibits a shallowe 455 T | ; librati le ti 68
1 um feature (Bus & Binzel 2002)nfrared Space Observa- € compex gain caibration cycls me was >

. . with Juno being observed for 48 s and the gain calibrator
tory spectra of Juno show an 8-1uf feature that is Consis- - (3757.+0956) for 15 s (5:7away). Data from 27 to 31 an-
tent with the laboratory measurements of the silicate nailser

. g ] t d, ing i jected baseline length f
pyroxine and olivine (Dotto et al. 2000). Evidence for sur- enhas were Lsed, ranging In projeciec baseuns \engt from

face features on Juno have been suggested by the variatioo'02 to 10 M\ (26 m to 13km). The zenith precipitable water

. : . \ NalO00anor varied from 1.4 to 1.6 mm. Bandpass and flux cali-
as a function of rotation angle of its optical colors (Degewi yaiion is based on observations of the quasar J0750+1231
et al. 1979; Schroll et al. 1981) and linear polarizationi{Sh

nokawa et al, 2002; Takahashi et al. 2009). and by a sequencm each SB. This quasar is an ALMA calibration grid source

X : . ; fvan Kempen et al. 2014) for which a linear interpolation in
of optical AG images, which suggested a large impact craterraqency from the measurements nearest in time at 3 mm (7
(Baliunas et al. 2003). Somewhat surprisingly, there are no

. - days) and 0.87 mm (18 days) yields an assumed flux densit
published images of Juno from tiubble Space Telescope ¢ %.25&0.04 Jy at 2%3 GH); \)/v?/th a spectral index-¢4.66. g

(Dotto et al. 2002), and there have been no spacecraft ACOUNThe calibrator flux density measurements were stable over
ters as yet. . . many weeks and we estimate our flux scale to be accurate
As a powerful new tool in the study of Solar System bodies, 1, go4 The mean flux density derived for the gain calibrator

the Atacama Large Millimeter/submillimeter Array (ALMA; |\ o quite consistent across the five executions, differjng b

Hills et al. 2010) will be able to map the shape and surface ,55imum of 2.4% from the weighted mean of all executions
temperature distributions of hundreds of main belt astroi 59164 0.0007 Jy). Thus, there was very little decorrela-
and Jupiter Trojans (Busch 2009; Lovell 2008). The reason isgjon on timescales shorter than the integration time (1)92 s

twofold. First, the absorption length of (sub)millimetéigp  Ag shown in Table 1, the span of observations was approxi-
tons (Campbell & Ulrichs 1969) on asteroid surfaces is com- mately centered on the time of transit of Juno.

parable to the thermal skin depth of the diurnal wave (typ- " go|jowing calibration, the uv data from each execution was
ically a few to 10 wavelengths; Spencer et al. 1989); thus, gyt jnto two halves, with the duration and time on source
these wavelengths are well-matched to probe the thermal rex¢ oach half being-18 min and~10 min, respectively. The
sponse of this material and should provide information @nth ;o resulting datasets (epochs) were irhaged individuatly u
thickness, structure and nature of the regolith (Chamiverla ing a robust weighting parameter of zero. Phase-only self-
et al. 2007; Lagerros 1996). Indeed, the recent flybys of the 5jipration was then performed, initially with a time intat
main belt asteroids 21 Lutetia and 2867 Steins byRbsetta
mission have yielded important measurements of the ther- 17 hitp://ssd.jpl.nasa.gov/horizons.cgi
mal inertia and emissivity of their surface material (§ 4) us 8 http:/casa.nrao.edu
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of 300 s, followed by a refinement with a time interval of 15 s.
The final execution showed phase-cal solutions of somewhat = THLAE;,IKEAlALMA MAGES OF JUNO
larger magnitude and higher variability than the rest, waith '

loss of some antennas on the outermost pads. Amplitude self-~j;,55¢ Epoch Elapsed time _ Elevation  Rotation phase
calibration on a timescale of 300 s was then performed. The # (MJD) (minutes) ) FYCIPN

final images were constructed using multi-scale clean (Rau

& Cornwell 2011) with deconvolution scales of 0, 5, and 15 (1) gggig:igﬁ; 108 gg% 8'%% 8‘_%2
pixels to avoid image artifacts caused by the clean instabil 2 56949.42917 36 595 045 0.30
ity that can occur when modeling an extended source using 3  56949.44167 73 605 049 035
only delta functions. The image dynamic range after self- 4 ~ 56949.46667 110 605 058 043
libration was 120. This improvement factor of 2-6 indi- > 20949.480%6 128 9.4 062 047
call s 120. Imp 6  56949.51111 173 547 072 058
cates that a significant residual phase error was present af- 7  56949.52500 192 519 077 062
ter normal calibration. Thus, it is important to realizettha 8  56949.54861 226 461 08 070
9  56949.56111 244 426 089 0.74

any usage of calibrated visibilities for direct modelingg(e

Viikinkoski et al. 2015) must either apply the imaging self- 2 Phase with respect tgo of the Drummond & Christou (2008) triax-

calibration solutions or include antenna-based phas¢éigotu 1l model using the rotation period of 0.300397125 days @akminen et

as a model parameter to be solved (Hezaveh et al 2013) ASaI. 2002). In the 8.5-year interval, the phase accumulategntainty is
er edr - £ - AS+0.01.

expected when the initial self-calibration model has hig,S b Phase with respect to AO observations of Baliunas et al.320fero

the intensity-weighted centroid of the source before abteraf  point taken to be 50371.24167) using the same rotation gherin the

self-calibration is consistent to within a fraction of tfiengas) ~ 18-year interval, the accumulated phase uncertainty092.

pixel size ( 0.2 in most images, anet 0.3 in the final two  5ted with respect to the zero time point of the Drummond &

images). Because we used an accurate VLBI position for chyistoy (2008) triaxial model, and with respect to the eati
the gain calibrator (07:57:06.64296, +09:56:34.8525)\ian  AQ pbservations of Baliunas et al. (2003).

et al. 2010), we expect our images to follow ALMA'S mea-

sured astrometric performance (3 mas; ALMA partnership et 3.2. Images
al. 2015%°. The images vary in the size of the synthesized . —
beam from 318 x 23.7 mas to 418 x 36.1 mas, with a mean The ten images of Juno are shown in Figure 2. The absolute

position angle of 30+ 11°. These images are publicly avail- POSition was measured in each image by computing the cen-
able from the ALMA Science Verification pagfe To present  troid of all pixels above the & level, wherer, the image rms,
matched resolution images, we smoothed the images with av&S defined by an annulus surrounding the object (see Table 2
two dimensional elliptical Gaussian to obtain a circulaaie ~ N0teS). These pixels were weighted uniformly to avoid influ-
of 42.0 mas, which at the Earth-Juno distancéaf 1.97 AU ence of surface brightness variations across the face of the
corresponds to 60 km. No near-field correction was appliedPiect. The difference between the centroid position agd th
to the uv data, but Juno was beyond the Fraunhofer distancdage phase center yields the observed offset from the JPL

for the longest baseline, and the self-calibration procesg ~ €Phemeris, which is stable in right ascensionzat60 mas,
mitigate the residual effects. but slowly varying in declination. The integrated flux den-

sity of the source was measured by integrating over all pixel
3. RESULTS above the 3 level. The peak positions, intensities, and the
3.1. Viewing oeometr corresponding Planck brightness temperatufig$ ére also
, , g9 . y ) ... listed in Table 2. Note that thedg differ from the Rayleigh-
_Juno’s orbit has a mean radius of 2.67 AU with signif- jeans approximation b¥5.6 K. An estimate of the median
icant eccentricity (0.25) and inclination (33 As shown  pightness temperature across the surface was computed for
i?atli:(l)%grewlit’htgestgljaer %?]‘;g‘é‘lgnvé’% ?fcl‘-’g;irel? d%n%u;r?l?ﬁl?-r- each imag(;: by ;inld.ing the mg%i_andpixetl) inttr(]ansinl/.(ijn thelcle?n
tHors, . component model image and dividin e solid angle of a
mination percentage of 94%. We have plotted the or|enta—pixe|r') The result is typigally 10-15 K t?elgw the pe@k g
tion of the rotational pole inferred from parametric bline-d
convolution of near-infrared AO images (ecliptic longitud 3.3. Size and shape measurement
A =118 and latitudes = +30°) which has an uncertainty of . _ :
13° (Drummond & Christou 2008). The direction of Junowas _ !N Order to obtain a size measurement independent of the
A\ =1247°,3=-13.2°, thus our viewing angle was 48rom existing shape models, we consider the underlying source to
the polar axis but nearly coplanar, with the southern hemi- P€ an elliptical disk with uniform brightness. First, we fifis
sphere dominating the view, as shown in the inset of Figure 1.th€ observed image from each epoch with a two-dimensional
The angular smearing due to the° 1 axial rotation during elliptical Gaussian, recording the position angle and majo
each 18 min image leads to 21 mas of linear smearing at the?d minor axes as the target parameters. We then create a
mean radius, which is half the beam size, leading:th2%  diSk model image using the target parameters, but with the
loss in resolution. The mean epochs of the images are listed | M&jOr and minor axes increased by 30% to account for the

Table 1, along with the corresponding rotational phases com Pulk of the size underestimate resulting from the Gaussian
brightness profile. We then convolve this disk model image

19 The ALMA control system does not account for the finite distof with a 42 mas beam to match the observations. Next we it-
solar system targets when computing the gravitational ciédte of light by eratively refined the disk model parameters until an etigdti
he Sun 1o apply to the astrometric ephemeris, which cabiegstiase ransfer  Gaussian fit to the convolved disk model image matched the
rom the quasar to introduce a systematic position errer #f4 mas for these . : : "
observaticz)ns of Juno accordingyto the fornrzlulas of Cowlir@d). ta:rget parameters. The resultlng uniform brlg.htnes.stmab

20 http://almascience.org/alma-data/science-verificatioAdditional de- disk model parameters for each epoch are listed in Table 2.
tails including the calibration and imaging scripts are ilabde from The geometric mean of the median of the major and minor
http://casaguides.nrao.edu/index.php?title=ALMA2Q1BC_SVDATA. axes of the ten elliptical disk models.{®81’ + 0.003") cor-
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FiG. 1.— As viewed from the ecliptic pole, this diagram showsdlignment of Earth and Juno in their respective orbits orilihee dates of observational data
discussed: ALMA (this paper), Mt. Wilson Observatory (Balas et al. 2003), and Lick Observatory (Drummond & Chris2008). The scale of heliocentric
ecliptic coordinatesX, 3) is indicated by the dashed line circle. The three angledérthe dotted lines correspond to the sun-target-eartle avitich describes
the solar illumination phase. The nominal rotational padevard A = 118, 8 = +30°; Drummond & Christou 2008) and its corresponding equaterdaawn
onto a spherical representation of Juno for reference.’speoihelion ath = 58.3° is marked by the dot labeled “P”. The portion of the orbit abtive ecliptic
is shown by the thick line, which begins at the ascending rfade+1699°). Inset: The inset shows the point of view of the ALMA observationst{ia ecliptic
coordinate frame), which is dominated by the southern hgimei®e. Juno’s south pole and equator are marked, as is thmg\werminator and unlit side which
reflects Juno’s solar phase angle and heliocentric latifdde—13.2° viewed from Earth) at the time of observation.

TABLE 2
DERIVED PROPERTIES FROM THEL.3MM ALMA OBSERVATIONS
Image Centroid of Jurfo OffseP Integrated Peak Ts Tg Peak  Elliptical disk model

# Absolute position Aa,A§  Fluxdensityd Intensitf® Peal Mediarff Position Paramete?s

« (J2000) 6 (J2000) mas, mas mJy mJy bedm K K mas, mas masmas ()
0 08 14 46.8474 +06 19 08.554 +59, -5 199175 17.6:0.09 222t1 213 -9,-5 20157 (+4'#:=3)
1 08 14 47.8979 +06 19 02.586 +55, +4 198115 16.8:0.09 22G:1 208 -20,+21 199159 (+37£3)
2 08 14 49.9975 +06 18 50.632 +52, +14 190125 16.5£0.09 216t1 202 -22,+36 196165 (+16+4)
3 08 14 51.0474 +06 18 44.645 +62, +13 20P165 16.6:0.09 218t1 200 +8, -3 19% 169 (+0+6)
4 08 14 53.1449 +06 18 32.674 +63, +23 20R195 16.3:0.09 214t1 197 +7, +7 19% 175 (-47:8)
5 08 14 54.3100 +06 18 26.017 +63, +26 201184 16.2:0.09  213:1 196 +27,+34 194173 (-67:6)
6 08 14 56.8740 +06 18 11.357 +62, +31 196185 1540.09 20&#1 186 +38, +9 208170 (-99+4)
7 08 14 58.0396 +06 18 04.685 +55, +30 196115 15.8:0.09 208t1 188 +40, +10 208169 (-108t4)
8 08 1500.0242 +06 17 53.355 +62, +47 188148 16.3:t0.11 2152 187 +33,+13 192167 (-126t5)
9 08 1501.0759 +06 17 47.339 +64, +43 188260 16.4£0.12  215t2 179 +31, +2 18% 168 (-137:6)

Mediarf +60.5, +24.5 198#2.7 16.4+0.2 215+3 19749 194x 169

@ See section § 3.2 for details of the centroid calculatione §ystematic uncertainty is estimated to be 3 mas. All coatds are in the ICRF of
the ICRS (Epoch J2000.0).

b Offset of centroid with respect to the phase center of they@nahich follows the JPL Horizons ephemeris.

¢ Flux density integrated over pixels in the region with irsiéyn > 3 o, whereo (the image rms) is calculated in an annulus of rad#i2B’ to
0.575’. The quoted uncertainty is: (Number of independent beartteinegion§-> x 3 o, wheres is the image rms.

d The systematic flux calibration uncertainty of 6% is not irigd.

€ The quoted uncertainty is the image rms.

f The median brightness temperatufig)(is computed using the Planck equation with the median pirehsity in the clean model (within the
central 0.15) and the solid angle per pixel.

9 Major axis, minor axes and position angle east of north. Tthenfiertainty on the major and minor axes is 3 mas.

h Where listed, the uncertainty is the median absolute dewidtom the median.

responds t@,m = 259+ 4 km. This mean diameter is consis- etal. 2007). ThéRASMinor Planet Survey (IMPS) inferred a
tent with the size derived from 250 GHz single dish flux den- radiometric mean diameter of 23411 km, but IMPS diame-
sity measurements under the assumption of unity emissivityters are systematically low compared to occultation dianset

(e, =1; dnm = 2534+ 7.4; Altenhoff et al. 1994). The mean
diameter is also in reasonable agreement with the triaria g
metric mean (2585 km) of the three axes of the Drummond
& Christou (2008) triaxial ellipsoid model, the equivaleiit
ameter of thedurech et al. (2011) model (25229 km), and
the effective diameter measured by radar (268 km; Magri

(Tedesco et al. 2004). We note that our assumption of uni-
form brightness is somewhat unphysical, as the daytime sur-
face temperature will vary as a function of local hour ane lat
itude in more realistic thermal models (Lebofsky & Spencer
1989). We estimate that our method will yield sizes that are
~2-4% smaller than the mean physical size. Thus, further de-
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FIG. 2.— In the two pairs of rows, the lower set of panels (witlk tnarks) are ALMA 1.3 mm continuum images of Juno in equakt@fiset coordinates
referenced to the phase tracking center correspondingtdRh ephemeris, but with the centroid shifted by the valneoiumns 4 and 5 in Table 2. In each
frame, the cross marks the position of the peak intensitg ddsition angle of the Sun was +10%1 &ast of north in equatorial coordinates, as indicated by the
arrow. The beam size is indicated by the circle in the lowghtrhand corner. The 8 position uncertainty of the JPL ephemeris in each axis ikatdd by
the cross in the lower left-hand corner. The rotational phesdues ¢1) are from Table 1. The faceted images are DAMIT sky projectiwodels (with artificial
lighting) computed for the corresponding mean epoch of éaelge and are shown on the same angular scale (the modela &0 uncertainty in scale).

tailed comparisons of the millimeter images to any specific discrepant from the model in terms of ellipticity and ori@nt
shape model should be performed in the context of a thermaltion. As for angular scale, the quoted accuracy of the DAMIT
model. images ist12%. The ALMA-derived major axes (Table 2)
are systematically 6% smaller than the maximum extent in
3.4. Comparison to DAMIT shape model the DAMIT images, however much of this difference could be

The model images shown in Figure 2 were obtained usingdue to the simplistic model used in § 3.3.

the DAMIT online tool?! (see also the Interactive Service
for Asteroid Model&? (ISAM); Marciniak et al. 2012). This 3.5. Surfacefeatures
tool provides a prediction of the projected appearance®f th  To accentuate the variation of brightness across the gbject
asteroid on the sky as viewed from Earth in equatorial co- we have created a model image of uniform brightness cor-
ordinate orientation at any observed Julian date. The lightresponding to each of the ten images. We begin with the
travel time effect is taken into account (in this case 16.A-mi  clean component model image, and compute the median value
utes). The DAMIT prediction for the ESO 1.5 m speckle ob- within the central 0.1% diameter (§ 3.2). We then place this
servation of Baier & Weigelt (1983) is in excellent agreeten value into all pixels of the clean model that are inside the
with the shape of the observed image, obtained over 34 yearsi0% level in the clean image, and place zero elsewhere. This
ago. Likewise, the shape of the DAMIT prediction is in good approach leads to a model image comparable to the angular
agreement with most of the ALMA images. The images we dimensions of Juno. We then convolve this model with the
show here use artificial lighting in order to show the full geo 42 mas beam and subtract it from the clean image. This sub-
metrical extent of the body, which will emit millimeter emis  traction enables the identification of areas of lower vshhig
sion that is only mildly modulated by solar illumination. In  brightness temperature, regardless of the relative ediir
a qualitative sense, it is perhaps images 4 and 5 that are mosiccuracy between the differentimages. The results arershow
in Figure 3. In most of the frames there is a consistent pat-
2! http:/astro.troja.mff.cuni.cz/projects/asteroid#aBb.php tern of the northwest edge being the coolest portion, which
22 http:/fisam.astro.amu.edu.pl matches the location of the evening terminator. Also, the
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warmest part of the image appears correlated with the subsofFornasier et al. 2013; Redman et al. 1998). Indeed, in terms

lar point. In the first five images, the afternoon area follogvi
the subsolar point is the warmest point. Meanwhile, in the
last four images, the warmest point is at (or very close te) th
subsolar point. The temperature contrast becomes pantigul
pronounced in the final two images as the surface metian
declines (Table 2).

4. DISCUSSION

In the simple equilibrium model, the expected disk-
averaged brightness temperaturg(y), of an asteroid is de-
termined by its spectral emissivity,, and its mean equilib-
rium temperaturely:

Ta(v) = €, Teg (1)
Teq= f(1-A)Y4 2, @

whereAis its bolometric Bond albedo s its heliocentric dis-
tance in AU, and = 329 K for non-rotating objects and 277 K
for fast-rotating objects (Cremonese et al. 2002; Kellerma
1966). The bolometric Bond albedo is a product of the bolo-
metric geometric albed@j and the bolometric phase integral
(9). In principle, both of these components represent integra

of wavelength-dependent quantities which must be measure
and weighted by the solar flux spectrum (Hansen 1977), but

of a physical model with temperature gradients in the sub-
surface material of up to 50 K mith such a large temperature
discrepancy is expected to be seen in millimeter wavelength
emission, which arises from material at a range of depths,
even when the bulk material has ~ 1 (see, e.g., Keihm et
al. 2013).

To interpret the enhanced brightness temperature of the sub
solar point in most of the Juno images, we consider heat con-
duction in the regolith following the equations in Lagerros
(1996). The thermal inertid is a function of the surface ma-
terial density p), thermal conductivity £), and specific heat
capacity €,) of the soil, while the thermal skin depth)(also
depends on the angular rotation ratg, (

I'= \/FoG (3)
|s:1/m:m- (4)

Using the surface density of Vesta derived from its radar
albedo (1.75 g cn¥; Chamberlain et al. 2009), along with
d/alues fors andc, in the porous lunar surface layer210™

W cmt K™t and 0.6 J g K™, respectively; Keihm 1984),

they are often approximated as being wavelength indepenyieldsT" = 46 J m? s> K™ andls = 2.8 mm. Sincels is

dent. Measurements pffor Juno at optical wavelengthpy)
range fromx 0.13 (Hansen 1977; Brown et al. 1982) to 0.15
(Morrison 1977; Zellner et al. 1977), while a value=e10.22

has been found at mid-infrared wavelengths (Ryan & Wood-

only 2.2 wavelengths, we can expect the observed continuum
emission to arise from a mix of solar-heated surface materia
and deeper unheated material. Thus, the correlation ofsluno
brightness temperature with the subsolar point is not &srpr

ward 2010; Tedesco et al. 2004). The observed variation ining. However, the fact that the brightest point moves froe th

optical brightness versus phase angle yields a slope psgame
G=0.17£0.03 (Lagerkvist et al. 1992), which in turn yields
v = 0.41+0.02 from the relation of Bowell et al. (1989).
Combininggy with the more recent measurementpgf, we
will proceed withA = 0.09, which matches the result others
have obtained by using th®, values along wittgy = 0.6 ap-
propriate for the Moon. In any case, the dependendg,ain
A'is quite mild. Assuming, = 1, the equilibrium model pre-
diction for Tg for our Juno observations € 2.072 AU) is then
188 K to 223 K, depending of. Juno is a fast rotator, but its
polar axis was pointed significantly in line with the Sun dur-
ing the ALMA observations (Fig. 1). Therefore, &value in
the lower half of the range is likely to be appropriate, which
is consistent with our measured medigfPY(233 GHz) of
197415 K. A previous single-dish estimate B§°Y(345 GHz)
was 146+ 48 K atr = 3.132 AU (Chamberlain et al. 2009),
which scales to 18@ 59 K at our smaller value af.

Moving beyond the equilibrium model, we next consider
the Standard Thermal Model for asteroids (STM; Lebofsky &

Spencer 1989). Because ALMA resolves the surface of Juno,

subsolar afternoon area in the first half of the images to near
coincidence with the subsolar point in the latter half ofithe
ages, suggests a change in the soil properties with lorgitud
For example, in the case thats constant with depth and lon-
gitude,ls would scale inversely with' due to changesiin either
p Or cp. Thus, if soil with relatively lower values gf or ¢, ex-
ists at these longitudes{ ~ 0.7-0.9), it could have a lower
thermal inertia, deeper skin depth, and consequently aagrea
proportion of the millimeter emission arising from heatea-m
terial. A lower inertia across most of this side of Juno might
also explain the lower medialg observed, as cooling would
proceed more rapidly as the angle from the subsolar point in-
creases. In any case, variations in thermal inertia acless t
surface of an asteroid are quite plausible, particularkgint
of the detailed variations on Vesta reported from the Visual
and Infrared mapping spectrometer on thawn spacecraft
(Capria et al. 2014).

Recently, two asteroids have been measured at 0.53 and
1.6 mm by the Microwave Instrument for the Rosetta Or-
biter (MIRO) during close encounters by the European Space

we can compare the observed peak brightness temperaturgencyRosetta spacecraft: the smalk km) object Steins

with the expected subsolar surface temperatitg (n the
STM. For Juno’s values dk andr, and its beaming factor of
n=0.76 (Spencer et al. 1989), the expeclegds 286 K. This
value is significantly higher than the pe&k of 222+ 13 K
observed by ALMA, in contrast to previous mid-infrared mea-
surements oflss on Juno which are consistent with the STM
prediction (Lim et al. 2005). If interpreted in the contekto

(Gulkis et al. 2010), and the largex100 km) object Lute-
tia (Gulkis et al. 2012). In contrast to Steins, which has a
high, rock-like inertia I = 450-850 J m? s K1) and

€, = 0.85-0.9, Lutetia exhibits a very low thermal inertia
(I' =20 J m? s°5 K1) in the upper 1-3 cm much like the
fine dust of the lunar regolith, with an emissivity consisten
with reflection from a surface with dielectric constant o3 2.

model where all of the emission arises from the surface,auch (e, = 0.958). These latter properties may be similar to what
discrepancy could be interpreted as an “effectiye™ 0.8 at ALMA has seen on Juno, particularly in the latter half of the
1.3 mm. Effective emissivity is a quantity which can encom- images. This result is perhaps not surprising in the context
pass many effects besides the physical emissivity of the ma-of the subsequent thermophysical modeling of Keihm et al.
terial, including sub-surface sounding of deeper coldgers (2013), which finds that low thermal inertias agd~ 1 can
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FIG. 3.— Residual images of Planck brightness temperaflgif equatorial offset coordinates created by removing aehodage of uniform brightness
from the images in Figure 2. The open circle indicates thatlon of the subsolar point. The color scale rang& 39 K with respect to the median valuesTef
in column 8 of Table 2. The south pole drawn is the same as iar€if), and the sense of rotation is clockwise. The differesitipn angle here is due to the
combination of the different coordinate system, the fooeming effect of the heavily inclined pole, and the sigifit heliocentric latitude.

fit the infrared to centimeter spectral energy distribugiof face of an asteroid at millimeter wavelengths. They progide
the asteroids Ceres, Vesta, Pallas, and Hygiea. independent set of size and shape measurements which con-
The possibility of a recentimpact on Juno was raised by thefirm our current knowledge expressed by the DAMIT and tri-
detection of a region of reduced 934 nm brightness in AO im- axial ellipsoid models. Future ALMA observations of main
ages correlated with a spatial “bite” feature on the limbl{Ba belt asteroids, including both spatially-unresolved pihwst-
iunas et al. 2003). Unfortunately, the north/south origote  ric lightcurves (e.g., Moullet et al. 2010) and resolvedges,
of the Baliunas et al. (2003) images is not specified. How- can be used to test and refine the existing three-dimensional
ever, judging from the DAMIT model images at that epoch, models. We note that ALMA can potentially achieve signifi-
the AO images would appear to be oriented with south up be-cantly higher physical resolution on Juno that these irota
cause in this case, a depression in the model images wouldgervations offer. For example, a factor of three improvemen
map closely to the proposed crater near the limb of the fifth (to 20 km resolution) would be possible by observing in the
AO image. If so, then the crater is located near the north.pole 345 GHz band with a similar antenna configuration at a future
As shown in Figure 1, the ALMA viewing angle of Juno dif- favorable opposition (e.g., 16 Nov 2018~ 1.04 AU). These
fers by 114 from the Baliunas et al. (2003) AO images such observations would match the resolution of MIRO’s 1.6 mm
that the north pole is not visible. On the other hand, if the AO channel duringRosetta’'s flyby of Lutetia. At these scales,
image is oriented with north up, as it is in similarly-acagir ~ measurements of the brightness temperature will provide ne
images of Vesta by a subset of these authors (Shelton et alinformation about the surfaces of these bodies. To develop
1997), then the crater would lie between the equator and theaccurate thermophysical models, it will be important to ob-
south pole, placing it at a latitude that crosses near the censerve them at multiple (sub)millimeter wavelengths where a
ter of the ALMA view. The rotational phase of the fifth AO drop in emissivity to values of 0.6-0.8 has been reported
image (@, = 0.29) is close to that of ALMA image 3, thus (e.g., Miller & Lagerros 1998) particularly for rockier ed
a feature on the limb in the AO image would cross the sub- (e.g., Gulkis et al. 2010). ALMA can also potentially measur
Earth point in the ALMA image 114-90°=204 later (i.e. the mutual orbit of smaller binary asteroids, providing onp
at ¢, = 0.86). This phase corresponds to ALMA images 8 tant information on the mass and density of such objects, (e.g
and 9. Those images do show the highest temperature con€arry et al. 2015). Finally, the ability of ALMA to deliver
trast with respect to the subsolar point, which could be con-very accurate astrometry will enable better long-term node
sistent with a lower thermal inertia in the excavated materi ing of asteroid orbits, leading to improved predictions ¢
surrounding the crater. Clearly, future ALMA observatiofis  2009).
complete rotations of Juno, preferably at multiple phasek a
wavelengths, will be necessary to explore this phenomenon

further and develop an accurate, full-surface thermomaysi This paper makes use of the following ALMA data set:
model. ADS/JAO.ALMA#2011.0.00013.SV. ALMA is a partner-
ship of ESO (representing its member states), NSF (USA)
5. CONCLUSIONS and NINS (Japan), together with NRC (Canada), NSC and

Our ALMA long-baseline observations of Juno provide the ASIAA (Taiwan), and KASI (Republic of Korea), in cooper-
first ground-based images that significantly resolve the sur ation with the Republic of Chile. The Joint ALMA Obser-
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vatory is operated by ESO, AUI/NRAO and NAQOJ. The Na- use of NASA's Astrophysics Data System. We thank Thomas
tional Radio Astronomy Observatory is a facility of the Na- Mduller, Mark Gurwell, Bryan Butler, Rafael Hiriart, Ralph
tional Science Foundation operated under cooperativeeagre Marson, Dirk Petry, and Vivek Dhawan for useful discussions
ment by Associated Universities, Inc. This research hasemad Facilities: ALMA.
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