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Overview of the publications in 2016

• 104 papers in journals with ISI impact factors, 
cumulative i.f. 589.4 (5.67/paper) 

• 248 scientific publications 

• First-authored refereed papers: 39 

• Number of staff: 53 (1 member of MTA, 5 emeriti, 
3 D.Sc., 25 PhD, 19 without PhD)



• 31 A&A 

• 6 AJ 

• 21 ApJ 

• 2 ApJL 

• 4 ApJS 

• 1 AstroBio.


• 1 CeMDA 

• 1 Climate Dyn.


• 1 Exp. Astron. 

• 1 Geochim.C.Acta


• 1 IJMPE


• 17 MNRAS 

• 1 Nature 

• 1 New. Astron.


• 3 OLEB 

• 1 Planet. Sp. Sci.


• 1 PASP 

• 3 Phys.Rev.C 

• 1 PNAS 

• 1 Science 

• 1 Sci.China Phys.M.Ast.


• 4 Solar Phys. 

• 1 Sp.Sci.Rev.

71%  in “three” journals

2016 publications



Refereed papers: types and facilities
• Theory/review: 28 

• Ground based data 

• Piszkéstető     6 

• Debrecen        4 

• HATNet           1 

• Fly’s Eye         1 

• ESO/ 
ALMA(APEX)  2 

• other 
/collections      17                     

• Space observatories 

• Herschel           6 

• Kepler/K2         7 

• Solar probes     4 

• CoRoT, MOST  4 

• HST                  1 

• Gaia                  3 

• Rosetta             9 

• other                  8                

• Laboratory           5              



Konkoly ISI papers 2006-2016



Konkoly ISI papers per FTE 2006-2016



Konkoly cumulative impact factor 2006-2016



Konkoly cumulative impact factor per FTE 2006-2016



Konkoly independent citations 2006-2016



Konkoly ISI publications 2016
13 Pignatari M. 

11 Pál A. 

10 Tóth I. 

9 Moór A. 
   Vida K. 

8 Molnár L. 

7 Kiss Cs. 
   Kiss L. 
   Sárneczky K. 

6 Kereszturi Á. 
   Kóspál Á. 
   Lugaro M. 

5 Oláh K. 
   Skarka M. 
   Sódor Á. 
   Szabó R.



Konkoly Observatory – author numbers



2016/2017: the beginning of a new era 
supported by large grants

•GINOP Strategic R+D (L. Kiss, Cosmic effects and risks,  
2.3 MEUR, Oct. 3, 2016 + 4 yrs) 

•GINOP Strategic R+D (J. Vinkó, Transient Astrophysical Objects,  
1.3 MEUR, Jan. 2, 2017 + 4 yrs) 

•ERC Starting Grant (Á. Kóspál, Structured Accretion Disks,  
1.3 MEUR, July 1, 2017 + 5 yrs) 

•ERC Consolidator Grant (M. Lugaro, Radioactivities from stars to 
Solar System  
1.7 MEUR, Sept. 1, 2017 + 5 yrs) 
 
Total grant income in 2016 is approximately 9 MEUR for the 
period 2017-2022 (cf. annual budget of Konkoly: ~1 MEUR)



A quick SWOT-analysis

•Strength: excellent team of internationally 
recognized researchers  

•Weakness: one sided scientific profile 
(predominantly stellar physics)  

•Opportunity: new EU/ESA/local funding 
opportunities 

•Threat: turbulent legal and economic situation, 
keeping the best researchers



Highlights



Origin of the p-process radionuclides 92Nb and 146Sm in
the early solar system and inferences on the birth of
the Sun
Maria Lugaroa,b,1, Marco Pignataria,c, Ulrich Ottd,e, Kai Zuberf, Claudia Travaglioc,g, György Gyürkyh, and Zsolt Fülöph

aKonkoly Observatory, Research Centre for Astronomy and Earth Sciences, Hungarian Academy of Sciences, H-1121 Budapest, Hungary; bMonash Centre for
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Szombathely, Hungary; eMax Planck Institute for Chemistry, D-55128 Mainz, Germany; fInstitut für Kern- und Teilchenphysik, Technische Universität
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of Sciences, H-4001 Debrecen, Hungary

Edited by Neta A. Bahcall, Princeton University, Princeton, NJ, and approved December 7, 2015 (received for review September 29, 2015)

The abundances of 92Nb and 146Sm in the early solar system are
determined frommeteoritic analysis, and their stellar production is
attributed to the p process. We investigate if their origin from
thermonuclear supernovae deriving from the explosion of white
dwarfs with mass above the Chandrasekhar limit is in agreement
with the abundance of 53Mn, another radionuclide present in the
early solar system and produced in the same events. A consistent
solution for 92Nb and 53Mn cannot be found within the current
uncertainties and requires the 92Nb/92Mo ratio in the early solar
system to be at least 50% lower than the current nominal value,
which is outside its present error bars. A different solution is to
invoke another production site for 92Nb, which we find in the
α-rich freezeout during core-collapse supernovae from massive
stars. Whichever scenario we consider, we find that a relatively
long time interval of at least ∼10 My must have elapsed from
when the star-forming region where the Sun was born was iso-
lated from the interstellar medium and the birth of the Sun. This is
in agreement with results obtained from radionuclides heavier
than iron produced by neutron captures and lends further support
to the idea that the Sun was born in a massive star-forming region
together with many thousands of stellar siblings.

short-lived radionuclides | solar system formation | supernovae

Radionuclides with half-lives on the order of 1–100 million
years (My) were present in the early solar system (ESS) and

represent a clue to investigate the circumstances of the birth of
the Sun (1). The abundances of some of these nuclei in the ESS,
as inferred from analysis of meteorites and reported relative to
the abundance of a stable nucleus, are given with error bars as
low as a few percent. However, our ability to exploit radionu-
clides as a chronometer for the events that led to the birth of the
Sun is undermined by the fact that our understanding of their
production by nuclear reactions in stars is still relatively poor.
This is because it relies on stellar models that include highly
uncertain physics related to, e.g., mixing, the mechanisms of
supernova explosions, and nuclear reaction rates. Here we focus
on the origin of radionuclides heavier than Fe. Among them,
92Nb, 129I, 146Sm, and 182Hf have abundances in the ESS known
with error bars lower than 20%. Lugaro et al. (2) recently pro-
posed a decoupled origin for 129I and 182Hf: The former was
produced by rapid neutron captures (r process) in a supernova or
neutron star merger roughly 100 My before the formation of the
Sun, and the latter by slow neutron captures (s process) in an
asymptotic giant branch star roughly 10–30 My before the for-
mation of the Sun. From these timescales, it was concluded that
the star-forming region where the Sun was born may have lived
for a few tens of million years, which is possible only if such a
region was very massive and gave birth to many hundreds of
stellar siblings (3).

Here, we turn to the investigation of the origin of the other
two radionuclides heavier than Fe whose abundances are well
known in the ESS: 92Nb and 146Sm. These nuclei are proton-rich,
relative to the stable nuclei of Nb and Sm, which means that
they cannot be produced by neutron captures like the vast majority
of the nuclei heavier than Fe. Instead, their nucleosynthetic ori-
gin has been traditionally ascribed to some flavor of the so-called
p process (4, 5), for example, the disintegration of heavier nu-
clei (γ-process). Unfortunately, the possible astrophysical sites
of origin of p-process nuclei in the universe are not well-
constrained.
Core-collapse supernova (CCSN) explosions (6) deriving

from the final collapse of massive stars have been considered
as a possible site for the γ-process, specifically, the O−Ne-rich
zones of the CCSN ejecta (7). However, models never managed to
reproduce the complete p-process pattern observed in the bulk
of the solar system material (8–10). For instance, CCSN models
cannot reproduce the relatively large abundances of 92,94Mo and
96,98Ru. Taking into account nuclear uncertainties has not solved
the problem (11, 12), except for a possible increase of the 12C+12C
fusion reaction rate (13, 14). Another process in core-collapse
supernovae (CCSNe) that can produce the light p-process nuclei
up to Pd−Ag, including 92Nb, is the combination of α, proton,
neutron captures, and their reverse reactions in α-rich freezeout
conditions (15). Neutrino winds from the forming neutron star
are also a possible site for the production of the light p-process
nuclei (16–18), although one of its possible components [the
so-called νp-process (19)] cannot produce 92Nb because it is
shielded by 92Mo (5, 20). The same occurs in the case of the
rp process in X-ray bursts (21). Neutrino-induced reactions in

Significance

Radioactive nuclei with half-lives of the order of millions of
years were present in the solar system at its birth and can be
used as clocks to measure the events that predated the birth of
the Sun. Two of these nuclei are heavy and rich in protons and
can be produced only by particular chains of nuclear reactions
during some supernova explosions. We have used their abun-
dances to derive that at least 10 million years passed between
the last of these explosions and the birth of the Sun. This
means that the region where the Sun was born must have lived
at least as long, which is possible only if it was very massive.

Author contributions: M.L. designed research; M.L. and M.P. performed research; M.P.,
U.O., and K.Z. contributed new reagents/analytic tools; M.L., M.P., U.O., and C.T. analyzed
data; and M.L., M.P., U.O., G.G., and Z.F. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence should be addressed. Email: maria.lugaro@csfk.mta.hu.
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No Sun-like dynamo on the active star 
ζ Andromedae from starspot asymmetry
R. M. Roettenbacher1, J. D. Monnier1, H. Korhonen2,3, A. N. Aarnio1, F. Baron1,4, X. Che1, R. O. Harmon5, Zs. Kővári6, S. Kraus1,7, 
G. H. Schaefer8, G. Torres9, M. Zhao1,10, T. A. ten Brummelaar8, J. Sturmann8 & L. Sturmann8

Sunspots are cool areas caused by strong surface magnetic fields 
that inhibit convection1,2. Moreover, strong magnetic fields can 
alter the average atmospheric structure3, degrading our ability to 
measure stellar masses and ages. Stars that are more active than 
the Sun have more and stronger dark spots than does the Sun, 
including on the rotational pole4. Doppler imaging, which has so 
far produced the most detailed images of surface structures on 
other stars, cannot always distinguish the hemisphere in which 
the starspots are located, especially in the equatorial region 
and if the data quality is not optimal5. This leads to problems 
in investigating the north–south distribution of starspot active 
latitudes (those latitudes with more starspot activity); this 
distribution is a crucial constraint of dynamo theory. Polar spots, 
whose existence is inferred from Doppler tomography, could 
plausibly be observational artefacts6. Here we report imaging 
of the old, magnetically active star ζ Andromedae using long-
baseline infrared interferometry. In our data, a dark polar spot 
is seen in each of two observation epochs, whereas lower-latitude 
spot structures in both hemispheres do not persist between 
observations, revealing global starspot asymmetries. The north–
south symmetry of active latitudes observed on the Sun7 is absent 
on ζ And, which hosts global spot patterns that cannot be produced 
by solar-type dynamos8.
ζ And is a nearby active star that is both spatially large and spotted, 

making it one of a small number of promising targets for imaging with 
current interferometric capabilities. ζ And is a tidally locked close 
binary (RS CVn) system consisting of a K-type cool giant star and an 
unseen lower-mass companion star9. Tidal interactions have spun-up 
the cool primary component, causing unusually strong starspots and 
magnetic activity4,10.

We observed ζ And during two observing campaigns of eleven 
nights spanning Universal Time (ut) 9–22 July 2011 and fourteen 
nights spanning ut 12–30 September 2013 (see Extended Data 
Table 1) with the Michigan InfraRed Combiner (MIRC)11 using all 
six telescopes at Georgia State University’s Center for High Angular 
Resolution Astronomy (CHARA) Array12 on Mount Wilson, 
California, USA.

The 2011 and 2013 data sets were separately imaged onto a prolate 
ellipsoid using the imaging software SURFING (SURFace ImagING), 
an aperture synthesis imaging technique (J.D.M., manuscript in 
preparation). This approach replicates the fundamental ideas behind 
Doppler imaging in that the whole data set is mapped onto the rotat-
ing surface at once instead of night-by-night snapshots. Treating each 
data set as an ensemble also allows SURFING to fit stellar and orbital 
parameters (see Table 1) along with the surface temperature maps 
(see Figs 1 and 2).

The surface temperature maps for ζ And show peaks of 4,530 K 
and 4,550 K and minimum values of 3,540 K and 3,660 K in 2011 and 
2013, respectively. The ∼900-K range of temperatures we see across 
the surface is slightly larger than the ∼700-K range found from recent 
Doppler imaging work (from the Fe i λ = 6,430 Å line). A strong dark 
polar spot is present in both of our imaging epochs, also consistent 
with recent Doppler imaging studies7,13,14. In contrast to this persistent 
feature, many other large dark regions change completely between 
2011 and 2013 with no apparent overall symmetry or pattern. These 
features and their locations can only unambiguously be imaged by 
interferometry, since Doppler and light-curve inversion imaging tech-
niques experience latitude degeneracies (see Methods section for more 
details). We now discuss the starspot implications on the dynamical 
large-scale magnetic field of ζ And.

The extended network of cool regions stretching across the star 
suggest that strong magnetic fields can suppress convection on global 
scales, rather than just local concentrations forming spot structures. 
The extent to which starspots can cover the surface of a star is at pres-
ent unknown and of interest in understanding how activity saturates 
on rapidly rotating, convective stars15. The observations in hand 
lend support to studies that have suggested magnetic activity can be 
so widespread as to alter the apparent fundamental parameters of a 
star16,17. For example, a larger region of suppressed convection gives 
a lower observed temperature, leading to inaccurate estimates for 
stellar mass and age3. The changes in global magnetic features will 
produce long-term photometric variations that are often attributed 
only to changes in a growing or shrinking polar starspot. We note 
that a polar starspot for ζ And does not affect the flux of the star as 
much as other large-scale magnetic structures do, owing to the effects 

1Department of Astronomy, University of Michigan, Ann Arbor, Michigan 48109, USA. 2Finnish Centre for Astronomy with ESO (FINCA), University of Turku, FI-21500 Piikkiö, Finland. 3Dark 
Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Juliane Maries Vej 30, DK-2100 Copenhagen Ø, Denmark. 4Department of Physics and Astronomy, Georgia State University, 
Atlanta, Georgia 30303, USA. 5Department of Physics and Astronomy, Ohio Wesleyan University, Delaware, Ohio 48103, USA. 6Konkoly Observatory, Research Center for Astronomy and Earth 
Sciences, Hungarian Academy of Sciences, H-1121 Budapest, Konkoly Thege Miklós út 15-17, Hungary. 7School of Physics, University of Exeter, Exeter, EX4 4QL, UK. 8Center for High Angular 
Resolution Astronomy, Georgia State University, Mount Wilson, California 91023, USA. 9Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138, USA. 
10Department of Astronomy and Astrophysics, Pennsylvania State University, State College, Pennsylvania 16802, USA.

Table 1 | Parameters of ζ And
Measured parameter Value

Angular polar diameter, θLD (mas) 2.502 ± 0.008
Polar radius ( ʘR ) 15.0 ± 0.8
Oblateness (major to polar axis) 1.060 ± 0.011
Inclination, i (°) 70.0 ± 2.8
Pole position angle (°, E of N) 126.0 ± 1.9 
Values from the literature
Distance, d (pc) 17.98 ± 0.83 (ref. 29)
Effective temperature, Teff (K) 4600 ± 100 (ref. 9)
Luminosity, log L/ ʘL 1.98 ± 0.04 (ref. 9)
Primary mass ( ʘM ) 2.6 ± 0.4 (ref. 9)
Secondary mass ( ʘM ) ∼0.75 (ref. 9)
Iron metallicity [Fe/H]/[Fe/H ʘ] −0.30 ± 0.05 (ref. 9)

SURFING models assumed a circular orbit (eccentricity e = 0) using circular radial velocity 
conventions with an orbital period Porb = 17.7694260 ± 0.00004 days and time of nodal passage 
T0 = 49992.281 ± 0.017 (MJD)30. Limb darkening was held fixed with power-law exponent 
µ = 0.269, appropriate for ζ And based upon spectral type.

© 2016 Macmillan Publishers Limited. All rights reserved
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of limb darkening and foreshortening on this highly inclined system 
(i ≈ 70.0°).

The interferometric images of ζ And provide a clear confirmation 
of the existence of polar spots. Polar spots have been seen in Doppler 
images of ζ And (refs 9, 13 and 14) and of many other active stars4. 
Polar spots produce spectral line-profile changes only in the line core 
itself (no Doppler shift), and the spectral signature of a symmetric 
polar spot is the same at each rotational phase of the star. This signa-
ture means that polar spots can very easily be produced as artefacts in 
the Doppler imaging process; if the depth of the spectral line profile is 
not correctly modelled, then the image will exhibit a polar spot. Strong 
chromospheric activity has also been postulated to fill in at least some 
of the photospheric lines used in Doppler imaging, potentially pro-
ducing a polar spot18,19. These facts made the existence of polar spots 
a matter of debate in the early days of Doppler imaging20,21 and this is 
now independent confirmation of their existence, settling the debate.

The interferometric images of ζ And presented here reveal the exact 
hemispheres of the spots and show strong asymmetries between the 
hemispheres, with the 2011 map showing dominant spots on the 
northern and the 2013 map showing them on the southern hemi-
sphere. On the Sun the spots are typically seen on both hemispheres 
in certain active mid-latitude regions, with some breaking of the sym-
metry in the spot numbers on the two hemispheres7 but not as large an 
asymmetry as seen on ζ And. Such asymmetries require a departure 
from the solar-type αΩ-dynamo to a more complicated dynamo for 
ζ And, such as one with mixed parity modes22.

Although our results strictly apply only for giant stars in RS CVn 
binaries, we note strong parallels between the physical conditions and 

magnetic behaviour of these and pre-main-sequence stars. To reach 
these conditions, the giant primary stars in RS CVn binaries rotate 
rapidly owing to tidal spin-up and pre-main-sequence stars rotate 
rapidly owing to contraction and angular momentum transfer caused 
by accretion of material from a circumstellar disk. These similar phys-
ical conditions hint at shared field-generation mechanisms that are 
observationally indistinguishable23 and manifest as starspots. In young 
associations, it has been noted that derived ages are probably strongly 
affected by global suppression of convection3. These commonalities 
and the known consequences argue that strong stellar magnetism must 
be accounted for in models for both pre-main-sequence stars and for 
the stages of evolution in the most active giant stars.

Results from imaging studies using light-curve inversion and 
Doppler imaging techniques, as well as new interferometric spot  
studies24, all re-enforce the picture that global magnetic structures 
cover the faces of the most active stars. Our interferometric imag-
ing has found unambiguous signposts of these structures and clearly 
points to a perspective beyond the typical isolated spots observed on 
the Sun. The large-scale suppression of convection by these global 
magnetic fields will have structural effects on the stellar atmosphere, 
including puffing up the star and decreasing the effective temperature 
and luminosity, dramatic alterations that must be accounted for by 
modern stellar structure calculations especially for young, low-mass 
stars that universally show strong magnetic activity3,25.

To understand these structural effects, we must image more targets 
with as much detail as possible. The procedures used here can pro-
vide similar H-band images for a handful of bright, spatially large, 
spotted stars (such as σ Geminorum and λ Andromedae). Impending 
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Figure 1 | Surface image of ζ And from July 2011 with eleven nights 
of data using SURFING. a, The temperature of ζ And is presented in an 
Aitoff projection. The contours represent every 200 K from 3,400 K to 
4,600 K. The dashed line at the bottom pole indicates the latitudes below, 
which are hidden owing to the inclination. Arrows point to example 

transient starspots. b, The surface reflects how the star is observed on 
the sky with H-band intensities (mean H = 1.64). The phase φ = 0.000 
plot shows longitude 0° at the bottom right of the star with 90° across the 
middle. The phases assume circular orbit radial velocity conventions. The 
images are oriented with north up and east to the left.

© 2016 Macmillan Publishers Limited. All rights reserved



between a slope and a flat terrain showing a
regular topography in OSIRIS images (31). The
morphology and illumination conditions at this
place are similar to those of many nearby areas
observed by VIRTIS-M.
The presence of CO2 ice at the surface of the

nucleus thus appears to be an ephemeral oc-
currence, which provides clues to the emplace-
ment mechanism. After perihelion passage, the
activity of a cometary nucleus starts to decrease,
with water sublimation decreasing first. Nucleus
thermodynamicalmodeling (1) shows that a strat-
igraphy associated to the volatility of the major
gaseous species is produced in the outer layers of
67P/CG. However, the combination of spin axis
inclination and nucleus shape means that the
Anhur CO2 ice–rich area experiences a fast drop
in illumination, going into permanent shadow
quickly after equinox and, consequently, under-
going a rapid reduction in surface temperatures
in winter to less than 80 K, whereas the interior
remains warmer for a longer time because of the
low thermal inertia (8, 29). Sublimation of water
ice at depth is prevented, but sublimation of CO2

ice is not; CO2 can continue to flow from the in-
terior to the surface, where it begins to freeze as a
result of the low surface temperatures. Moving
further toward the aphelion, the low surface tem-
peratures preserve the CO2 ice on the surface,
which grows in >100-mmgrains until, on the next
orbit, it is exposed again to sunlight and subli-
mates away. This inverse temperature profile of
cometary surfaces (warmer inside and cooler on
the surface) going into winter after perihelion (in
permanently shadowed regions) could potentially
freeze other volatiles that are sublimed from the
warmer interior as well. Based on the temper-
ature of these surface areas, more volatiles species
such as CO and CH4 could also be frozen until the
next exposure to solar photons occurs. The same
phenomenon could also explain why no water ice
was seen at this site during the initial exposure to
the Sun, because the water ice would have been
frozen at lower depths than the CO2 ice.
The 67P/CG nucleus shows two different tem-

poral activity cycles respectively caused by H2O
and CO2 ices in different regions: Whereas water
ice has diurnal variability, with a surface subli-
mation and condensation cycle occurring in the
most active areas (7), the surface condensation of
CO2 ice has a seasonal dependence. Similar pro-
cesses are probably common amongmany Jupiter-
family comets, which share with 67P/CG short
revolution periods and eccentric orbits (32).
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Rosetta’s comet 67P/Churyumov-
Gerasimenko sheds its dusty mantle
to reveal its icy nature
S. Fornasier,1* S. Mottola,2 H. U. Keller,2,3 M. A. Barucci,1 B. Davidsson,4 C. Feller,1

J. D. P. Deshapriya,1 H. Sierks,5 C. Barbieri,6 P. L. Lamy,7 R. Rodrigo,8,9 D. Koschny,10

H. Rickman,11,12 M. A’Hearn,13 J. Agarwal,5 J.-L. Bertaux,14 I. Bertini,6 S. Besse,15

G. Cremonese,16 V. Da Deppo,17 S. Debei,18 M. De Cecco,19 J. Deller,5 M. R. El-Maarry,20

M. Fulle,21 O. Groussin,22 P. J. Gutierrez,8 C. Güttler,5 M. Hofmann,5 S. F. Hviid,2

W.-H. Ip,23,24 L. Jorda,22 J. Knollenberg,2 G. Kovacs,5,25 R. Kramm,5 E. Kührt,2

M. Küppers,15 M. L. Lara,8 M. Lazzarin,6 J. J. Lopez Moreno,8 F. Marzari,6

M. Massironi,26,27 G. Naletto,28,27,17 N. Oklay,5 M. Pajola,29,27 A. Pommerol,20 F. Preusker,2

F. Scholten,2 X. Shi,5 N. Thomas,20 I. Toth,30 C. Tubiana,5 J.-B. Vincent5

The Rosetta spacecraft has investigated comet 67P/Churyumov-Gerasimenko from large
heliocentric distances to its perihelion passage and beyond.We trace the seasonal and diurnal
evolution of the colors of the 67P nucleus, finding changes driven by sublimation and
recondensation of water ice. The whole nucleus became relatively bluer near perihelion, as
increasing activity removed the surface dust, implying that water ice is widespread
underneath the surface. We identified large (1500 square meters) ice-rich patches appearing
and then vanishing in about 10 days, indicating small-scale heterogeneities on the nucleus.
Thin frosts sublimating in a few minutes are observed close to receding shadows, and rapid
variations in color are seen on extended areas close to the terminator. These cyclic processes
are widespread and lead to continuously, slightly varying surface properties.

A
ll cometary nuclei observed to date have
appeared to be dark, with only a limited
amount ofwater ice detected in small patches
(1, 2), although water is the dominant vola-
tile observed in their coma.

The Rosetta spacecraft has been orbiting comet
67P/Churyumov-Gerasimenko since August 2014,
providing the opportunity to continuously inves-
tigate its nucleus. The comethas a distinct bilobate
shape and a complex morphology (3–5), with a
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surface dominated by anhydrous and organic-
rich refractory materials (6). Small amounts of
water ice have been identified by the Visible, In-
frared, andThermal ImagingSpectrometer (VIRTIS)
spectrometer in different regions (7–9), and sever-
al isolated or clustered bright spots were observed
in Optical, Spectroscopic, and Infrared Remote
Imaging System (OSIRIS) images and interpreted
as exposures of dirty water ice (9, 10).
Here, we report on seasonal and diurnal color

variations of the surface of 67P’s nucleus from ob-
servations with the narrow-angle-camera (NAC)
of theOSIRIS imaging system (11) onboardRosetta,
as caused by the evolution of the dustmantle and
exposures of water ice.
We monitored the color evolution of the nu-

cleus from 3.6 astronomical units (AU) to perihe-
lion (1.24 AU) and beyond by measuring changes
in the spectral slope in the 535- to 882-nm range.
Comparing the spectral slopes obtained in late
August 2015, shortly after perihelion passage, with
those obtained in early August 2014 after phase
reddening correction (12) (Fig. 1, figs. S1 to S3, and
table S1) clearly indicates that the nucleus has
become relatively bluer—i.e., the spectral slope
has decreased as the comet approached perihelion.
Even though only the equatorial regions such

as Imhotep (13) are common for both data sets
(Figs. 1 and fig. S4), due to different seasonal in-
solation conditions, a decrease of about 30% in
the mean spectral slope (12) from 3.6 AU to the
perihelion passage is measured in the common
areas. A decrease of the visible spectral slope was
also reported from VIRTIS observations in the
August to November 2014 time frame (14). In a
water-ice/refractory-materialmixture, regionswith
bluer colors indicate a higher abundance of water
ice (15, 16), as demonstrated by VIRTIS observa-
tions (8, 9) and as previously observed for the 9P/
Tempel 1 and 103P/Hartley 2 comets (1, 2).
In addition to the change of color, the amount

of phase reddening (the increase of spectral slope
with phase angle) decreased by a factor of two
when the comet approached perihelion in the
2015 observations compared with those from
August 2014 (12, 15), indicating a change in the
physical properties of the outermost layer of the
nucleus. The relatively blue color of the surface
and the decreased phase reddening effect observed
at small heliocentric distances suggest that the

increasing level of activity has thinned the sur-
face dust coating, partially exposing the under-
lying ice-rich layer. This result is in agreement
with the variation of the sublimation rate with
heliocentric distance r reported by (17), consid-
erably steeper (º r−4.2) than the one obtained
from modeling considering the shape of the nu-
cleus and seasonal effects (18). This steepness can
be explained by the observed thinning of the sur-
face dust layer that facilitates the sublimation
during the approach to perihelion. Observations
at 2.2 AU outbound (fig. S3) show that the comet’s
colors redden again as the activity decreases and
is no longer capable of sustained removal of dust.
The increase in water-ice visibility is observed

on the whole surface, indicating that the compo-
sition in terms of dust-to-ice ratio must be sim-
ilar at large scales all over the nucleus. Thismeans
that even the smooth areas commonly thought to
be covered with material that fell back on the
surface (18) must be water-ice rich.

We observed andmonitored two bright patches,
of about 1500 m2 each (table S2), located in a
smooth area of the Anhur/Bes (13) regions (Fig. 2
and fig. S4), on images acquired on 27 April to
2 May 2015. One of the two patches, patch B in
Fig. 2, was still present in an image acquired on
7 May, yielding a survival time of at least 5 to
10 days. These features are considerably larger
than the meter-scale bright spots previously de-
tected on the 67P comet (10). The VIRTIS spec-
trometerdetected thepresenceofCO2 ice in regionA
on 21 to 23 March 2015 that had sublimated in less
than 3 weeks (19). On 12 April, the bright patches
were not present yet, but these regions were spec-
trally bluer than the surrounding ones, indicating
a higher water-ice abundance (Fig. 2). On 27 April
and 2 May, the bright patches were clearly vis-
ible and showed a relatively flat spectrum, with a
maximum reflectance four to six times as bright
as the surrounding regions. A water-ice surface
abundance of ~25% linearlymixedwith the comet

SCIENCE sciencemag.org 23 DECEMBER 2016 • VOL 354 ISSUE 6319 1567

Fig. 1. Spectral slope evolution with heliocentric distance.The August 2014 image was corrected for
the phase reddening from 10° to 70° using the coefficients published in (15) tomatch the viewing geometry
on the right. See fig. S4 for the morphological regions context.
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ABSTRACT

The aim of the present work is to specify the spatio-temporal characteristics of flare activity observed by the
Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) and the Geostationary Operational
Environmental Satellite (GOES) in connection with the behavior of the longitudinal domain of enhanced sunspot
activity known as active longitude (AL). By using our method developed for this purpose, we identified the AL in
every Carrington Rotation provided by the Debrecen Photoheliographic Data. The spatial probability of flare
occurrence has been estimated depending on the longitudinal distance from AL in the northern and southern
hemispheres separately. We have found that more than 60% of the RHESSI and GOES flares is located within

36o n from the AL. Hence, the most flare-productive active regions tend to be located in or close to the active
longitudinal belt. This observed feature may allow for the prediction of the geo-effective position of the domain of
enhanced flaring probability. Furthermore, we studied the temporal properties of flare occurrence near the AL and
several significant fluctuations were found. More precisely, the results of the method are the following fluctuations:
0.8, 1.3, and 1.8 years. These temporal and spatial properties of the solar flare occurrence within the active
longitudinal belts could provide us with an enhanced solar flare forecasting opportunity.

Key words: Sun: activity – Sun: flares – sunspots

1. INTRODUCTION

The spatial distribution and temporal behavior of flare
occurrences are important elements of space weather. Regard-
ing spatial properties, the latitudinal distribution (i.e., the
butterfly diagram) is easily detectable because it is connected to
the well-known varying latitude of the activity during the solar
cycle. The determination of the longitudinal distribution is a
harder challenge. It was mentioned as early as in the 19th
century by Carrington (1863) that sunspot groups may prefer
some longitudinal domains. This was also observed later by
Maunder (1905) and Losh (1939). In the following decades, it
was usually considered that sunspot emergence was not equally
probable at all heliographic longitudes, but the results of
localization attempts were not always convincing. The causes
of the differing results are diverse.

Two approaches were followed. One of them considered the
locations of enhanced activity to be “active nests” as isolated
entities of the activity in the works of Becker (1955), Brouwer
& Zwaan (1990), and Castenmiller et al. (1986). The other
approach addresses active longitudes (hereafter AL) as
persistent domains of activity. The presumptions of the applied
methods are different and they may have a considerable impact
on the results. Possible presumptions are the following: a
rigidly rotating frame carrying an active longitudinal domain as
reported by Balthasar & Schüssler (1983), Kitchatinov &
Olemskoy (2005), and Ivanov (2007); persistent ALs under the
influence of differential rotation presented, e.g., by Usoskin
et al. (2005) and Zhang et al. (2011a); two ALs at a distance of
180° as in Usoskin et al. (2005). There were also skeptic views:
Pelt et al. (2005) showed that some results may be artefacts of
the applied methods, Henney & Durney (2005) even
questioned the existence of ALs.

The preferred longitudinal domains of flares have been
studied with similar presumptions and methods to those of the

sunspot studies. The active nests are called “superactive
regions” (Bai 1987) or “hot spots” (Bai 1988). The idea of
rigid rotation also arises (Warwick 1965), but the obtained
rotation rates are diverse (Bai 2003). The role of differential
rotation is also considered and the presumption of the twin ALs
at 180° apart (Zhang et al. 2007, 2011b). It seems reasonable to
study the ALs of sunspots and flares together.
In our previous paper (Gyenge et al. 2014, hereafter Paper I),

we endeavoured to follow procedure that was presumption-
free, reasonable, and possible. The activity concentration has
been computed for each longitudinal stripe of 10° in each
Carrington rotation (CR) and all of these longitudinal
distributions have been plotted in a time-longitude diagram.
The migration of the positions of strongest concentrations in
the time-longitude domain outlined a forward–backward
motion of the most active longitudinal domain with respect
to the Carrington frame. The half width of this AL was about
30°, a flip-flop event was identified, but the most interesting
result was that the flux emergence exhibited a 1.3-year
periodicity within the active longitudinal domain while this
period was absent from of this domain. This raised the possible
interpretation that the active regions emerging within the AL
are anchored at the bottom of the convective zone where this
period was also detected by Howe et al. (2000) and the rest of
the active regions emerge from higher layers.
This interpretation offers a feasible explanation for a long

enigma, the unknown connections between various space
physics processes varying with a period of 1.3 years. The first
report about this period was presented by Silverman & Shapiro
(1983). They detected the 1.3-year period in century-long
visual aurora observations and they admitted that the source of
this behavior was unknown. This was followed by a series of
reports on this period in different space parameters: solar wind
velocity (Richardson et al. 1994; Mursula & Vilppola 2004),
solar wind velocity and geomagnetic activity (Paularena

The Astrophysical Journal, 818:127 (8pp), 2016 February 20 doi:10.3847/0004-637X/818/2/127
© 2016. The American Astronomical Society. All rights reserved.

1



A&A 592, A139 (2016)
DOI: 10.1051/0004-6361/201526672
c� ESO 2016

Astronomy

&

Astrophysics

Possibility for albedo estimation of exomoons: Why should we

care about M dwarfs?

Vera Dobos1, Ákos Kereszturi1, András Pál1, and László L. Kiss1, 2

1 Konkoly Thege Miklós Astronomical Institute, Research Centre for Astronomy and Earth Sciences,
Hungarian Academy of Sciences, 1121 Konkoly Thege Miklós út 15-17, Budapest, Hungary
e-mail: dobos@konkoly.hu

2 Sydney Institute for Astronomy, School of Physics A28, University of Sydney, NSW 2006, Australia

Received 4 June 2015 / Accepted 4 June 2016

ABSTRACT

Occultation light curves of exomoons may give information on the exomoons’ albedo and hence indicate the presence of ice cover
on the surface. Icy moons might have subsurface oceans, and thus may potentially be habitable. The objective of our paper is to
determine whether next generation telescopes will be capable of albedo estimations for icy exomoons using their occultation light
curves. The success of the measurements depends on the depth of the moon’s occultation in the light curve and on the sensitivity of
the used instruments. We applied simple calculations for di↵erent stellar masses in the V and J photometric bands, and compared the
flux drop caused by the moon’s occultation and the estimated photon noise of next generation missions with 5� confidence. We found
that albedo estimation by this method is not feasible for moons of solar-like stars, but small M dwarfs are better candidates for such
measurements. Our calculations in the J photometric band show that E-ELT MICADO’s photon noise is just about 4 ppm greater
than the flux di↵erence caused by an icy satellite twice the Earth’s radius in a circular orbit at the snowline of an 0.1 stellar mass star.
However, considering only photon noise underestimates the real expected noise, because other noise sources, such as CCD read-out
and dark signal become significant in the near-infrared measurements. Hence we conclude that occultation measurements with next
generation missions are far too challenging, even in the case of large, icy moons at the snowline of small M dwarfs. We also discuss
the role of the parameters that were neglected in the calculations, for example inclination, eccentricity, orbiting direction of the moon.
We predict that the first albedo estimations of exomoons will probably be made for large icy moons around the snowline of M4 – M9
type main sequence stars.

Key words. planets and satellites: surfaces – methods: numerical – planets and satellites: detection – occultations

1. Introduction

The solar system provides useful analogues to extrapolate ex-
trasolar satellite properties. The satellites of the giant planets
hold substantial masses of water ice that is often located on the
surface (Brown & Cruikshank 1997; Verbiscer et al. 1990). Al-
though there could be di↵erences between satellite systems, the
icy surface, including water ice, is abundant on them (Stevenson
1985; Sasaki et al. 2010). Analysing the optical properties of the
solar system satellites, it can be seen that the high albedo in gen-
eral indicates water ice. Non-ice covered satellites usually show
low geometric albedo values between 0.04 and 0.15, while ice-
covered satellites show higher values, although di↵erent ingre-
dients (mostly silicate grains) could decrease the albedo if they
are embedded in the ice, or the ice is old and strongly irradi-
ated/solar gardened (Grundy & Stansberry 2000; Sheppard et al.
2005). These satellites show moderate geometric albedo be-
tween 0.21 for Umbriel and 0.99 for Dione (Veverka et al.
1991; Verbiscer et al. 2013). Beside water ice, nitrogen ice is
also a strong reflector, producing albedo around 0.76 on Tri-
ton (Hicks & Buratti 2004). On this satellite the bright surface
can partly be explained by its relatively young, 6�10 Myr old
age. (Schenk & Zahnle 2007). The most important analogues for
high albedo in the solar system could be Europa with 1.02 and
Enceladus with 1.38 geometric albedo (Verbiscer et al. 2013).
In the case of Europa the relatively young (about 50 million

year old) surface is accompanied by clean and bright ice, while
on Enceladus freshly fallen ice crystals increase the albedo
significantly (Pappalardo et al. 1999; Porco et al. 2006). Based
on these observations, we assume that geometric albedo above
around 0.7 indicates some ice, often water ice, with relatively
young surface, and higher albedo might suggest freshly fallen
water ice crystals. In this work we are analysing exomoons with
such high albedo, as it might give insight into their surface
properties.

For exomoon detection, current techniques mostly focus
on light curve analysis (Kipping 2009a,b; Kipping et al. 2009,
and references therein). The concept is that the exomoon alters
the light curve in a specific and identifiable way (Szabó et al.
2006; Simon et al. 2007). Other methods also have been pro-
posed, such as direct imaging (Peters & Turner 2013), ra-
dial velocity measurements (Simon et al. 2010), microlensing
(Liebig & Wambsganss 2010; Bennett et al. 2014), or pulsar
timing (Lewis et al. 2008). In this work we discuss how the light
curves of occultations can provide insights for albedo estimation.

Habitability is also a focus for research on exomoons.
Heller & Barnes (2013) developed a model for calculating the
incident flux on an exomoon arriving from stellar irradiation, re-
flective light from the planet, thermal radiation of the planet and
from tidal heating of the moon. They also considered eclipses
as possible energy sinks. Too much incident flux on a moon
can trigger the runaway greenhouse e↵ect, which leads to the

Article published by EDP Sciences A139, page 1 of 13
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Fig. 1. Schematic light curve during an occultation with an exomoon orbiting its exoplanet with some di↵erent basic conditions: a1) exomoon
occults after the exoplanet; a2) exomoon occults before the exoplanet; b1) observationally favourable case of large eccentricity increasing the
plateau duration; b2) unfavourable case of large eccentricity decreases the plateau duration; c1) favourable case of large inclination (relative to the
plane perpendicular to the line of sight); c2) unfavourable case of large inclination. The sizes of the objects are not to scale.

From the three possible configurations, the third (3) is
the one which favours the identification of the exomoon, since in
the other cases the moon’s presence does not change the shape
of the light curve (although the depth of the flux minimum can
be di↵erent). The third configuration is also the most probable of
all, based on geometric considerations (Heller 2014). Apart from
a few special cases, the moon spends just a small fraction of its
orbital time in front of or behind the planet (Heller 2012). In this
(third) case two sub-configurations are possible: the planet oc-
cults before the moon (a1 in Fig. 1), or the moon occults before
the planet (a2 in Fig. 1). These cases can be seen in Fig. 1. along
with schematic light curves. Note that unlike at transits, stellar
limb darkening does not a↵ect the light curve at occultations.

2.1. Albedo

We use simple formulae for the calculations, because this is a ba-
sic phenomenon of exomoons that has not been analysed before.
Simplified cases are considered because of the large number of

possibilities and also to see the big picture without being lost in
the details.

For the albedo calculation we considered the following for-
mulae and configuration. Figure 2 shows a schematic light curve
of an occultation, assuming that first the planet moves behind the
star, followed by the moon (case a1 in Fig. 1). The light curve
has its maximum at y1 and the minimum of the occultation is at
y4. The latter corresponds to the stellar flux (the planet and the
moon are behind the star), denoted by F? which is normalised
so that F? = 1. Reflected stellar light from the planet and from
the moon give contributions to the observed flux. Values of y3
and y2 refer to the measured flux before the occultation of the
moon and after the occultation of the planet (the moon is still
occulting), respectively. Measuring both y1 � y2 and y3 � y4 can
be used to refine their value (which should be equal in theory),
assuming that the apparent configuration of the system does not
significantly change during the occultation. The accuracy of this
value is very important, because it plays a key role in calculating
the moon’s albedo.

A139, page 3 of 13
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ABSTRACT

We provide a set of stellar evolution and nucleosynthesis calculations that applies established physics assumptions
simultaneously to low- and intermediate-mass and massive star models. Our goal is to provide an internally
consistent and comprehensive nuclear production and yield database for applications in areas such as presolar grain
studies. Our non-rotating models assume convective boundary mixing (CBM) where it has been adopted before.
We include 8 (12) initial masses for Z = 0.01 (0.02). Models are followed either until the end of the asymptotic
giant branch phase or the end of Si burning, complemented by simple analytic core-collapse supernova (SN)
models with two options for fallback and shock velocities. The explosions show which pre-SN yields will most
strongly be effected by the explosive nucleosynthesis. We discuss how these two explosion parameters impact the
light elements and the s and p process. For low- and intermediate-mass models, our stellar yields from H to Bi
include the effect of CBM at the He-intershell boundaries and the stellar evolution feedback of the mixing process
that produces the C13 pocket. All post-processing nucleosynthesis calculations use the same nuclear reaction rate
network and nuclear physics input. We provide a discussion of the nuclear production across the entire mass range
organized by element group. The entirety of our stellar nucleosynthesis profile and time evolution output are
available electronically, and tools to explore the data on the NuGrid VOspace hosted by the Canadian
Astronomical Data Centre are introduced.

Key words: nuclear reactions, nucleosynthesis, abundances – stars: abundances – stars: evolution – stars: interiors
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1. INTRODUCTION

All elements heavier than H can be formed in stars and their
outbursts. Understanding the processes that have lead to the
abundance distribution in the solar system is one of the
fundamental goals of stellar nucleosynthesis and galactic
astronomy. The solar system abundance distribution has been
formed through nucleosynthesis in several generations of
different stars. Despite significant progress, details regarding
the chemical evolution of the Galaxy remain poorly understood
(e.g., Tinsley 1980; Timmes et al. 1995; Goswami & Prantzos
2000; Travaglio et al. 2004; Gibson et al. 2003; Kobayashi
et al. 2006). This makes understanding the origin of the solar
abundances challenging. Complete, metallicity-dependent stel-
lar yields would provide part of the answer, but the respective
contribution from different stellar sources depends on the
dynamical evolution of the Galaxy. The analysis of spectro-
scopic observations of unevolved stars in the local disk of the
Galaxy carries a similar degeneracy to the analysis of stellar

nucleosynthesis. The observation of evolved low- and inter-
mediate-mass stars (e.g., Busso et al. 2001; García-Hernández
et al. 2006; Abia et al. 2010, 2012; Hernandez et al. 2012) and
of the ejecta of core-collapse supernova (CCSN; e.g., Isensee
et al. 2010, 2012; Kjær et al. 2010; Hwang & Laming 2012)
can provide information about the intrinsic nucleosynthesis of
these objects and constrain some of the modeling uncertainties.
A closer source of information about stellar nucleosynthesis

processes is hidden in primitive meteorites. Small dust grains of
presolar origin—which were produced in ancient stars whose lives
ended before the formation of our solar system—can be found on
Earth preserved in meteorites (Bernatowicz et al. 1987; Lewis
et al. 1987; Amari et al. 1990; Bernatowicz et al. 1991; Huss et al.
1994; Nittler et al. 1995; Choi et al. 1999). These are assumed to
carry a relatively unmodified nucleosynthesis signature from the
environments of their parent stars (e.g., Zinner 2003; Clayton &
Nittler 2004).
Stars with different initial masses and metallicities contribute

in different ways to the production of elements. Low- and
intermediate-mass stars contribute to the chemical evolution of
the interstellar medium over longer timescales than massive stars,

The Astrophysical Journal Supplement Series, 225:24 (54pp), 2016 August doi:10.3847/0067-0049/225/2/24
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13 NuGrid collaboration, http://www.nugridstars.org.
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process as is the case at all times in the MESA calculations. In
GENEC overshooting is only included for hydrogen- and
helium-burning cores, where an overshooting parameter of
a = H0.2 Pov is used as in previous non-rotating grids of
models (Schaller et al. 1992).

A recent comparison between MESA and GENEC can be
found in Jones et al. (2015), where =f 0.022ov was used in
MESA to match the a = H0.2 Pov in GENEC. For this study,
we initially planned to use the EVOL code (Herwig 2000) for
the low-mass models. We compared convective cores with
overshooting in 9 :M stellar models from the GENEC code
and the EVOL code to ensure that convective core sizes are
matching at the transition mass. For the EVOL code,

=f 0.016ov matched approximately the GENEC model with
a = H0.2 Pov . For stars around 2 :M it was determined by
Paxton et al. (2011) that =f 0.014ov matches observational
constraints of the main-sequence width in MESA models, and
we have adopted this value for main-sequence core convection
in our MESA low- and intermediate-mass models. CBM and its
dependence on initial mass is still uncertain but there is support
for an overshooting efficiency that broadly increases with
initial mass (Deupree 2000). The overshooting efficiencies
adopted here for AGB and massive stars are well within the
range of values used in the literature; see, e.g., Martins &
Palacios (2013).

2.1.5. Additional MESA Code Information

The low- and intermediate-mass models (1.65, 2, 3, 4, and 5
:M ) have been calculated with the MESA code (rev. 3372), for

which a comprehensive code description and comparison
(including GENEC for massive stars) is provided by Paxton
et al. (2011). Concerning stellar evolution before and during
the AGB phase, results from MESA have been compared in
detail to results obtained with the EVOL stellar evolution code

(e.g., Blöcker 1995; Herwig 2000, 2004b). In particular, the 2
:M , Z = 0.01 MESA stellar model has been compared to the

corresponding track of Herwig & Austin (2004) from the pre-
main-sequence to the tip of the AGB by Paxton et al. (2011).
The two stellar models share a similar evolution in the H–R
diagram, and key properties such as main-sequence lifetime
and age at first TP, H-free core mass at the end of He-core
burning and core mass at first TP differ by less than 5%. During
the AGB, a similar occurrence and efficiency of third dredge-
up, interpulse periods, and evolution of C/O ratio in the AGB
envelope as well as subsequent C-star formation are obtained
(Paxton et al. 2011).
The following settings were used in MESA.

1. Structure, nuclear burning, and time-dependent mixing
operators were always solved together using a joint
operator method.

2. In addition to the default MESAmesh refinement, enhanced
resolution was applied in regions with gradients in H, He4 ,

C13 , and N14 in order to resolve the C13 pocket during the
entire interpulse time. This is needed to accurately follow
s-process nucleosynthesis.

3. The mixing-length parameter used is H1.73 p, as calibrated
for a solar model.

4. Additional timestep controls are used to allow for
sufficient resolution of the He-shell flashes as well as
the evolution of the thin H-burning shell during the
interpulse evolution.

5. OPAL Type 2 opacity tables (Rogers et al. 1996).
6. The atmosphere option simple_photosphere.

2.2. Stellar Evolution Tracks

The H–R diagram for low-mass and intermediate-mass
stellar models is shown in Figure 1, and the evolution of central

Figure 1. H–R diagram for low- and intermediate-mass models. Labels give the initial stellar mass followed by “S1” for Set 1.1 models (Z = 0.01) and “S2” for
Set 1.2 models (Z = 0.02). Toward the end of the sequence, the tracks show wide loops, indicating an instability toward the end of the evolution that has been omitted
from the plot for clarity (see the text for details).
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ABSTRACT

Context. HBC 722 (V2493 Cyg) is a young eruptive star in outburst since 2010. Spectroscopic evidence suggests that the source is an
FU Orionis-type object, with an atypically low outburst luminosity.
Aims. Because it was well characterized in the pre-outburst phase, HBC 722 is one of the few FUors from which we can learn about
the physical changes and processes associated with the eruption, including the role of the circumstellar environment.
Methods. We monitored the source in the BVRIJHKS bands from the ground and at 3.6 and 4.5 µm from space with the Spitzer Space
Telescope. We analyzed the light curves and studied the evolving spectral energy distribution by fitting a series of steady accretion
disk models at many epochs covering the outburst. We also analyzed the spectral properties of the source based on our new optical
and infrared spectra, comparing our line inventory with those published in the literature for other epochs. We also mapped HBC 722
and its surroundings at millimeter wavelengths.
Results. From the light-curve analysis we conclude that the first peak of the outburst in 2010 September was mainly due to an abrupt
increase in the accretion rate in the innermost part of the system. This was followed after a few months by a long-term process, when
the brightening of the source was mainly due to a gradual increase in the accretion rate and the emitting area. Our new observations
show that the source is currently in a constant plateau phase. We found that the optical spectrum was similar in the first peak and
following periods, but around the peak the continuum was bluer and the H↵ profile changed significantly between 2012 and 2013.
The source was not detected in the millimeter continuum, but we discovered a flattened molecular gas structure with a diameter of
1700 au and mass of 0.3 M� centered on HBC 722.
Conclusions. While the first brightness peak might be interpreted as a rapid fall of piled-up material from the inner disk onto the
star, the later monotonic flux rise suggests the outward expansion of a hot component according to a previously described theory. Our
study of HBC 722 demonstrates that accretion-related outbursts can occur in young stellar objects even with very low-mass disks in
the late Class II phase.

Key words. stars: formation – circumstellar matter – infrared: stars – stars: individual: HBC 722

1. Introduction

Sun-like pre-main sequence stars are surrounded by circum-
stellar disks from which material is accreted onto the growing
protostar. The accretion rate is variable: the protostar’s normal

? This work is based on observations made with the Spitzer Space
Telescope. Spitzer is operated by the Jet Propulsion Laboratory, Cali-
fornia Institute of Technology under a contract with NASA.

accretion at a low rate may be occasionally interspersed by brief
episodes of highly enhanced accretion (Kenyon et al. 1990). FU
Orionis-type variables (FUors) are thought to be the visible ex-
amples of episodic accretion. During their episodic outbursts,
the accretion rate from the circumstellar disk onto the star in-
creases by several orders of magnitude, from typically 10�7 up
to 10�4 M� yr�1 (Audard et al. 2014). Owing to the increased ac-
cretion, FUors brighten by 5–6 mag at optical wavelengths, their

Article published by EDP Sciences A52, page 1 of 15
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Fig. 1. Light curves of HBC 722. Filled dots are from Paper I and this work, plus signs are from Semkov et al. (2010), Semkov et al. (2014),
Miller et al. (2011), Sung et al. (2013), Antoniucci et al. (2013), and from the AAVSO database1. Mid-IR data points are either from WISE (filled
squares) or from Spitzer (filled dots). For clarity, the B, V , I, J, H, KS, [3.6] and [4.5] light curves are shifted along the y-axis. The vertical dashed
line marks the epoch when our near-IR LIRIS spectum was taken, while the vertical dotted lines indicate the time of our optical GTC/OSIRIS
spectra.

bolometric luminosities reach several hundred L�, and they stay
in the high state for several decades.

Currently, about two dozen FUors and FUor candidates
are known. One of the recent discoveries, HBC 722 went
into eruption in 2010 (Semkov & Peneva 2010). The optical
and near-infrared (near-IR) spectra of the object published by
Miller et al. (2011) and Semkov et al. (2012) are similar to those
of FU Ori and other FUors, confirming its FUor-type classifica-
tion. HBC 722, however, di↵ers from typical FUors in that its
outburst luminosity and accretion rate are only on the order of
Lbol = 10�20 L�, Ṁ = 10�6 M� yr�1, well below what is typi-
cal of FUors (Kóspál et al. 2011, hereafter, Paper I). Despite this,
HBC 722 has been in the bright state for at least five years now,
it is currently brighter than ever (Baek et al. 2015), and it is on
its way to exhibit a typical, decades-long FUor-type light curve.

HBC 722 is not an isolated object but a part of the LkH↵
188 cluster, a group of optically visible young stars showing
H↵ emission (Cohen & Kuhi 1979). Several Class 0/I embedded
protostars, as well as very young, very low-luminosity protostars
or starless cores in the vicinity of HBC 722 indicate active star
formation in the area (Green et al. 2011; Dunham et al. 2012).
HBC 722 itself is a Class II object with a circumstellar disk
(Miller et al. 2011; Kóspál et al. 2011), although with a rather
low upper limit for the disk mass (Dunham et al. 2012). The sys-
tem is surrounded by a reflection nebula (Miller et al. 2011).

HBC 722 is unique among FUors in that the progenitor, that
is, the object in quiescence, has been well characterized. To learn
about the physical changes and processes associated with the
outburst, we carried out new optical and infrared photometric

1
http://www.aavso.org

monitoring of HBC 722, including mid-IR observations, which
provide new information on the thermal emission of the inner
disk at various phases of the outburst. We also obtained optical
and near-IR spectra, as well as millimeter continuum and molec-
ular line maps of the environment of the source, and compared
our results with the FUor outburst theory of Bell & Lin (1994).

2. Observations and data reduction

2.1. Optical and infrared observations

We obtained optical and near-IR images with BVRIJHKS fil-
ters between 2010 September 19 and 2016 July 12 using four
telescopes: the Schmidt and RCC telescopes of the Konkoly Ob-
servatory (Hungary), and the IAC-80 and TCS telescopes of the
Teide Observatory on the Canary Islands (Spain). Technical de-
tails of the telescopes and their instrumentation are described in
Paper I. Reduction of the images and aperture photometry was
performed in the same way as in Paper I. The resulting mag-
nitudes for the period between 2010 September 19 and 2011
January 2 are presented in Paper I, while the rest are listed in
Table A.1. The light curves are plotted in Fig. 1.

We observed HBC 722 using the Spitzer Space Telescope in
the post-helium phase at nine epochs between 2011 September 8
and 2012 October 12 (PID: 80165, PI: P. Ábrahám). We used the
IRAC instrument at 3.6 and 4.5 µm in full-array mode with expo-
sure times of 0.2 s per frame. The data reduction and photometry
was made in the same way as described in detail in Kun et al.
(2011), except that here we used an aperture of 2 pixels (200.4)
and sky annulus between 2�6 pixels (200.4�700.2). Convolution
of the IRAC filter profiles with the observed spectral energy

A52, page 2 of 15
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ABSTRACT

We present the first comprehensive thermal and rotational analysis of the second most distant trans-Neptunian
object (TNOs) (225088) 2007 OR10. We combined optical light curves provided by the Kepler Space Telescope–
K2 extended mission and thermal infrared data provided by the Herschel Space Observatory. We found that
(225088) 2007 OR10 is likely to be larger and darker than derived by earlier studies: we obtained a diameter of
= -

+d 1535 km225
75 which places (225088) 2007 OR10 in the biggest top three TNOs. The corresponding visual

geometric albedo is = -
+p 0.089V 0.009

0.031. The light-curve analysis revealed a slow rotation rate of
Prot=44.81±0.37 hr, superseded by very few objects. The most likely light-curve solution is double-peaked
with a slight asymmetry; however, we cannot safely rule out the possibility of having a rotation period of
Prot=22.40±0.18 hr, which corresponds to a single-peaked solution. Due to the size and slow rotation, the
shape of the object should be a MacLaurin ellipsoid, so the light variation should be caused by surface
inhomogeneities. Its newly derived larger diameter also implies larger surface gravity and a more likely retention of
volatiles—CH4, CO, and N2—on the surface.

Key words: Kuiper belt objects: individual ((225088) OR10) – methods: observational – minor planets, asteroids:
general – radiation mechanisms: thermal – techniques: photometric
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1. INTRODUCTION

Trans-Neptunian objects (TNOs) are known as the most
pristine types of bodies orbiting in the solar system. Extending
our knowledge of these objects helps us to understand both the
formation of our planetary system and the interpretation of
observational data regarding circumstellar material or debris
disks of other stars. (225088) 2007 OR10, discovered by
Schwamb et al. (2009), is the second most distant known
TNO to date, following Eris: the current heliocentric distance
of this object exceeds 87 au and is still moving further away up
to its aphelion in year 2130 at ∼100.7 au. Its orbital eccentricity
is high (e≈0.51), so upon perihelion, it comes nearly as close
as Neptune. In addition, 2007 OR10 is likely to be in the 3:10
mean motion resonance with Neptune.7 Ground-based obser-
vations revealed a characteristic red color for this object:
according to Boehnhardt et al. (2014), its V−R color index is
0.86±0.02. Santos-Sanz et al. (2012) have studied 15
scattered disk objects and detached objects, including
2007 OR10, where these objects have a series of far-infrared
thermal measurements taken with the Herschel Space Obser-
vatory.8 The albedo of 2007 OR10 was found to be pR≈18%
in the R band, hence this object is a member of the “bright &
red” subgroup of the TNO population (Lacerda et al. 2014).

The corresponding diameter of 2007 OR10 was reported as
= od 1280 210 km (see also Table 5 in Santos-Sanz

et al. 2012). The analysis of near-infrared spectra also revealed
the presence of water ice absorption features (Brown
et al. 2011).
The Kepler space telescope has been designed to con-

tinuously observe a dedicated field close to the northern pole of
the Ecliptic in order to discover and characterize transiting
extrasolar planets (Borucki et al. 2010). After the failure of the
reaction wheels, having only two available for fine attitude
control, the new mission, called K2, has been initiated and
commissioned (Howell et al. 2014). In this extended mission,
Kepler observes fields close to the ecliptic plane in a quarterly
schedule. Due to the orientation of the solar panels on Kepler,
these fields have a typical solar elongation between ∼140° and
50° during such an ∼3 month long campaign.
Observing near the ecliptic has two relevant consequences.

First, minor planets crossing the fields could seriously affect the
photometric quality by intersecting the apertures of target stars
(Szabó et al. 2015). Second, allocating dedicated pixel masks to
these moving solar system objects can provide a unique way to
gather uninterrupted photometric time series. This can further
be relevant for TNOs where the apparent mean motion is slow:
as has been demonstrated by Pál et al. (2015b), even small
stamps with sizes of ∼20×20 pixels could include the arc of a
TNO around its stationary point (which is also observed in a K2
campaign, see the typical solar elongation range above). To
date, the K2 mission has been involved in the precise detection

The Astronomical Journal, 151:117 (8pp), 2016 May doi:10.3847/0004-6256/151/5/117
© 2016. The American Astronomical Society. All rights reserved.

7 http://www.boulder.swri.edu/~buie/kbo/astrom/225088.html
8 Herschel is an ESA space observatory with science instruments provided by
European-led Principal Investigator consortia and with important participation
from NASA.
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of rotation light variations of the objects (278361) 2007 JJ43,
2002 GV31 (Pál et al. 2015b) and Nereid, a satellite of Neptune
(Kiss et al. 2016). In this work we extend this sample with
(225088) 2007 OR10.

To date, no rotational brightness variation has been detected
for 2007 OR10: the upper limit for a light-curve amplitude
found by Benecchi & Sheppard (2013) is <0.09 mag. Using K2
observations, we present the first detection of optical brightness
variations of this object, detecting a slow, likely double-peaked
rotation with a corresponding low amplitude light curve. This
information is further used to characterize the physical
properties of the surface of 2007 OR10 by employing thermo-
physical models (TPMs). In Section 2, we describe the
observations and data reduction related to K2 and the re-
reduction of Herschel/Photoconductor Array Camera and
Spectrometer (PACS) scan map data. In Section 3, we briefly
detail the methods used to analyze the optical light curve. The
description of the accurate thermal modeling is found in
Section 4. In Section 5, we summarize our results.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Kepler/K2 Observations and Data Reduction

Kepler observed the apparent track of 2007 OR10 in K2
Campaign3 under the Guest Observer Office proposal
GO3053. The track has been covered by two custom aperture
masks following the trajectory of the object with a width of
10–11 pixels on average. Unfortunately, the apparent stationary
point of the object, viewed from Kepler, was located in the gap
between the two CCDs of module #18 (in fact, in the gap
between channels 2 and 3).

Hence, the first pixel mask covered the first ∼15 days of
Campaign 3 while the second pixel mask covered only the last
∼5 days of the planned interval. Another unfortunate
constellation is the apparent vicinity of the bright star
45Aquarii (HD211676), which has a brightness of V=5.9.
The systematics induced by the halo and the diffraction spikes
of 45Aquarii significantly decrease the attainable signal-to-
noise ratio even in the case of a moving object. However,
Campaign 3 ended prematurely after 69.2 days, about 10 days
short of the planned length of the campaign; therefore,

2007 OR10 did not appear in the mask closer to 45Aqr at all
(Thompson 2015). Overall, Kepler followed the light variations
of 2007 OR10 for 12.0 days continuously. The elongation of the
object decreased from 140° to 70° during the campaign but,
due to the aforementioned facts, only the elongations between
140° and 123° were available for further analysis.
The data series for the track of 2007 OR10, as well as the

comparison stars, has a timing cadence corresponding to the K2
long-cadence mode, i.e., 0.0204 days (approximately
29.4 minutes). These long-cadence stamps are summed from
270 individual exposures on board (in order to save telemetric
bandwidth). Each exposure has a net (useful) integration time
of 6.02 s, while ∼8% of the time is spent by readout (see also
Gilliland et al. 2010 for more details).
The public target pixel time series files from the Campaign 3

fields were retrieved from the MAST archive9 for the respective
observations. In addition to the two masks corresponding to the
parts of the sky covering the apparent arc of 2007 OR10, we
retrieved a dozen of the masks related to nearby additional
sources. The analyzed field of view of module #18 channel 2
has been displayed in Figure 1. Since the masks corresponding
to the apparent trajectory of 2007 OR10 do not contain bright
background stars, we used the information provided by 10 of
the unsaturated point sources presented on these additional
masks to obtain a relative (differential) and absolute astrometric
solutions needed by the photometric pipeline. In this sense, this
type of astrometric bootstrapping was simpler than the case of
2007 JJ43 where only the stars located in the mask correspond-
ing to the objectʼs path were used (see Pál et al. 2015b for
further details).
The analysis of the frames has been performed in a highly

similar manner as it was done in the previous K2 observations
(Pál et al. 2015b). The most relevant improvement in our
pipeline is the inclusion of the aforementioned 10 additional
stamps that provide a more accurate astrometric reference
system w.r.t. the Kepler CCDs. For all of the processing steps,
including the extraction of K2 data files, we involved the tasks
of the FITSH package10 (Pál 2012). As in our previous work

Figure 1. Total analyzed field of view of the Kepler, showing both the stamps related to (225088) 2007 OR10 as well as the nearby image stamps used for astrometry.
The stars used by the determination for both the differential and absolute astrometric solutions are indicated by red circles. The field has a pixel dimension of
410×220, equivalent to 27′×15′. Note that the pixels are shown in the reference frame of the detector and therefore the image itself is flipped. Note also that the
edge of channel 2 of module #18 is at the top of the image.

9 https://archive.stsci.edu/k2/
10 http://fitsh.szofi.net/
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derived using the artificial source implantation method (see
also Kiss et al. 2014). The derived uncertainties also include the
additional 5% due to the absolute flux level calibration error
(Balog et al. 2014). The fluxes have been found to be

o2.52 1.20 mJy, o5.68 1.47 mJy, and o6.71 2.03 mJy in
the “blue” (60–85 μm, centered at 70 μm), “green”
(85–130 μm, centered at 100 μm), and “red” (130–210 μm,
centered at 160 μm) PACS bands. During the derivation of
these fluxes, we also included the color correction factors of
C70=0.992, C100=0.985, and C160=0.995 corresponding
to the temperature of ∼37 K for this object (see also Müller
et al. 2011).

3. OPTICAL LIGHT-CURVE ANALYSIS

In order to find periodicity in the observed K2 photometric
time series, we analyzed the light curve with the Period04
software (Lenz & Breger 2005). The Fourier transform of the
data revealed a single periodicity with a signal-to-noise ratio
higher than 5.0, at = o -n 1.071 0.009 day 1. Other peaks,
including the frequency of the attitude tweak maneuvers, were
not detectable in the Fourier spectrum. We plot the

corresponding false alarm probabilities (in negative log scale)
in the right panel of Figure 3. We repeated this period search by
fitting a function in the form of

p p+ D + DA B n t C n tcos 2 sin 2 . 1( ) ( ) ( )
Here n is the scanned rotational frequency and D = -t t T ,
where T=2,456,987 JD (the approximate center of the time
series, it is subtracted in order to minimize numerical errors).
For each frequency n, the unknowns A, B, and C can be derived
in a purely linear manner. If one converts the fit residuals to
false alarm probabilities (by using the decrement in the
corresponding χ2 values), one will get the exact same structure
as was obtained by Period04.
Light curves of small solar system bodies regularly show

double-peaked features (see, e.g., Sheppard 2007). Therefore,
one has to decide whether the suspected frequency of
= -n 1.071 day 1 corresponds to a single-peaked light curve

or a light curve with a period that is twice longer. In order to
test the significance of the double-peaked solution, we folded
the light curve with the suspected period of =P 44.81 hrrot and
performed binning on the folded data series. Using a bin count

Figure 2. Image stamps of (225088) 2007 OR10 as seen by the PACS detector of Herschel. The stamps show the vicinity of the object and cover a 70″×70″ area on
the sky. From left to right, the stamps show the object in 70 μm (blue), 100 μm (green), and 160 μm (red) channels. The small white circles in the lower-left corner
show the beam size (which is the largest in the red channel due to the diffraction-limited resolution of the instrument. Note that the object itself is slightly offset by
≈2″ from the field center due to the pointing drifts and astrometric uncertainties with respect to the nominal coordinates.

Figure 3. Left: phase-folded light curve of (225088) 2007 OR10 superimposed with binned data points and the best-fit sinusoidal fit used for a period search. The
folding period corresponds to the suspected double-peak rotation period of Prot = 44.81 ± 0.37 hr. Right: Fourier transform of the photometric light variation of
(225088) 2007 OR10, as converted to false alarm probabilities, showing the prominent peak at n = 1.071 cycles/day and the respective false alarm probability of
1.7 × 10−7. This value corresponds to a detection of 5.2σ.

4
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? Corresponding author: A. G. A. Brown, e-mail: brown@strw.leidenuniv.nl

Article published by EDP Sciences A2, page 1 of 23



A&A 595, A2 (2016)

D. Michalik15, N. R. Millar9, B. M. H. Miranda51, D. Molina12, R. Molinaro79, M. Molinaro105, L. Molnár102,
M. Moniez106, P. Montegri↵o28, R. Mor12, A. Mora44, R. Morbidelli5, T. Morel40, S. Morgenthaler107, D. Morris38,

A. F. Mulone27, T. Muraveva28, I. Musella79, J. Narbonne59, G. Nelemans23, 22, L. Nicastro108, L. Noval59,
C. Ordénovic4, J. Ordieres-Meré109, P. Osborne9, C. Pagani68, I. Pagano49, F. Pailler16, H. Palacin59, L. Palaversa10,

P. Parsons20, M. Pecoraro60, R. Pedrosa110, H. Pentikäinen52, B. Pichon4, A. M. Piersimoni78, F.-X. Pineau42,
E. Plachy102, G. Plum6, E. Poujoulet111, A. Prša112, L. Pulone74, S. Ragaini28, S. Rago5, N. Rambaux35,

M. Ramos-Lerate113, P. Ranalli15, G. Rauw40, A. Read68, S. Regibo22, C. Reylé56, R. A. Ribeiro86, L. Rimoldini30,
V. Ripepi79, A. Riva5, G. Rixon9, M. Roelens10, M. Romero-Gómez12, N. Rowell38, F. Royer6, L. Ruiz-Dern6,

G. Sadowski17, T. Sagristà Sellés8, J. Sahlmann14, J. Salgado54, E. Salguero54, M. Sarasso5, H. Savietto114,
M. Schultheis4, E. Sciacca49, M. Segol115, J. C. Segovia29, D. Segransan10, I.-C. Shih6, R. Smareglia105, R. L. Smart5,

E. Solano67, 116, F. Solitro27, R. Sordo2, S. Soria Nieto12, J. Souchay33, A. Spagna5, F. Spoto4, U. Stampa8,
I. A. Steele101, H. Steidelmüller13, C. A. Stephenson20, H. Stoev117, F. F. Suess9, M. Süveges30, J. Surdej40,

L. Szabados102, E. Szegedi-Elek102, D. Tapiador118, 119, F. Taris33, G. Tauran59, M. B. Taylor120, R. Teixeira80,
D. Terrett31, B. Tingley121, S. C. Trager71, C. Turon6, A. Ulla122, E. Utrilla44, G. Valentini78, A. van Elteren1,

E. Van Hemelryck36, M. van Leeuwen9, M. Varadi10, 102, A. Vecchiato5, J. Veljanoski71, T. Via72, D. Vicente90,
S. Vogt123, H. Voss12, V. Votruba89, S. Voutsinas38, G. Walmsley16, M. Weiler12, K. Weingrill83, T. Wevers23,
Ł. Wyrzykowski9, 124, A. Yoldas9, M. Žerjal94, S. Zucker81, C. Zurbach45, T. Zwitter94, A. Alecu9, M. Allen3,

C. Allende Prieto24, 125, 126, A. Amorim51, G. Anglada-Escudé12, V. Arsenijevic51, S. Azaz3, P. Balm20, M. Beck30,
H.-H. Bernstein†,8, L. Bigot4, A. Bijaoui4, C. Blasco127, M. Bonfigli78, G. Bono74, S. Boudreault24, 128, A. Bressan129,

S. Brown9, P.-M. Brunet16, P. Bunclark†,9, R. Buonanno74, A. G. Butkevich13, C. Carret110, C. Carrion57,
L. Chemin21, 130, F. Chéreau6, L. Corcione5, E. Darmigny16, K. S. de Boer131, P. de Teodoro29, P. T. de Zeeuw1, 132,
C. Delle Luche6, 59, C. D. Domingues133, P. Dubath30, F. Fodor16, B. Frézouls16, A. Fries12, D. Fustes50, D. Fyfe68,

E. Gallardo12, J. Gallegos29, D. Gardiol5, M. Gebran12, 134, A. Gomboc94, 135, A. Gómez6, E. Grux56, A. Gueguen6, 136,
A. Heyrovsky38, J. Hoar14, G. Iannicola74, Y. Isasi Parache12, A.-M. Janotto16, E. Joliet39, 137, A. Jonckheere36,
R. Keil138, 139, D.-W. Kim7, P. Klagyivik102, J. Klar83, J. Knude25, O. Kochukhov47, I. Kolka140, J. Kos94, 141,
A. Kutka89, 142, V. Lainey35, D. LeBouquin59, C. Liu7, 143, D. Loreggia5, V. V. Makarov144, M. G. Marseille59,

C. Martayan36, 145, O. Martinez-Rubi12, B. Massart4, 59, 146, F. Meynadier6, 33, S. Mignot6, U. Munari2, A.-T. Nguyen16,
T. Nordlander47, P. Ocvirk83, 42, K. S. O’Flaherty147, A. Olias Sanz148, P. Ortiz68, J. Osorio65, D. Oszkiewicz52, 149,

A. Ouzounis38, M. Palmer12, P. Park10, E. Pasquato17, C. Peltzer9, J. Peralta12, F. Péturaud6, T. Pieniluoma52,
E. Pigozzi27, J. Poels†,40, G. Prat150, T. Prod’homme1, 151, F. Raison152, 136, J. M. Rebordao133, D. Risquez1,

B. Rocca-Volmerange153, S. Rosen24, 68, M. I. Ruiz-Fuertes30, F. Russo5, S. Sembay68, I. Serraller Vizcaino154,
A. Short3, A. Siebert42, 83, H. Silva86, D. Sinachopoulos34, E. Slezak4, M. So↵el13, D. Sosnowska10, V. Straižys155,

M. ter Linden39, 156, D. Terrell157, S. Theil158, C. Tiede7, 159, L. Troisi55, 160, P. Tsalmantza7, D. Tur72, M. Vaccari161, 162,
F. Vachier35, P. Valles12, W. Van Hamme163, L. Veltz83, 37, J. Virtanen52, 53, J.-M. Wallut16, R. Wichmann164,

M. I. Wilkinson9, 68, H. Ziaeepour56, and S. Zschocke13

(A�liations can be found after the references)

Received 10 August 2016 / Accepted 31 August 2016

ABSTRACT

Context. At about 1000 days after the launch of Gaia we present the first Gaia data release, Gaia DR1, consisting of astrometry and photometry
for over 1 billion sources brighter than magnitude 20.7.
Aims. A summary of Gaia DR1 is presented along with illustrations of the scientific quality of the data, followed by a discussion of the limitations
due to the preliminary nature of this release.
Methods. The raw data collected by Gaia during the first 14 months of the mission have been processed by the Gaia Data Processing and Analysis
Consortium (DPAC) and turned into an astrometric and photometric catalogue.
Results. Gaia DR1 consists of three components: a primary astrometric data set which contains the positions, parallaxes, and mean proper motions
for about 2 million of the brightest stars in common with the Hipparcos and Tycho-2 catalogues – a realisation of the Tycho-Gaia Astrometric
Solution (TGAS) – and a secondary astrometric data set containing the positions for an additional 1.1 billion sources. The second component is
the photometric data set, consisting of mean G-band magnitudes for all sources. The G-band light curves and the characteristics of ⇠3000 Cepheid
and RR Lyrae stars, observed at high cadence around the south ecliptic pole, form the third component. For the primary astrometric data set the
typical uncertainty is about 0.3 mas for the positions and parallaxes, and about 1 mas yr�1 for the proper motions. A systematic component of
⇠0.3 mas should be added to the parallax uncertainties. For the subset of ⇠94 000 Hipparcos stars in the primary data set, the proper motions are
much more precise at about 0.06 mas yr�1. For the secondary astrometric data set, the typical uncertainty of the positions is ⇠10 mas. The median
uncertainties on the mean G-band magnitudes range from the mmag level to ⇠0.03 mag over the magnitude range 5 to 20.7.
Conclusions. Gaia DR1 is an important milestone ahead of the next Gaia data release, which will feature five-parameter astrometry for all sources.
Extensive validation shows that Gaia DR1 represents a major advance in the mapping of the heavens and the availability of basic stellar data that
underpin observational astrophysics. Nevertheless, the very preliminary nature of this first Gaia data release does lead to a number of important
limitations to the data quality which should be carefully considered before drawing conclusions from the data.
Key words catalogs – astrometry – parallaxes – proper motions – surveys
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UNEXPECTED SERIES OF REGULAR FREQUENCY SPACING OF δ SCUTI STARS IN THE
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ABSTRACT

A sequence search method was developed for searching for regular frequency spacing in δ Scuti stars by visual
inspection (VI) and algorithmic search. The sample contains 90 δ Scuti stars observed by CoRoT. An example is
given to represent the VI. The algorithm (SSA) is described in detail. The data treatment of the CoRoT light curves,
the criteria for frequency filtering, and the spacings derived by two methods (i.e., three approaches: VI, SSA, and
FT) are given for each target. Echelle diagrams are presented for 77 targets for which at least one sequence of
regular spacing was identified. Comparing the spacing and the shifts between pairs of echelle ridges revealed that at
least one pair of echelle ridges is shifted to midway between the spacing for 22 stars. The estimated rotational
frequencies compared to the shifts revealed rotationally split doublets, triplets, and multiplets not only for single
frequencies, but for the complete echelle ridges in 31 δ Scuti stars. Using several possible assumptions for the
origin of the spacings, we derived the large separation ( nD ) that are distributed along the mean density versus large
separations relation derived from stellar models.

Key words: space vehicles – stars: oscillations (including pulsations) – stars: variables: delta Scuti –
techniques: photometric

Supporting material: machine-readable table

1. INTRODUCTION

Delta Scuti stars are very complex pulsators. They are
located on and above the main sequence, and they pulsate
mainly in p-type and g-type non-radial modes, beside the radial
ones. The modes are excited by the κ-mechanism in the He
ionization zone (Unno et al. 1981; Aerts et al. 2010). The
amplitudes of the radial modes are remarkably lower than in the
classical radial pulsators, although they lie in the extension of
the classical instability strip to the main sequence. They are
close to the Sun on the HR diagram, but due to the excitation of
the low-order modes, no high-level regularity of the modes has
been predicted among them. Classical pulsators, with simple
structure of the excited modes, and the Sun, with stochastically
excited high-order modes that are predicted to have regular
frequency spacing, have the advantage for mode identification.

The space missions yielded the detection of a huge number
of δ Scuti stars with a much higher signal-to-noise ratio than we
had before (Baglin et al. 2006; Auvergne et al. 2009; Borucki
et al. 2010), which allowed us to detect a much larger set of
modes. In the era of ground-based observations, we hoped to
match the increased number of modes by comparing them
directly to model frequencies. Unfortunately, this hope has not
been realized due to the still existing discrepancy between the
number of observed and predicted frequencies.

Untill now we could not avoid the traditionally used methods
of mode identification: using the color amplitude ratio and
phase differences (Watson 1988; Viskum et al. 1998; Balona &
Evers 1999; Garrido 2000).

The basic problem in mode identification of δ Scuti stars is
the rotational splitting of modes due to intermediate and fast
rotation. Starting from the first-order effect in slow rotators
(Ledoux 1951), the second-order effects (Vorontsov 1981, 1983;
Dziembowski & Goode 1992) and the third-order effects (Soufi
et al. 1998) were intensively investigated theoretically in the

frame of the perturbative theory, and were applied for
individual stars (Pamyatnykh et al. 1998; Templeton
et al. 2000, 2001).
The theoretical investigation of the intermediate and fast-

rotating stars has exhibited rapid improvement since the work
of Lignières et al. (2006) and Roxburgh (2006). In the
following years, a series of papers (Lignieres & Georgeot 2008,
2009; Lignières et al. 2010; Reese et al. 2008, 2009) inves-
tigated different aspects of the ray dynamic approach for fast-
rotating stars. Instead of the traditional quantum numbers (l, n),
they introduced the modified quantum numbers (l̂ , n̂),
including the odd and even parity of modes in fast-rotating
stars. Today, the models of fast rotating stars are so
sophisticated that echelle diagrams were recently published
for the model frequencies (Ouazzani et al. 2015).
In the ray dynamic approach, different families of modes—

named the low-frequency modes, whispering gallery modes,
chaotic modes, and island modes—were recognized. These
modes represent different pulsational behavior. The low-
frequency modes are the counterparts of the high-order g
modes. They have negligible amplitude in the outer layers, so
they should not be detected observationally. The whispering
gallery modes are counterparts of the high degree acoustic
modes. They probe the outer layers, but due to low visibility
they might not be detected. Chaotic modes do not have
counterparts in the non-rotating case. Due to the lack of
symmetry in the cancellation and the significant amplitude in
the whole of the stellar interior, these modes are expected to be
detected observationally. However, they appear only in very
fast-rotating models. Island modes are the counterparts of the
low degree acoustic modes. They probe the outer layers of the
star and present good geometric visibility, so they should be
easily detected observationally. Low l̂ modes are expected to
be the most visible modes in the seismic spectra of rapidly
rotating stars. For a given parity, the mode frequencies line up
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The sequence search method resulted in very useful
parameters in addition to the most probable spacing, namely,
the shift of the sequences and the difference of the spacings.

The determination of the averaged shift between the pairs of
echelle ridges opens a new field of investigation. With the
comparison of the shift to the spacing, we determined one
midway shift of at least one pair of the echelle ridges in 22
stars. Comparing the shifts to the estimated rotational
frequency, we recognized rotationally split doublets (in 21
stars), triplets (in 9 stars), and multiplets (in 4 stars) not only for
a few frequencies, but for whole echelle ridges in δ Scuti stars
that are pulsating in the non-asymptotic regime.

The numerical agreement between the difference of the
spacings and the rotational frequency obtained for FG Vir (Part
I paper) and in many of our sample stars (12) revealed a
possibility for deriving the large separation ( nD ) in δ Scuti stars
pulsating in the non-asymptotic regime. Generalized to those
stars for which there is no numerical agreement between the
difference of the spacings with the rotational frequency (14), or
for which only one spacing was obtained by SSA (53), we
found an arrangement of each target along the theoretically
determined mean density versus large separation diagram
(Suárez et al. 2014) calculating the nD as nD = SP1,
nD = SP2, nD = - WSP2 rot, and nD = + WSP1 rot. The

large separation agrees with the dominant spacing for the stars
rotating at an intermediate rate. The large separation for the
sample stars with the higher mean density and fast rotation
agrees with + WSP1 rot, and the stars with lower mean density
and slow rotation agree with - WSP2 rot (if two spacings were
found; otherwise the only spacing was used in the calculation).

The consistent interpretation of our results using the physical
parameters of the targets and the agreement with the
theoretically expected relation suggests that the unexpectedly
large number of echelle ridges represents the pulsation and

rotation of our target, rather than frequencies accidentally
located along the echelle ridges. Although we could not reach
the mode identification level using only the frequencies
obtained from space data, this step in disentangling the
pulsation–rotation connection is very promising.
The huge database obtained by space missions (MOST,

CoRoT, and Kepler) allows us to search for regular spacings in
an even larger sample and provide more information on how to
reach the asteroseismological level for δ Scuti stars.
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Figure 16. Location of the whole sample on the log mean density vs. log large
separation diagram, along with the relation based on stellar models from Suárez
et al. (2014). The new symbols represent the stars for which there is no
agreement between the rotational frequency and the difference of the spacings
(inverted triangle) or the stars with only one spacing (diamonds). The color
code is the same as in the previous figure, with the addition of the red color
corresponding to nD = SP2.
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