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A pontossag blivoletében: 1j fizikai felismerések
ultrapreciz csillagaszati megfigyelésekbol

Kiss L. Laszlo, az MTA levelezo tagja
Székfoglalo eloadas, 2013. oktober 30.



(Optikai) csillagaszat mért mennyisegei

e Egi iranyok - koordinatak

e Fényesség - pontszert és kiterjedt objektumok
e Szinkeép - folytonos és vonalas spektrumok

e Sokasagok vizsgalata - égboltfelmérések

A pontossag novelése 1j fizikai jelenségek feltedezéséhez vezethet!
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» Nagysagrendi ugrasok:

s 1 ivperc: szabadszemes mereések, csillagkatalogus,
sajatmozgas, bolygokoordinatak, felso becslések
parallaxisokra

* 1 ivmasodperc: kettoscsillagok, Naprendszer
meérete, kis egitestek palyaszamitasa

s 0,1- 0,001 ivmasodperc (1 mas=4,8 nrad): csillagok
parallaxisa, bolygok asztrometriai hatasa

s 0,1-0,001 mas: csillagok & exobolygok felszini
részletei, exoholdak, Tejutrendszer és kozeli




Gaila: asztrometrial urobszervatorium

 kizarélag ESA-misszio6

* inditas: 2013. december 20.

* 5 év mukodés (esetleg 1 év hosszabbitas)
* hordozorakeéta: Szojuz-Fregat

 palya: Lissajous-palya az L2 pont korul

* adattovabbitas: 4-8 Mbps

* tomeg: 2120 kg (hasznos 743 kg)
* teljesitmény: 1631 W
(hasznos 815 W)

EADS-Astrium alapjan



A taveso és a muszerek

két SiC fé6tukor 106,5°-ra
1,45 x 0,50 m?
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Az égbolt szkennelésének elve

SUN

Satellite spin axis Line of sight 1

2

Precession of the \
spin axis in 70 days\‘

‘\‘ forgastengely: 45° a Naphoz;

haladas: 60 ivmasodperc s
forgasi periodus: 6 oOra

/ Gaia ,,;’ Basig/angle

Consecutive
great circles

Line of sight 2

Forras: Karen O’Flaherty



Gaia: teljes, pontos, meély

Hipparcos Gaia
Magnitudoéhatar 12 20 magnitudé
Teljesséq 7,3-9,0 20 magnitudé
Fényes hatar 0 6 magnitudo
Ob jektumok szama 120 000 26 millié V = 15 m-ig,
250 millié V = 18 m-ig
1000 millié V = 20 m-ig
Effektiv tavolsaghatar 1 kpc 50 kpc
Kvazarok 1 (3C 273) 500000
Galaxisok nincs 1000000
Pontossagq 0,001 ivmasodperc 7 mikroivmasodperc V=10 m
10-25 mikroivmasodperc V = 15 m
300 mikroivmasodperc V = 20 m
Fotometria 2-szinfotometria alacsony diszp. spektrum V = 20 m-ig
(B és V)
Radialis sebesséqg nincs 15 km/s V=16-17 m-ig

Megfigyelési program eléore kivalasztva teljes es torzitatlan

A pontossag 2 nagysagrendet javul, az érzékenység 4 nagysagrenddel jobb, a vizsgalt
csillagok szama 4 nagysagrenddel tobb.

Az egbolt szkennelése 5 éven at = parallaxisok és sajatmozgasok.
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» Nagysagrendi ugrasok:
s 1 magnitudo: Mirak, (szuper)novak

* 0,1-0,01 magnitudo: geometriai és fizikai
(pulzalo, eruptiv és kataklizmikus)
valtozocsillagok

s 0,001 magnitudo (1 mmag): fedési exobolygok
- forro jupiterek

* 0,1-0,001 mmag: Nap tipusu csillagrezgesek,




Kepler-tirtaveso

A Kepler célja Fold tipusu, lakhato
bolygok felfedezése a fedési modszerrel

Szimultan észlelt tobb mint 150 ezer
csillagot

95 cm-es belépd nyilasti Schmidt-
taveso, latbmezeje mintegy 100
négyzetfok, 42 CCD-bdl allo mozaikkal

Fotometriai pontossag:
A zaj < 20 ppm 6,5 oranyi
meéres utan egy 12 magn. Nap

tipusu csillagra

=> g4-szigma detektalas egy
exofold tranzitja esetén.

Heliocentrikus palya, 2009-2013
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HD 181068: A Red Giant in a
Triply Eclipsing Compact
Hierarchical Triple System

A. Derekas,>%* L. L. Kiss,?? T. Borkovits,*> D. Huber,® H. Lehmann,® ). Southworth,’

o R Bedding,3 D. Balam,® M. Hartmann,® M. Hrudkova,® M. ]. Ireland,? ). Kovacs,’ Gy. Mez6,°
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P. G. Tuthill,® ). Christensen-Dalsgaard,® R. L. Gilliland,?® H. Kjeldsen,%? E. V. Quintana,?*

P. Tenenbaum,?* ]. D. Twicken®*

Hierarchical triple systems comprise a close binary and a more distant component. They are important
for testing theories of star formation and of stellar evolution in the presence of nearby companions.
We obtained 218 days of Kepler photometry of HD 181068 (magnitude of 7.1), supplemented by
ground-based spectroscopy and interferometry, which show it to be a hierarchical triple with two types
of mutual eclipses. The primary is a red giant that is in a 45-day orbit with a pair of red dwarfs in a
close 0.9-day orbit. The red giant shows evidence for tidally induced oscillations that are driven by the
orbital motion of the close pair. HD 181068 is an ideal target for studies of dynamical evolution and
testing tidal friction theories in hierarchical triple systems.
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Dynamical masses, absolute radii and 3D orbits of the triply eclipsing star
HD 181068 from Kepler photometry
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ABSTRACT

HD 181068 is the brighter of the two known triply eclipsing hierarchical triple stars in the
Kepler field. It has been continuously observed for more than 2 yr with the Kepler space
telescope. Of the nine quarters of the data, three have been obtained in short-cadence mode,
that is one point per 58.9 s. Here we analyse this unique data set to determine absolute physical
parameters (most importantly the masses and radii) and full orbital configuration using a
sophisticated novel approach. We measure eclipse timing variations (ETVs), which are then
combined with the single-lined radial velocity measurements to yield masses in a manner
equivalent to double-lined spectroscopic binaries. We have also developed a new light-curve
synthesis code that is used to model the triple, mutual eclipses and the effects of the changing
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Dynamical masses, absolute radii and 3D orbits of HD 181068 1659
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(Szabo et al. 2011, 2012, 2013)
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star + planet nightside

o~ transit

star — planet shadow

Fig. 1.— Ilustration of transits and occultations. Only the combined flux of the star and planet 1s observed. During a transit, the flux
drops because the planet blocks a fraction of the starlight. Then the flux rises as the planet’s dayside comes into view. The flux drops
again when the planet 1s occulted by the star.

(Winn 2010)
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Fig. 11.— The combined 8 pum brightness of the K star HD 189733 and 1ts giant planet, over a 33 hr interval including a transit and an
occultation. The bottom panel shows the same data as the top panel but with a restricted vertical scale to highlight the gradual rise in

brightness as the planet’s dayside comes into view. The amplitude of this variation gives the temperature contrast between the dayside
(estimated as 1211 + 11 K) and the nightside (973 + 33 K). From Knutson et al. (2007b).
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Fig. 12.— Transnussion (transit) spectroscopy of the gas giant HD 189733b, using the Hubble Space Telescope. The symbols with
errors bars are measurements of the effective planet-to-star radius ratio as a function of wavelength. The dip at 1.6 um was interpreted
as evidence for water, and the rise at 2.1 ym as evidence for methane (Swain et al. 2008). However, subsequent observations at 1.7 pm
and 1.9 pm, shown with darker symbols and gray bands, disagree with the earlier results and are consistent with a Rayleigh scattering
model (solid and dashed curves). From Sing et al. (2009).
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s Nagysagrendi ugrésok:

®* 10 km/s: szoros kettoscsillagok, galaxisok
voroseltolodasa

s 1 km/s: kettoscsillagok tomegei, klasszikus
pulzalo csillagok, sotéet anyag gravitacios hatasa

® 1-100 m/s: exobolygok (szuperfold-Neptunusz-
Jupiter), Nap tipusu rezgéesek

® 1- 10 cm/s: kozmologiai tesztek, exofoldek,
exoholdak, ?7?7?
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Hullamhossz-kalibraci6: a pontossag
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Lézerfésiuk: tovabblépés a cm/s
pontossag iranyaba?

u| :"_:7, spektrograf _

naptavcso i I /

szabad spektralis

folyamatos Uzem

. tartomany
(cw) lezer —’I l"f‘m (FSR)
. Fabry-Perot
I s
frekvenciafesu : ' |
f,=250MHz — o ""““
- o optlkal szal a
+ A + \IJ spektrografhoz
@ s lezerdioda modus- . kapcsold
Rbora 1583 nm > azonosits 40 kHz SzerVO < o isgis

Steinmetz et al. 2008, Science



Naptény és a lézertésii szimultan spektruma
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Velocity (m /=)

Az alfa Cen A az UVES/VLT muszerrel
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Pontossag: 10-50 cm/s. 10-20 perc expoziciok, 1-4m-es
tavesovek, szabad szemmel latszo csillagok (kb. 6000)

Néhany csoport (2013)
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Radial Velocity [m/s]

HAT-P-22b (Csak et al. 2014)
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(a) rotation is the main cause of line broadening

Spectral line profiles

<€— velocity—>» €— velocity—>»  €—— velocity—>»

Fig. 5.— Illustration of the Rossiter-McLaughlin (RM) effect. The three columns show three successive phases of a transit. The
first row shows the stellar disk, with the grayscale representing the projected rotation velocity: the approaching limb i1s black and the
receding limb 1s white. The second row shows the corresponding stellar absorption line profiles, assuming rotation to be the dominant
broadening mechanism. The “bump™ occurs because the planet hides a fraction of the light that contributes a particular velocity to the
line-broadening kernel. The third row shows the case for which other line-broadening mechanisms are important; here the RM effect 1s
manifested only as an “anomalous Doppler shift.” Adapted from Gaudi & Winn (2007).
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Fig. 6.— Using the RM effect to measure the angle A between the sky projections of the orbital and stellar-rotational axes. Three
different possible trajectories of a transiting planet are shown, along with the corresponding RM signal. The trajectories all have the
same 1mpact parameter and produce the same light curve, but they differ in A and produce different RM curves. The dotted lines are for
the case of no limb darkening, and the solid lines include limb darkening. From Gaudi & Winn (2007).



Relative flux

Radial velocity [m s™]

Fig. 14 — Examples of data used to measure the projected spin-orbit angle A. The top panels show transit photometry, and the bottom
panels show the apparent radial velocity of the star, including both orbital motion and the anomalous Doppler shift (the Rossiter-
McLaughlin effect). The left panels show a well-aligned system and the middle panels show a misaligned system. The right panels
show a system for which the stellar and orbital “north poles™ are nearly antiparallel on the sky, indicating that the planet’s orbit 1s either
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retrograde or polar (depending on the unknown inclination of the stellar rotation axis). References: Winn et al. (2006; 2009a.b).
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» Nagysagrendi ugrasok:
® 5000 csillag: szabad szemmel latszo6 égbolt

®» 100 ezer csillag: tavcsoves, vizualis felmeéreés - a
Tejutrendszer szerkezete

s 10 millio csillag: fotografikus felmeres, egbolt homogeén
hatarfényességu lefedése

s 1 milliard csillag: digitalis felmeéreés - a Tejutrendszer
1%-a

s Pankromatikus eés spektroszkopiai felmereések:
populaciok elkulonitese, precizios kozmologia




LSST: a digital color movie of the Universe
szines, digitalis mozgokép az Univerzumrol

Zeljko Ivezi¢, LSST Project Scientist

University of Washington and et
Konkoly Observatory —

Research Centre for Astronomy and Earth Sciences
Hungarian Academy of Sciences, Budapest
June 10,2013




LSST Telescope




The field-of-view comparison: Gemini vs. LSST
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Optical Design for LSST
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Three-mirror design (Paul-Baker system)
enables large field of view with excellent image quality:
delivered image quality is dominated by atmospheric seeing




The largest astronomical camera: 2800 kg, 3.2 Gpix
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