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Strategie

Potfeba presnych méfeni <~0.05 mag (pod 0.1 % velmi obtizné z povrchu Zemé)
Méfeni v Sirokopasmovych filtrech (vétsi ucinnost a S/N)

Monitoring velkého mnozstvi hvézd najednou vyrazné zvysi Sance na detekci
Délka méreni zvySuje Sanci na detekci

Dlouha nepferusovana méreni nutna pro detekci planet na Sirokych drahach - stfidani dne a noci
velmi limitujici
Co je Zadouci:

Procento detekovatelnych planet u
hvézd pozorovanych v poli: F = fP : fT . fm,sp

- Velke zorné pole v
Citlivy detektor cca 0.05 %
- Mimo atmosféru

; 2 Procento hvézd, Procento tranzitujicich Procento hvézd s m<12
The photometric method of detecting other planetary systems - J
p g p y'sy které maji planet (5 %) mag, sp. Typ A5-M5 (50 %)
Show affiliations X detekovatelné
Borucki & Summers 1984, Icarus, 58, 121 planety (~2 %)

Borucki, W. J.; Summers, A. L.

The photometric method detects planets orbiting other stars by searching for the reduction in the light flux or the change in the color of
the stellar flux that occurs when a planet transits a star. A transit by Jupiter or Saturn would reduce the stellar flux by approximately
1% while a transit by Uranus or Neptune would reduce the stellar flux by 0.1%. A highly characteristic color change with an amplitude
approximately 0.1 of that for the flux reduction would also accompany the transit and could be used to verify that the source of the flux
reduction was a planetary transit rather than some other phenomenon. Although the precision required to detect major planets is
already available with state-of-the-art photometers, the detection of terrestrial-sized planets would require a precision substantially
greater than the state-of-the-art and a spaceborne platform to avoid the effects of variations in sky transparency and scintillation.
Because the probability is so small of observing a planetary transit during a single observation of a randomly chosen star, the search
program must be designed to continuously monitor hundreds or thousands of stars. The most promising approach is to search for
large planets with a photometric system that has a single-measurement precision of 0.1%. If jirssssumed that large planets will have
long-period orbits, and that each star has an average of one large planet, then approxunateitars must be monitored
continuously. To monitor such a large groups of stars simultaneously while maintaining the requited photometric precision, a detector
array coupled by a fiber-optic bundle to the focal plane of a moderate aperture (= 1 m), wide field of view (=50°) telescope is required.

Based on the stated assumptions, a detection rate of one planet per year of observation appears possible.



Strategie

Délka méreni zvySuje Sanci na detekci

velmi limitujici
Co je Zzadouci:
- Velké zorné pole
Citlivy detektor
- Mimo atmosféru

The photometric method of detecting other planetary systems

Show et Borucki & Summers 1984, Icarus, 58, 121

Borucki, W. J.; Summers, A. L

The photometric method detects planets orbiting other stars by searching for the reduction in the light flux or the change in the color of
the stellar flux that occurs when a planet transits a star. A transit by Jupiter or Saturn would reduce the stellar flux by approximately
1% while a transit by Uranus or Neptune would reduce the stellar flux by 0.1%. A highly characteristic color change with an amplitude
approximately 0.1 of that for the flux reduction would also accompany the transit and could be used to verify that the source of the flux
reduction was a planetary transit rather than some other phenomenon. Although the precision required to detect major planets is
already available with state-of-the-art photometers, the detection of terrestrial-sized planets would require a precision substantially
greater than the state-of-the-art and a spaceborne platform to avoid the effects of variations in sky transparency and scintillation
Because the probability is so small of observing a planetary transit during a single observation of a randomly chosen star, the search
program must be designed to continuously monitor hundreds or thousands of stars. The most promising approach is to search for
large planets with a photometric system that has a single-measurement precision of 0.1%. If it is assumed that large planets will have
long-period orbits, and that each star has an average of one large planet, then approximately 10 # stars must be monitored
continuously. To monitor such a large groups of stars simultaneously while maintaining the required photometric precision, a detector
array coupled by a fiber-optic bundle to the focal plane of a moderate aperture (= 1 m), wide field of view (=50°) telescope is required
Based on the stated assumptions, a detection rate of one planet per year of observation appears possible.
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Dlouha nepferusovana méreni nutna pro detekci planet na Sirokych drahach - stfidani dne a noci
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Prvni tranzit

Charbonneau et al. (2000), Apd, 529, 45; HD 209458 10cm dalekohledem, pozorovani podle pfedpovédi z RVs

10cm STARE telescope
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Postup pfi potvrzovani exokandidatu

1. Zpracovani dat

a. astrometrie
b. redukce snimku (bias, dark, flat-field, odstranéni parazitniho svétla a gradientud jasu)

c. fotometrie (vétSinou Image subtraction method a/nebo aperturni, profilova)
2. Detrending dat a identifikace kandidatu (box-car fitting algoritmus - sfazovat data, nafitovat
obdélnikovou funkci, zjistit rozptyl => periodogram)
Potvrdit tranzit vétSim dalekohledem (u pozemnich prehlidek s malou aperturou)

Vyradit faleSné detekce
b. blending se zakrytovymi dvojhvézdami (pozorovani s vySSim uhlovym rozliSenim)
c. obfi hvézdy vs. trpaslici (ze svitivosti a vlastnich pohyb)
d. eliptické proménné (ze zmén mimo tranzity)

5. Potvrdit exoplanetarni povahu metodou radialnich rychlosti

c. Dvojcarové dvojhvézdy a rychlé rotatory - staCi jedno meéreni

d. Jednocarové dvojhvézdy - dvé méreni

e. Planety - vice méreni

-



Pozorovani trar

Tranzity maji typicky hloubku <0.01 mag => potfeba pfesnych pozorovani

Zakladni zdroj Sumu je fotonovy Sum (bily Sum): o~ vN

- ¢im vice fotond, tim menSi relativni chyba méreni

DalSimi zdroji Sumu jsou jevy spojené s pfistrojem a pozorovacimi podminkami - tzv. Cerveny Sum

1-hr CDPP

10°

104

Sectorl

.o % Uncertainties E
o - rmsCDPP
8 median uncertainties
10th percentile rmsCDPP
1 1 1 1 1
4 8 10 12 14

TessMag

16

Star noise
= = Sky noise
Read noise
- = = Sys. noise
Total

Dominuje
Cerveny Sum

Dominuje bily
Sum

10 12 14 16 18

Apparent magnitude (/¢)



Fotometrie tranzitu

Obecna doporuceni k CCD méreni tranzitu:
1. MEéfit efektivné vzhledem k pfistroji a observatofi
a. Vhodnost cile (jasnost, poloha na obloze, délka pozorovatelnosti, okoli hvézdy, pokles, délka
tranzitu)
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Fotometrie tran

Obecna doporuceni k CCD méreni tranzit(:
1. MEéfit efektivné vzhledem k pfistroji a observatofi
a. Vhodnost cile (jasnost, poloha na obloze, délka pozorovatelnosti, okoli hvézdy, pokles, délka
tranzitu)
b. Vhodny filtr
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Fotometrie tranzitt

Obecna doporuceni k CCD méreni tranzitu:
Méfit efektivné vzhledem k pfistroji a observatofi

Vhodnost cile (jasnost, poloha na obloze, délka pozorovatelnosti, okoli hvézdy, pokles, délka

tranzitu)

Vhodny filtr
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Fotometrie tran

Obecna doporuceni k CCD méreni tranzit(:
1. MEéfit efektivné vzhledem k pfistroji a observatofi
2. Spravné redukovat data
a. Bias, Dark frame, Flat-field frame, detrending

flat




Fotometrie tranzitd

Obecna doporuceni k CCD méreni tranzitu:
1. MEéfit efektivné vzhledem k pfistroji a observatofi

2. Spravné redukovat data

a. Bias, Dark frame, Flat-field frame, detrending

TESS: The Movie
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Fotometrie tran

Obecna doporuceni k CCD méreni tranzit(:
1. MEéfit efektivné vzhledem k pfistroji a observatofi
2. Spravné redukovat data
a. Bias, Dark frame, Flat-field frame, detrending
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Lissauer et al. 2011, Nature, 470, 53



Fotometrie tranzitu

Obecna doporuceni k CCD méreni tranzitu: [ —
1. MEéfit efektivné vzhledem k pfistroji a observatofi g el |
2. Spravné redukovat data |

a. Bias, Dark frame, Flat-field frame, detrending
b. Spravna clonka + diferencialni fotometrie
c. Volba srovnavaci hvézdy (kombinace hvézd blizko mérené)
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Marko Mesar¢, 2020, “Pozorovatelnost exoplanet v méstskych podminkach”

Vznikaji trendy



10950 HAT-P-68 b | R 2022-10-30 Antonino Brosio
00:55:11 ABObservatory
Ukaz v ETD 2022-10-30

10949 WASP-76 b | R 2022-10-28 Antonino Brosio
22:50:42 ABObservatory
Ukaz v ETD 2022-10-30

10948 HATS-46 b | Clear | 2022-10-28 Anaél Wiinsche
03:50:08 El Sauce Observatory
Ukaz v ETD 2022-10-29

10947 KOI 1546 b | Clear | 2022-10-28 Giovanni Calapai
20:51:03 Home Astronomical Observatory
Ukaz v ETD 2022-10-29

10946 K2-30 b |R 2022-10-26 Antonino Brosio
22:56:46 ABObservatory
Ukaz v ETD 2022-10-27

10945 WASP-52 b | Clear | 2022-10-26 Gerhard Bésch
22:00:10 Balkonsternwarte Nagold
Ukaz v ETD 2022-10-27

10944 WASP-52 b | Clear | 2022-08-24 Volker Wickert
22:00:14 Vds Sternwarte Kirchheim
Ukaz v ETD 2022-10-27

10943 WASP-10b |R 2022-10-25 Antonino Brosio
20:55:45 ABObservatory
Ukaz v ETD 2022-10-26

10942 WASP-77 b | Clear | 2022-10-25 Bernhard Wenzel
22:44:51 Balcony Observatory Vienna
Ukaz v ETD 2022-10-26

10941 WASP-95 b | R 2022-10-25 Anaél Wiinsche
02:51:38 El Sauce Observatory
Ukaz v ETD 2022-10-26

10962 WASP-89 b | Clear | 2022-10-23 Yves Jongen
02:00:17 Deep Sky Chile
Ukaz v ETD 2022-11-01
10961 WASP-8 b |R 2022-11-01 Yves Jongen
02:23:24 Deep Sky Chile
Ukaz v ETD 2022-11-01
10960 WASP-98 b | Clear | 2022-10-21 Yves Jongen
05:49:18 Deep Sky Chile
Ukaz v ETD 2022-11-01
10959 K2-30b [R 2022-10-31 Veli-Pekka Hentunen
01:21:17 Taurus Hill Observatory (A95),
Varkaus, Finland
Ukaz v ETD
2022-10-31
10958 HAT-P-52b (R 2022-10-30 Veli-Pekka Hentunen
20:39:40 Taurus Hill Observatory (A95),
Varkaus, Finland
Ukaz v ETD
2022-10-31
10957 TOI-3714 b | Clear | 2022-10-30 Manfred Raetz
22:52:14 Privatsternwarte Herges-Hallenberg
Ukaz v ETD 2022-10-31
10956 HAT-P-58 b | Clear | 2022-10-01 Yves Jongen
02:04:35 Rasteau Observatory
Ukaz v ETD 2022-10-31
10955 WASP-4 b | Clear | 2022-09-30 Yves Jongen
03:50:16 Deep Sky Chile
Ukaz v ETD 2022-10-31
10954 HATS-30 b | Clear | 2022-09-29 Yves Jongen
05:23:09 Deep Sky Chile
Ukaz v ETD 2022-10-31
10953 KPS-1 b | Clear | 2022-10-31 Gianluca Rossi
01:49:07 Private telescope
Ukaz v ETD 2022-10-31

Exoplanet Transit Database - var2astro.cz - prozatim nedostatecné pro analyzu TTV




Fotometrie tranzitu

Obecna doporuceni k CCD méfeni tranzitu: “[o =
1. Meérit efektivné vzhledem k pristroji a observatori £ol | yd
2. Spravné redukovat data 2\ / | |
a. Bias, Dark frame, Flat-field frame, detrending °“ } \/ |
b. Spravna clonka + diferencialni fotometrie g2t v \
. , v n - , o . L M 1
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Fotometrie tran

Obecna doporuceni k CCD méreni tranzit(:
1. MEéfit efektivné vzhledem k pfistroji a observatofi
2. Spravné redukovat data
3. MEéfit v dobrych podminkach
a. Cista obloha
b. Nizka vihkost
c. Vitr
d. Vysoko na obloze
e. Daleko od Mésice a zdroju svétla
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Fotometrie tranzitd

Obecna doporuceni k CCD méreni tranzitu:

1. MEéfit efektivné vzhledem k pfistroji a observatofi

2. Spravné redukovat data

3. MEéfit v dobrych podminkach
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Méreni vs. presnost uréeni parametru

Simulace:

Exoplaneta: P=2.5 d, R =1 RJ (0.1004 RS), a=0.036 au, i=88.7°, e=0, w=90°

Bakalarska prace Michaela Vitkova, 2020
“Vliv kadence a rozptylu dat na pfesnost urCeni parametru exoplanetarnich tranzitt”

Kadence: 25 s (60 kfivek), 1 min (120 kfivek), 2 min (200 krivek), 30 min (400 kfivek)
Sum: 200 ppm, 2000 ppm, 10000 ppm
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noise [ppm]

noise [ppm]

Mé&feni vs. pfesnost uréeni parametrl

e Exoplaneta: P=2.5 d, R,=1 RJ (0.1004 RS), a=0.036 au, i=88.7°, e=0, w=90°

Table 4.2: Relative standart deviations for planet radius R,

noise cadence
. m| | 30 minutes 2 minutes 1 minute 25 seconds
Radius [ppm)
10000 19.5 % 6.4 % 51% 2.9 %
2000 4.7 % 1.6 % 1.1 % 0.9 %
200 0.5 % 0.3 % 0.2 % 0.1 %
30 min cadence 2 min cadence noise = 10000 ppm noise = 2000 ppm noise = 200 ppm
10000 - F . 2 { 41 e
31 - - -
304 ——e—i| e e
2000 4 o 1 & =
2001® : : — le . : : E 297 l I
[0]
1 min cadence 25 sec cadence g 2.0q,-84 1# 1%
10000 { o = 3
S 1.5- . 1
1.0 4+ 18 H4+
20001 & 18
200 T 'II' r : r . ‘_? r . r . 05 |m T T 1+ T T '? T T
0.00 0.01 0.02 0.03 0.04 0.00 0.01 0.02 0.03 0.04 0.00 0.02 0.04 0.00 0.02 0.04 0.00 0.02 0.04
AR [Rs] AR, [Rs] ARp[Rs] ARp[Rs] ARp[Rs]



noise [ppm]

noise [ppm]

Mé&feni vs. pfesnost uréeni parametrd

noise = 2000 ppm

noise = 200 ppm

e Exoplaneta: P=2.5 d, R,=1 RJ (0.1004 RS), a=0.036 au, i=88.7°, e=0, w=90°
Table 4.3: Relative standart deviations for inclination a
noise cadence

Semi_major aXiS [ppm] | 30 minutes 2 minutes 1 minute 25 seconds
10000 44.9 % 8.7 % 4 % 2.8 %
2000 7.4 % 1.2 % 0.9 % 0.7 %
200 1.4 % 1.2 % 1% 0.6 %
30 min cadence 2 min cadence noise = 10000 ppm
10000 - ; @ —e—
31 A
30 1 —e—
2000 { +—e— s z
2001 00 l41e 000 E 297
©
1 min cadence 25 sec cadence 2 2.0+
10000 { TFA o g
S 1.5
1.0 { 1@
20001 & H
200ip 000 e 00000 ol
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Aa[Rs] ba[Rs] Aa[Rg]

oe

Aa[Rs]




noise [ppm]

noise [ppm]

Meéreni vs. presnost urceni pararﬁé’{m“

e Exoplaneta: P=2.5 d, R,=1 RJ (0.1004 RS), a=0.036 au, i=88.7°, e=0, w=90°
Table 4.4: Relative standart deviations for inclination ¢
noise cadence
. . [ppm] | 30 minutes 2 minutes 1 minute 25 seconds
Inclination
10000 0.5 % 0.2 % 0.2 % 0.2 %
2000 0.3 % 0.1 % 0.1 % 0.07 %
200 0.2 % 0.04 % 0.04 % 0.08 %
36 rriin cadence 3 min cadence noise = 10000 ppm noise = 2000 ppm noise = 200 ppm
10000 A [ @ . —e—
31 : 1
30 A —=e— E —— B e
2000 - —e— 1 —e— =
200 L T |_9_| T T -_'|-_.-i T T T é 29 1 i |
©
1 min cadence 25 sec cadence § 201 F® 11 e 1
10000 A —— § —— o]
©
o 1.5 B B
1.04, +HeH 4 e 48
2000 - —e— . H 054 | i
200 L |}").i T T T S T T T ' T T T T T ﬁ T T T !-.'l T T T
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75
Ail°] Ail°] Ail°] Ai[°] Ail°]




noise [ppm]

noise [ppm]

Mé&feni vs. presnost uréeni parametrd

Exoplaneta: P=2.5 d, R,=1 RJ (0.1004 RS), a=0.036 au, i=88.7°, e=0, w=90°

®
30 min cadence 2 min cadence
10000 - T ® I
2000 4 +eH )
2001 @ 18
1 min cadence 25 sec cadence
10000 { 7= &
2000 1 # 1@
200 L .I'. T T T L ? T T  §
0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03
Aty [days] Aty [days]

cadence [min]

noise = 10000 ppm

noise = 2000 ppm

noise = 200 ppm

31 A
30 ——o—i| e {#
29 4
2.0 {F&H G ++
1.5
1.0 { 1l |+ *
05 1m it e
s

0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03

Aty [days]

Atg[days]

Pfi pfresnych mérenich neni kadence az tak dulezita
Ridka zasumela data jsou pouze orientacni

Atg[days]




Pozemni prehlidkove

HAT/HATNet (The Hungarian Automated Telescope project) sakos stal. 2013, PASP, 125, 154; Bakos et al. 2018, arXiv:1801.00849

HAT-North - Arizona (5 dalekohledt) +

HAT-South - Chile, Australie, Namibie
Havai (2 dalekohledy) https://hatnet.org/

(3x2x4 dalekohledy)

A R R IR S
T TN 2° iF aF
HAT-North HAT-South o,ooggg:,:gg; §g j Pf ?;é 3
Uvedeni do provozu | 2003 2009 QOMETIAETL TR L R D 4
Optika 0.11m, /1.8 0.18m, f/2.8 e . P
0.03 - e
Detektor 4k x 4k CCD 4k x 4k CCD b I A A
Zorné pole 10.6°x10.6° 8.2°x8.2° e D S s v I e o MU e o
0 1 2 3 4 5 6 7 8 9 10

Kadence 3.5 min 4 min HID - 2455243 (d)
Pfesnost 10 mag 5 mmag 6 mmag 001 £ ' ' , 3
Rozligeni 147/px 3.7°/px o0+ N
Objevenych planet 70 73 L S g 3
0.02: . ~ }:{. m— :
150 GB/den oosf [ HATST | T ) e 3
0.44 ol_46 0.I48 OIS O.ISZ 0,;4 0.;6

Phase



SuperWASP (Wide Angle Search for Planets) poliaco et al. 2006, PASP, 118, 1407
JAR + La Palma, 2x8 dalekohledu

-0.15
-0.10

—0.05F
0.00
0.05

0.10F

0.15

-0.4 -0.2 0.0 0.2 0.4
Phase

mag

Relative flux

S u perWAS P 5 [tron=y nidpt=53%. 4100072668 , [tron=i0 nidpt=3396.4325106752 || ntrane12 midpt=5408.5219574919
Uvedeni do provozu | 2003 e O vt vha >0 I
: WASP—2 e . I e I SOP
Optika 0.11m, f/1.8 rof »
Detektor 2k x 2k CCD 5 1.02f e
Zorné pole 7.5°x7.5° 100k - g
Kadence 3 min 2 oo
Pfesnost 10 mag 5 mmag Ty =% vy
Rozligeni 147/ —0.40 505 .00 D05 . HD 219666b, pokles 0.17 %
-l X Photometric Phase Hellier et al. 2019, RNAAS, 3, 156

Objevenych planet 192 (11.11.2020) Collier-Cameron et al. 2007, MNRAS, 375, 951 https://wasp-planets.net



MASCARA
(The Multi-site All-Sky CAmeRA)

%= o AN

KELT

(The Kilodegree
Extremely Little
Telescope)

2 dalekohledy, USA,
Jizni Afrika

Fly’s Eye,
Madarsko |

TrES

(The Trans-Atlantic
Everyscope Trappist Exoplanet Survey
Chile Chile network)




Pozemni prehlidkove

NGTS

(The Next Generation Transit Survey)

12 0.2m /2.8 dalekohled(, Paranal, M-Earth - 40cm dalekohledy,
Chile Cerro Tololo, Chile

SPECULOOS - Paranal + La Palma, 1-m
dalekohledy, obyvatelné planety okolo M hvézd




Pozemni prehlidkové projekty

900 0.20m telescopes 900 61 MPix cameras
18.6m2 collecting area 54.9 GPix total

5m-diameter-mirror class 7,916 sqg.deg. at 1.38” / pix

Tracking rotation
vector

Bearing

Weather
station

Geodesic dome
structure

Tracking drive &
anti-wind-shake
system

Axle

Bearing
(at base

of dome) Data storage

and analysis

Counterweights systems

(underneath dome) 50ft diameter

ARGUS - 900 20cm dalekohledd na jedné montazi
pozorujici celou oblohu najednou (Law et al. 2022,
PASP, 134, 5003), 38 dalekohledu v provozu od 2023
na PARI v Severni Karoliné

S
LR S R
3 *f',i‘? o
o

/—Telescope FoV beams
Calibration system

& sunshield Dome window

Temperature- (convergence of
stabilized telescope beams)

geodesic dome

be
3 f“u:,‘f; 5N NA — Fans for

- N SN0 0)2 21 isothermality
Pipeline compute % 3 \ (off during

cluster R X ; \ exposures)

> \ Fixed-in-place
HVAC X insulated dome walls

& camera
cooling Camera

watercooling lines



CO ROT (Convection, Rotation and planétary Transits)

Start 27. Prosince 2006
ESA+Rakousko, Belgie, épanélsko, Némecko,
Brazilie

Provoz Leden 2007-fijen 2012 (selhani pocitace)
Ukoly Exoplanety, asteroseismologie
Draha Polarni, 900 km, 103 minut
Strategie 20 poli, 21-152 dni

Rozméry a vaha 630 kg, 4x2 m

Optika 0.27m, f/4

Detektor 4x 2kx2k CCD

Zorné pole 2.7°x3.0°

Kadence 32 nebo 512 sekund

Pfesnost na 15 mag 0.7 mmag pfi 512 expozici
Rozliseni 2.3"Ipx

Objevenych planet 34 ve 33 systémech

Celkovy pocet objekti 164000, 11-16 mag

Auvergne et al. 2009, A&A, 506, 411
Deleuil et al. 2018, A&A, 619, 97



3484

PR & o =0 - Zmény toku proton

CoRoT - okolIni vlivy

|

L, MMW

Zména pozadi vlivem
zasahu CCD nabitou
MM castici

ul
b MM »Ll e

L

Je potfeba eliminovat
e Svétlo odrazené od Zemé a jeho zmény
e Teplotni efekty spojené s nasvétlenim druzice
e Jihoatlanticka anomalie
e Objekty na nizkych obéznych drahach oo Tata

Délka zakrytu Zemi

Eclipses duration: unit = minutes

2600 2650 2700 2750 2800 2850 2900



CoRoT - pozorovac

Oblasti ve sméru Galaktického (anti)centra ~10°
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Entrancepupil

CoRoT - CC

s |
Field stop /
\\
o . . 1400 3
M2 e eresaia : : L
350 i oD / ‘\
s 500 =2
Exitpupil / ocal plan

window

580

Kanal asteroseismologie - rozostfeny kvuli vyssi
presnosti

Dioptric objective

I
i
i
i
i
i
i
|

Window

Asteroseismology channel | Exoplanet channel

Exoplanetarni kanal - hvézdy 11-16 mag, 3 barvy
pro snazsi odliSeni dvojhvézd v pozadi

2009 porucha dvou CCD - polovi¢ni velikost

Deleuil et al. 2018, A&A, 619, 97
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Field
Total Planet

IRa01 39 2
LRa0l 52 4
SRa01l 8 0
SRa02 18 1
LRa02 40 3
LRa03 16 0
SRa03 11 3
LRa04 7 0
LRa05 19 0
SRa04 11 2
SRa05 8 1
LRa06 10 0
LRa07 5 0
Total Anticentre 244 16
SRc01 47 0
LRcO1 42 4
LRc02 50 6
SRc02 16 0
LRc03 45 2
LRc04 29 0
LRc05 30 2
LRc06 18 1
LRc07 10 2
LRc08 14 3
LRc09 28 1
LRc10 21 0
Total Centre 350 21
Grand Total 594 37

Normalised flux

Efds
e

CoRoT - vysl|
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——
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e

4300 2320
HJD — 2450000

4260 4280

4340

4360

1.00

0.99
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-0.05

0.00
Orbital phase

0.05

Alonso et al. 2008, A&A, 482, 21 - CoRoT-2 b - jedna z nejaktivnéjSich hvézd, skvrny, hvézdna rotace, sklon drahy
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CoRoT - vysle:

Field a
Total Planet X 1.0000 s

IRa01 39 2 [

LRa01 52 4 2 0.9900

SRa01 8 0 2

SRa02 18 I i '0:9800 ]

LRa02 40 3 b 1.0003 3

LRa03 16 0 3

SRa03 11 3 3

LRa04 0/ 0 1.0002 E

LRa05 19 0 E

SRa04 11 2 ]

SRa05 8 1 3 1.0001 3

LRa06 10 0 - :

LRa07 5 0 2 ]

Total Anticentre 244 16 3 1.0000 -

SRcO1 47 0 ® ;

LRcO1 42 4 ]

LRc02 50 6 0.9999 3

SRc02 16 0

LRc03 45 2 E

LRc04 29 0 i

LRc05 30 2 0.2 0.4 0.6 0.8

LRc06 18 1 c Orbital phase

LRc07 10 2 Lol o

T H I GG Y I i

LRc09 28 1 ' 9 1=

LRc10 21 0

Total Centre 350 21

Grand Total 504 37 Snellen et al. 2009, Nature, 459, 543 - CoRoT-1 b - prvni detekce sekundarnich tranzitl v optické oblasti




William Borucki

NASA

Kepler

Provoz

Ukoly

Draha

Strategie pozorovani

Rozméry a vaha
Optika

Detektor

Zorné pole
Kadence

Pfesnost na 12 mag

RozliSeni
Objevenych planet
Celkovy pocet objektl

kvéten 2009-fijen 2018 (doslo palivo)

Frekvence planet podobnych Zemi
Frekvence multiplanetarnich systémi
Statistika velikosti planet a jejich drah
Vlastnosti matefskych hvézd

Heliocentricka , 1 au, 372.5 dni

1 (Cyg+Lyra)+19 poli (okolo ekliptiky),
4 roky + 19x80 dni
1050 kg, 4.7x2.7 m

0.95m deska, 1.4m f/1 zrcadlo
42 2kx1k CCD (94.6 Mpx)
10.5°x10.5°

1 nebo 30 minut

300 ppm/h

4”/px

~3200

530000, 8-16 mag



Winter
Solstice

|
Orbital 3\
direction

Kazdych 93 dni rotace o 90°

Kepler - draha

Primarni 4-leta mise - nepfretrzité pozorovani jednoho pole
okolo Zemé -> obéh okolo Slunce

Projection of

Autumnal Kepler's photometer

=> nemuze obihat

: orbit axis onto 6867155
Equinox Q the ecliptic o . . . a
@
© a000f N gt v, b
L 10000 1
o
<<
2]
O 8000 |
[a]
o
6000 1 1 1 L 3
1000 1100 1200 1300 1400
Summer TIME (BJD-2454833)
Solstice
<. 1.005 — T
= i
%} \
= 1 o
Q2 \ \ " \
Earth on = \ / J
MarchSth o T ’ /"\l
Spring © \,I/ﬁqﬁ"d
roI &)
0-995 1 ) 1 1 1
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Vernal Time IR IN_24K540NN1
Equmox ——Earth's orbit
Kepler Kepler Launch = Kepler's orbit
4 years 1 year Kepler s position
later ® on March 5th
later

of each year
DX 11/08

- data rozdélena na tzv. Quarters + skoky v datech



Kepler - dalekoh

Provoz kvéten 2009-fijen 2018 (doSlo palivo)

Ukoly Frekvence planet podobnych Zemi
Frekvence multiplanetarnich systému
Statistika velikosti planet a jejich drah
Vlastnosti matefskych hvézd

Photometer

shade Draha Heliocentricka , 1 au, 372.5 dni
Strategie pozorovani 1 (Cyg+Lyra)+19 poli (okolo ekliptiky),
Solar Array / 4 roky + 19x80 dni
= = -
e . Rozméry a vaha 1050 kg, 4.7x2.7 m
Seanen Optik 0.95m deska, 1.4m f/1 dl
: ika .95m deska, 1.4m f/1 zrcadlo
Radiator Wheels (4) ;
o 4 Detektor 42 2kx1k CCD (94.6 Mpx)
. High Gain Zomé pole 10.5°x10.5°
A Antenna Kadence 1 nebo 30 minut
: Presnost na 12 mag 300 ppm/h
Solid Stat , a RozliSeni 4”/px
Recorder e i Omni-antenna £ - ST
= \ jevenych plane 5
Pk Avionics  (10f2) —
Star Trackers (2) Celkovy pocet objektl 530000, 8-16 mag

(redundant)



Kepler - daleko

Schmidt Corrector
with 0.95 m dia
aperture stop

Provoz
Thermal Radiator U kon
Primary Mirror
1.4 m dia, ULE
Draha

Strategie pozorovani

Sunshade
55° solar avoidance

Focal Plane Rozméry a vaha

Electronics:

clock drivers and Optika
analog to digital converters

Focal Plane: Detektor
42 CCDs, e |5

>100 sq deq FOV
Mounting Collet 4 Fine Guidance Sensors |

kvéten 2009-fijen 2018 (doslo palivo)

Frekvence plane podobnych Zemi
Frekvence multiplanetarnich systéma
Statistika velikosti planet a jejich drah
Vlastnosti matefskych hvézd

Heliocentricka , 1 au, 372.5 dni

1 (Cyg+Lyra)+19 poli (okolo ekliptiky),
4 roky + 19x80 dni
1050 kg, 4.7x2.7 m

0.95m deska, 1.4m f/1 zrcadlo
42 2kx1k CCD (94.6 Mpx)
10.5°x10.5°

1 nebo 30 minut

300 ppm/h pfi 512 expozici
4”/px

~3200

530000, 8-16 mag



Kepler - detektor

6s expozice, které se skladaji
do 1min a 30min

vyCitaji se jen preddefinované
polohy (tzv. stamps)

3 moduly postupné odesly

Kepler Focal Plane Layout
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6s expozice, které se skladaji
do 1min a 30min

e vyCitaji se jen preddefinované
polohy (tzv. stamps)

e 3 moduly postupné odesly




Kepler - K2

_ _ iao@ Po poruse druhého gyroskopu - nahradni
Kepler's Second Light: How K2 Will Work = mise od 2014, 19 poli okolo ekliptiky po ~80

dnech

Solar Panels

Photons of sunlight exert pressure
on the spacecraft. If properly

positioned, the spacecraft 500F
can be balanced against the F
pressure much as a A Spacecraft rotated -
pencil can be balanced to prevent sunlight from Fo
on your finger. entering telescope E
#2 3T E 400
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8 300F"
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START

K2 Campaigns 0 through 19 (2014-2018)

+30° Cancer Ge™in
| When the spacecraft is balanced, the telescope is +20°
stable enough to monitor ant stars in search +10°
of transiting planets. A specific portion of the sky is J
studied for approximately 83 days, until it is necessary b +0°
to rotate the spacecraft to prevent sunlight from entering
the telescope. There are approximately 4.5 viewing periods -10°
| or campaigns per orbit or year.
-20°
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Kepler - K2

Po poruse druhého gyroskopu - nahradni

Kepler's Second Light: How K2 Will Work

Solar Panels

Reaction

Solar Balance
Ridge

TOP-DOWN VIEWS OF SPACECRAFT
UNSTABLE STABLE

Solar B:

Photons of sunlight exert pressure
on the spacecraft. If properly
positioned, the spacecraft
can be balanced against the
pressure much as a
pencil can be balanced
on your finger.

When the spacecraft is balanced, the telescope is

stable enough to monitor distant stars in search

of transiting planets. A specific portion of the sky is

studied for approximately 83 days, until it is necessary

to rotate the spacecraft to prevent sunlight from entering
the telescope. There are approximately 4.5 viewing periods

| or campaigns per orbit or year.

Spacecraft rotated
to prevent sunlight from
entering telescope
START

__Solar panel
uminated
START

mise od 2014, 19 poli okolo ekliptiky po ~80
dnech

0.12

0.04

EPIC 211748059: log, F=5.30, kernel=QP, CDPP;=325, CDPP~=24
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Kepler - K2
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Pozorovani objektt Slunecni soustavy


http://www.youtube.com/watch?v=84LDgk7l7vI

Relative Intensity

Folded Relative Intensity

Kepler - vysled
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Kepler - vysledky

Kepler-90 Planets Orbit Close to Their Star

Inner Solar System

Kepler-90 System
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Kepler vysl

Relative flux

Cirkumbinarni planeta - Tatooine
Doyle et al. 2011, Science, 333, 1602
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Normalised flux

Normalised flux
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KIC-8462852
(Boyajian's star)

Boyaijian et al. 2016,
MNRAS, 457, 3988
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TESS (Transiting Exoplanet Survey Satellite)

Massachusetts Institute of Technology (MIT) a Smithsonian Astrophysical ﬂéés
Observatory (SAO); NASA

Start 18. dubna 2018, zacatek méreni 24.7.2018

Provoz duben 2018-

Ukoly Exoplanety u jasnych hvézd, F5-M5,
asteroseismologie, kandidati pro JWST

Draha Vysoka geocentricka, 13.7 dni

Strategie x poli, 27.4-352 dni

Rozméry a vaha 327 kg, 3.7x1.2x1.5 m

Optika 0.1m, f/1.4

Detektor 4x 2kx2k CCD (x4)

Zorné pole 4x24°x24°

Kadence 2 nebo 30 minut

Pfesnost na 10 mag 200 ppm pfi 1-hodinové expozici

Rozlieni 217/px

Objevenych planet 268, 5931 kandidatl (listopad 2022)

Celkovy pocet objektl 200000 2min, 1 min, 10° 30min, 3-15 mag

https://tess.mit.edu/ Ricker et al. 2014, SPIE, 914, 20



TESS (Transiting Exoplanet Survey Satellite)
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TESS - strategie
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TESS - strateqgie
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TESS - strategie

2x192 GB SSD
Prenos 100 Mbit/s

Pracovni vykon 290 W (415 W solarni panely)
Pracovni teplota ~-75°C

e ORBITAL ATK LEOSTAR-2/750




TESS - paramet
stop

FOV 24° x 24°
| FL, f/# 146 mm, f/1.4
— EPD 105 mm
- Wavelengths 600-1000 nm
s, oo CccD 2 X 2 detector arrays
4Kk x 4Kk pixels
Detector arrays 2048 x 2048
‘ 15 micron pixels
~~~~~ |

Transmittance 86.5% (with filter)
Mass 9.3 kg

Aspherics Dimensions 17.0 cm diameter
21.1cm long




Aluminum lens

bezels at all (7)
locations

Hard shims at
each lens bezel

CCD Mosaic
(4) packaged CCD’s
attached to mosaic plate

Interior stray
light baffle

Focal plane
electronics

Aluminum lens
barrel (splits at
lens 4/5 location)

[FeEpealye®

Offset Heater|| CCD {8'

051w 0.8W

<~ Lens Hood ]

Lens Barrel I—

-50°C

Temperature (°C)

-100°C y

Cameral
(Average
temperatures
are shown)

Lens & CCD

G-10 ring
AT =59.9°C



TESS - parame

Kepler TESS
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TESS - Zpracova

Continuous stream of | |2 min Postage Stamps 10x10 px
2-second full-frame E 4
integrations e | mmﬂm]]]ID S
./‘l—l + i
: — e — — - @
s : i Ty §
L] Images are summed in Postage Stamps are 10,000 Postage
groups of 60 into extracted near Stamps around
120-second stacks target stars 15,000 stars per

orbit

30 min Full-Frame Images (FFls)

x):nl:nznxlint==xnn

Compression

Images are summed in groups of ' One orbit produces >600 30-
900 into 30-minute FFlis . minute FFIs from each camera

Stahovani dat vzdy v perigeu drahy - dira v datech 4-16 hodin
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TESS - obéZna draha

PLEA, 75 R Transfer Orbit

Moon Orbit

P=~13.7 d (2:1 rezonance s obéznou dobou Mésice)

i=37°

Stabilni po desetileti bez nutnosti upravy drahy

Nad Van Allenovymi pasy - malo zasaht nabitymi Casticemi
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TESS - data

Rozptylené svétlo

PFiliS jasny objekt v blizkosti

Impakty
mikrometeoritu




TESS: The Movie

Sector 1
09 Aug 2018 19:44

Cam 2 Cam3
CCD 2 CCD 1

rhr-ov IT<SCOwn

By Ethan Krute
Gethan_kruse

Calibrated Flux



http://www.youtube.com/watch?v=76xguUB6yE4

https://tess.mit.edu/ Zakladni domovska stranka

https://archive.stsci.edu/tess/index.html#documents zakladni poral data
https://docs.lightkurve.org/ software pro download a zpracovani dat
https://adina.feinste.in/eleanor/ software pro download a zpracovani dat

https://heasarc.gsfc.nasa.gov/cgi-bin/tess/webtess/wtv.py pozorovatelnost cill



https://tess.mit.edu/
https://archive.stsci.edu/tess/index.html#documents
https://docs.lightkurve.org/
https://adina.feinste.in/eleanor/
https://heasarc.gsfc.nasa.gov/cgi-bin/tess/webtess/wtv.py

Gandolfi et al. (2018), A&A 300
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Huang et al. (2018), ApJL, 868, 39; TESS Discovery of a Transiting
T - T0 (hours) Super-Earth in the pi Mensae System, 2019/09/16 — 2018/11/30



Provoz

Ukoly

Draha

Strategie
Rozmeéry a vaha
Optika

Detektor

Zorné pole
Kadence

Pfesnost na 9 mag
Rozlieni
Objevenych planet
Celkovy pocet objektl

atellite)

Start 18. Prosince 2019, ESA, Svycarsko

duben 2020-

Poloméry exoplanet <10 %, kandidati pro
JWST a dalsi, vztah polomér-hmotnost

Nizka geocentricka polarni, 700 km
Jednotlivé tranzity, ~48 hodin

273 kg, 1.5x1.5x1.5 m

0.32m, /8

1kx1k CCD

19'x19’

rizna

150 ppm pfi 1-minutové expozici
1.17/px



CHEOPS (CHaracterising ExC
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CHEOPS WASP 189 SYSTEM
4 tranzity bfezen-duben 2020, okultace
WASP-189 b na sklonéné draze

HD 133112
The host star

Lendl et al. 2020, A&A, 643, 94 Diametr

~ 3360 000 km
2.4 x the Sun

~2200°C hotter
than the Sun

Spinning rapidly
larger at equator

730 million years old
~1/6 of the Sun

Heheops

—— 27days
Orbital period WASP 189b
The planet

Diameter
~ 224 000 km
1.6 x Jupiter

Orbiting 20 times
closer to its star
than Earth is to Sun

Dayside temperature
up to 3200°C

Not habitable

Earth

~12 700 km

Jupiter

~139 800 km

Relative flux

Residuals [ppm]
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CHEOPS (CHaracterising ExOPlanet Satellite)

Jupiter
€

Our Solar System

55 Cancri System

Okultace 55 Cnc e (41 okultaci, 12+3 ppm)

Demory et al. 2022, arXiv:2211.03582

55Cnce

55Cnc c

55 Cnc f
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Budoucnost

: - WFIRST
20217 »
JWST?

Exoplane i

Missions:
Kepler

Worlds
Telescope

1
Hubble Habitable Exoplanet Imager

\ Y L = LUVOIR

ESA/E: S
/European g“‘»;

Missions ‘ ARIEL, 20282

N s 7Y

- ELT, 20247

W. M. Keck Observatory Large Binocular

NN-EXPLORE
1 NASA/ESA Partnership Telescope Interferometer
2 NASA/ESA/CSA Partnership Ground Telescopes with NASA participation

3 CNES/ESA



Pozemni vs vesmirne

Vytéznost

presnost

Jasnost

Typ planet

Periody

Cena

Narocnost technicka
Naro¢nost zpracovani
Doba pfipravy

Udrzba

Pozemni

Nizka (stovky planet)
~mmag

<~13 mag

Horci Jupitefi - Neptuni
<5d

<~miliony USD

nizka

stredni

meésice-roky

snadna

Vesmirné

Vysoka (tisice planet)
~100 pmag

<~16 mag

vSechny

Doba pozorovani / 2
>~ miliardy USD
extremni

extremni
roky-desetileti

VétsSinou nemozna



ETD ‘ Exoplanet Transit Database

http://var.astro.cz/ETD

Sedlcany
Frantisek Lonoz

http://var2.astro.cz/ Lol Jomiat: 0.34057 ]
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