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| totally understand you....

* High school Brno

* Masaryk university Brno (BSc. Physics)
» AsU Ondfejov (briefly — 2 months)

* Frele Universitaet Berlin (Physics)

* Technische Uni. Berlin/DLR Berlin (PhD)
* European Southern Observatory Chile
« AsU Ondfejov







| et’'s get started
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Exoplanet

Planet outside of our
Solar system



Why exoplanets?

We are eager to know

« Statistical distribution of exoplanets
* How do planetary systems evolve?
* |s there a second Earth?

* Are we alone?




Radial Velocity Method

The star and planet orbit their common center of mass.

Spectral lines move Spectral lmes move
towards the red as the star towards the blue as the
Iransels away Irom us. : star travels towards us.

As the star meves away from us,
light waves leaving tha siar are
"siretched” and move owards the
rad and of the specirum. A e slar mowes lowards us
light waves keaving the starare
‘compressed” and move towards
Planet the blue end of the spactrum
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RV krivka (51 PeqQ)
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FIG. 4 Orbital motion of 51 Peg corrected from the long-term variation
of the y-velocity. The solid line represents the orbital motion computed
from the parameters of Table 1.

Mayor and Queloz, 1995, Nature
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From Winn, 2010, http://arxiv.org/pdf/1001.2010v5.pdf



Svetelné krivky

BEST Il @ CoRoT-2

10.45-'l'"'I""I""I""I T
10.48- t
R
- t
gttt
g | ! iR -
-‘c% 10.50 |- : i % HEHH%IIIII{EEHIE—
= | iy . H{
i i 13
1052 Iiﬂfi I
10,54-.1....|....|....|....|....|..
995.65 99570 99575  995.80  995.85  995.90
JD—2454000

DLR, Thomas Fruth

Kepler: A sub-Mercury-sized exoplanet,

Barclay et al., 2013, Nature, 494, 452

o Transit depth (p.p.m.)

Transit depth (p.p.m.)

Transit depth (p.p.m.)

&
o

o

&
o

100

150

100

200

300

400

500

600

700

Time from mid-transit (h)



Vzorek 2015/2016 (dnes 53

Potentially Habitable Exoplanets
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Jan Neruda (1878)




Zivot v Galaxii

e Jsme sami?
* Frank Drake - 1960

WWW.space.com



N=R*xfpxnexflxfixfcxL

N — civilizaztion which Is able to communicate

R* = rate of stellar formation
fp = fraction of stars with planets
ne = average number of planets suitable for life

fl = fraction of planets which are suitable for life and where
life evolved

fi = fraction of planets where intelligent life evolved

fc = fraction of civilizations whic develop technology
detectable with other civilization

L = time for which civilization transmits signal in the outside
Universe



And the answer was (in 1960)?

10-20

Carl Sagan - Cosmos



Habitable Zone

around M and late K stars

The habitable zone (HZ) around a star is typically defined as the
region where a rocky planet can maintain liquid water on its
surface. That definition is appropriate, because this allows for the
possibility that carbon-based, photosynthetic life exists on the
planet in sufficient abundance to modify the planet’s atmosphere
in a way that might be remotely detected. Exactly what conditions
are needed, however, to maintain liquid water remains a topic for
debate. In the past, modelers have restricted themselves to water-

w & CHICK TOF U

Remote life-detection criteria, habitable zone
boundaries, and the frequency of Earth-like planets

James F. Kasting', Ravikumar Kopparapu, Ramses M. Ramirez, and Chester E. Harman

Department of Geosciences, Pennsylvania State University, University Park, PA 16802

Edited by Adam S. Burrows, Princeton University, Princeton, NJ, and accepted by the Editorial Board October 31, 2013 (received for review May 13, 20

around other stars by performing remote sensing of the plan
atmospheres, so to them the biologists’ definition of life is
particularly useful. Instead, what they need 1s a way to recogi
life from a great distance. It was realized many years ago that
best way to do this 1s by looking for the byproducts of met:
lism. As early as 1965, Lederberg (6) suggested that the |
remote signature of life was evidence for extreme thermc
namic disequilibrium 1n a planet’s atmosphere (but see critic

Kasting et al., 2013, PNAS: http://www.pnas.org/content/111/35/12641.full.pdf
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Biosignature
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PARTICLES, ENVIRONMENTS, AND POSSIBLE ECOLOGIES
IN THE JOVIAN ATMOSPHERE

CARL SAGAN AND E. E. SALPETER

Center for Radiophysics and Space Research, Cornell University
Received 1975 December 11; revised 1976 June 1

ABSTRACT

The eddy diffusion coefficient is estimated as a function of altitude, separately for the Jovian
troposphere and mesosphere. The growth-rate and motion of particles is estimated for various
substances: the water clouds are probably nucleated by NH,Cl, and sodium compounds are likely
to be absent at and above the levels of the water clouds. Complex organic molecules produced by
the Lo photolysis of methane may possibly be the absorbers in the lower mesosphere which
account for the low reflectivity of Jupiter in the near-ultraviolet. The optical frequency chromo-
phores are localized at or just below the Jovian tropopause. Candidate chromophore molecules
must satisfy the condition that they are produced sufficiently rapidly that convective pyrolysis
maintains the observed chromophore optical depth. Organic molecules and polymeric sulfur
produced through H,S photolysis at A > 2300 A probably fail this test, even if a slow, deep
circulation pattern, driven by latent heat, is present. The condition may be satisfied if complex
organic chromophores are produced with high quantum yield by NH; photolysis at A < 2300 A.
However, Jovian photoautotrophs in the upper troposphere satisfy this condition well, even with
fast circulation, assuming only biochemical properties of comparable terrestrial organisms. Unless
buoyancy can be achieved, a hypothetical organism drifts downward and is pyrolyzed. An
organism in the form of a thin, gas-filled balloon can grow fast enough to replicate if (i) it can
survive at the low mesospheric temperatures, or if (ii) photosynthesis occurs in the troposphere.
If hypothetical organisms are capable of slow, powered locomotion and coalescence, they can
grow large enough to achieve buoyancy. Ecological niches for sinkers, floaters, and hunters
appear to exist in the Jovian atmosphere.

Subject headings: planets: atmospheres — planets: Jupiter



Sinkers and floaters in Jupiter
atmosphere

* https://www.youtube.com/watch?
v=uakLB7EnI2E






Photosynthesis

Chlorophyll - Credit: Wikimedia Commons
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VEGETATION’S RED EDGE
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FIG. 4. Earthshine observations from APO. Top panel: Earthshine observations on 8 February 2002. The viewing
geometry (including cloud coverage at the time of observations) of Earth from the Moon is shown in the right image
(http://www.fourmilab.ch/earthview /vplanethtml). Middle panel: Same as the top panel for 16 February 2002. The
viewing geometry of Earth includes much more vegetation in the top panel than in the middle panel. Bottom panel:
An absorption spectrum through Earth’s atmosphere from Kitt Peak National Observatory (ftp://ftp.
noao.edu/catalogs /atmospheric/transmission/) smoothed to approximately the same resolution as the APO Earth-
shine data. Note the different y-axis on the absorption spectrum; the spectral features are much deeper than in the
Earthshine spectrum, and there is no red edge feature.

https://www.cfa.harvard.edu/~kchance/EPS238-2012/refdata/Seager-red-edge-2005.pdf
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Different colors of exoworlds?

BE+21
Earth surface
TE+21 — F2V surface max 1PAL
K2V surface max 1PAL
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Credit: http://www.giss.nasa.gov/research/news/20070411/




Mimozemské pyramidy

Fig. 1.— Transiting objects: A triangular equilateral object (upper strip) and the best-fit

spherical planet and star (lower strip, same scale as upper strip). The star model for the
triangle transit is HD209458 with limb darkening coefficients u; + 1o = 0.64 and uy — us =
—0.055 (Brown et al. 2001). The triangle edge length is 0.280 stellar radius. The object
impact parameter is b = 0.176 (transit center). The best-fit sphere has an impact parameter
of b = 0.19 and a radius of r, = 1.16 Rjpite,. DBest-fit star has u; + uy = 0.66, with
uy — Uy set to zero, and a non-significant radius increase of 0.5%. Fitting object oblateness
f. either with zero or 90° obliquity to maintain lightcurve symmetry, converges to solutions

not significantly different from the case f = 0.

Arnold, 2005, ApJ
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Figure 1. Schematic illustration of three methods of dark-side illumination (not
to scale). Planetary grayscale bands indicate different levels in stellar
illumination. In the three cross-sectional drawings, (a) shows a large circular
or annular mirror stationed at the L2 Lagrange point, (b) shows multple small
mirrors in circular orbits, (¢) shows multiple small mirmors in ellipdcal orbits
designed to maximize the duty cycle of the mirrors.

THE ASTROPHYSICAL JOURNAL, 809:139 {13pp). 2015 August 20
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Figure 5 Top pael: wansit light curves that result when a planet with
Rp = 2Rgany. located in the middle of the star's HZ, passes m front of an M5
star. In all cases the planet 1s surrounded by a constant-sbsorptance mimmor fleet,
with Rm = 3Rp (solid), Ry = 2R, (dotted), or Ry = 10R;, (dashed). Bottom
panel: difference between the mirmor fleet transit light curve (P + M) and the
one for a solitary larger planet (LP) that would produce the same depth of
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http://iopscience.iop.org/article/10.1088/0004-637X/809/2/139/pdf
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anet Hunters Network

Qesa

platg

Space observatory
PLATO telescope
(2026)
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Jak se zapoijit?

* Prijedte k nam do Ondfejova! Kontakt: Kabath @ asu.cas.cz













Kepler star
www.planethunters.org



Kepler star

* Why IS so unique?
* Why caught attention?
- IRREGULARITY



KIC8462852
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Figure 2. Fourier transform for KIC 8462852. The peaks are labeled with

the harmonic numbers starting with 1 for the base frequency. Refer to Sec-
tion 2.1 for details.

http://arxiv.org/pdf/1509.03622v1.pdf



KIC 8462852 — Where's the flix? 3
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Figure 1. Montage of flux time series for KIC 8462852 showing different portions of the 4-year Kepler observations with different vertical scalings. The top
two panels show the entire Kepler observation time interval. The starting time of each Kepler quarter is marked and labeled with a red vertical line in the top
panel “(a)’. Panel “(c)” is a blowup of the dip near day 793, (DBO(). The remaining three panels, “(d)", “(e)’, and “(f)", explore the dips which occur during the
90-day mterval from day 1490 to day 1580 (D1500). Refer to Section 2.1 for details. See Section 2.1 for details,

http://arxiv.org/pdf/1509.03622v1.pdf
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Figure 4. Stacked plots showing a zoomed-in portion of the Kepler light
curve. The star’s rotation period of (L88 d is seen in each panel as the high-
frequency modulation in flux. With the exception of panel ‘c)’, a longer
term {10 -20 day) brightness variation is observed, also present in the FT
shown in Figure 2. Refer to Section 2.1 for details.

tional velocity, and rotation period (Section 2.1), we determine a
stellar rotation axis inclination of 68 degrees.

http://arxiv.org/pdf/1509.03622v1.pdf
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Figure 5. NOT spectrum closeups for KIC 8462852, the best fit stellar
maode ] shown in red. Panels show region near Ho, H 3, Mg, and Na D (top
to bottom). The bottom panel shows both the stellar (broad) and interstellar
(marrow) counterparts of the Na I lines. Refer to Section 2.2 for details.



88 . «\c pas2aso

Figure 6. UKIRT image for KIC 8462852 and another bright star for com-
parison, showing that it has a distinct protrusion to the left (east). For ref-
erence, the grid lines in the image are 10" » 10", Refer to Section 2.3 for
details.

Keck AQ H-band Image

@

KIC B4E2052

companion star: 2, dH = 3.8

Figure 7. Keck AD H-band image for KIC 8462852 showing the com-
panion was detected with a 2" separation and a magnitude difference
AH = 3.8, Refer to Section 2.3 for details.

http://arxiv.org/pdf/1509.03622v1.pdf



CHEOPS

The main science goals of the CHEOPS mission will be to study the structure of exoplanets with radii
typically ranging from 1-6 REarth orbiting bright stars. With an accurate knowledge of masses and
radii for an unprecedented sample of planets, CHEOPS will set new constraints on the structure and
hence on the formation and evolution of planets in this mass range. In particular, CHEOPS wiill:

Determine the mass-radius relation in a planetary mass range for which only a handful of data
exist and to a precision never before achieved.

Probe the atmosphere of known Hot Jupiters in order to study the physical mechanisms and
efficiency of the energy transport from the dayside to the night side of the planet.

Provide unique targets for future ground- (e.g. E-ELT) and space-based (e.g. JWST, EChO)
facilities with spectroscopic capabilities. With well-determined radii and masses, the CHEOPS
planets will constitute the best target sample within the solar neighbourhood for such future studies.

Offer up to 10% of open time to the community to be allocated through competitive scientific
review.

|dentify planets with significant atmospheres as a function of their mass, distance to the star, and
stellar parameters. The presence (or absence) of large gaseous envelopes bears directly on
fundamental issues such as runaway gas accretion in the core accretion scenario or the loss of
primordial H-He atmospheres.

Place constraints on possible planet migration paths followed during formation and evolution for
planets where the clear presence of a massive gaseous envelope cannot be discerned.



Nice reading

* http://www.nature.com/scitable/blog/postcards-
from-the-universe/the curious idea_of jovian

e Carl Sagan - Cosmos


http://www.nature.com/scitable/blog/postcards-from-the-universe/the_curious_idea_of_jovian
http://www.nature.com/scitable/blog/postcards-from-the-universe/the_curious_idea_of_jovian

PLATO Space mission

e The instrument consists of 32 "normal"
telescopes

e Stars with mV > 8. Two additional “fast” cameras
with high read-out cadence (2.5 s) will be used
for stars with mV ~4—-8

 Each camera has an 1100 deg2 FoV and a pupll
diameter of 120 mm and is equipped with a focal
plane array of 4 CCDs each with 45102 pixels of
18 um size



TESS

TESS Is designed to:

Monitor 200,000 nearby stars for planets
Focus on Earth and Super-Earth size planets
Cover 400x larger sky area than Kepler

Span stellar spectral types of F5 to M5



JWST

MIRI - mid-IR camera
NIRI — near-IR camera
NIRSpec — near-IR spectrograph

NIRISS — near-IR imager and slitless spectrogr.

Exoplanets and Solar systéem one of the key
themes

Launch date 2018



PLATO Space mission

PLAnetary Transits and Oscillations of stars
Theme: What are the conditions for planet formation and the emergence of life?

Primary Goal Detection and characterisation of terrestrial exoplanets around bright
solar-type stars, with emphasis on planets orbiting in the habitable zone.

Photometric monitoring of a large number of bright stars for the detection of
planetary transits and the determination of the planetary radii (around 2% accuracy)

Ground-based radial velocity follow-up observations for the determination of the
planetary masses (around 10% accuracy)

Asteroseismology for the determination of stellar masses, radii, and ages (up to
10% of the main sequence lifetime)

Identification of bright targets fr spectroscopic follow-up observations of
planetary atmospheres with other ground and space facilities

LAUNCH 2024



E-ELT - 2024

 EPICS — Exoplanet imagng camera and spectrograph
https://www.eso.org/scli/libraries/SPIE2010/7735-84.pdf
* METIS - The Mid-infrared E-ELT Im. and Spectr. - 3—20 pm
Low-resolution (R < 1,000) at L,M,N
Medium-resolution (R <10,000) at N
High-resolution (R~100,000) IFU at L,M

« HARMONI - Is a visible and near-infrared (0.47 to 2.45 um)
Integral field spectrograph, providing the E-ELT's core
spectroscopic capability, over a range of resolving powers from R
(ENMAN) ~500 to R~20000.

https://www.eso.org/public/images/ann15056a/



Transit spectroscopy, the principle

Transit spectroscopy = transmission spectroscopy

Signal=Annulus/R?

Star

Typical Signal of the planetary spectral lines < 10+
Smaller star & larger planet = better chance to see something
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Figure 1. Left: The Lyman « stellar line as observed by Vidal-
Madjar et al. (2003). The averaged profile observed during transit
(thick line) presents a reduced flux when compared to the pre transit
profile (thin line). The region named “Geo” corresponds to the region
where the geocoronal Lyman « correction was too important. In the
“In” region absorption is observed while the “Out”™ region serves as a
flux reference. Right: The averaged “In”/“Out” flux ratio in the in-
dividual exposures of the three observed transits (see text). Exposures
Al. B1. and C1 were performed before and A2, B3, and C3 entirely
during transits. Error bars are £1o. The “In”/“Out” ratio decreases
by ~15% during the transit. The thick line represents the absorption
ratio modeled through a particle simulation (see Fig. 3).
Vidal-Madjar et al. http://arxiv.org/pdf/astro-ph/0312382v1.pdf
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FLUX

SOFI NIR transmission spectroscopy

llllll

= 1.5 — 2.3 micron low res.

3 nights in 2011
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Caceres, Kabath et al., 2014, A and A



Presna fotometrie



4m

* SOFI @ NTT — La Silla 3 nights
* OSIRIS @ SOAR - Cerro Pachon 1 night
« SOI @ SOAR - Cerro Pachon 1 night

ESO



Residuals
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. MCMC code by M. Gillon and C. Caceres
Caceres et al. 2012, in prep. (e.g. Gillon et al. 2012; Caceres et al. 2011)



Residuals
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Nase vysledky (fotometrie)
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Fig. 11. Left: A zoom-in from Fig. 10 for the optical region around our /-Bessel measurements. Right: The K-band region of spectra around our
2.14 ym observation. Our measurement pomts are represented by dark circles, while gray pomts follow the description i Fig. 10. A color version
of this plot can be found in the electronic version of the paper.

Caceres, Kabath et al., 2014, A&A



Emisni spektrum (fotometrie!)

* Tepelneé zareni planety v IR

Signal — planet/Tstar(R planet/R star)2
Velmi melké zakryty — mmags

Pozorovani chzbgjiciho svétla odrazeného
planetou

Emisni spektrum

Opét ne vSechny planety vykazuji zakryt
planety hveézdou
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Secondary eclipse photometry
from the ground

* Thermal radiation from the planet in IR
Signal - Tplanet/-l-star(R planet/R star)2

Typically few mmags for hot Jupiters
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|JAU Resolution: Definition of a "Planet” in the
Solar System

Contemporary observations are changing our
understanding of planetary systems, and it is
important that our nomenclature for objects
reflect our current understanding. This applies, in
particular, to the designation "planets”. The word
"planet” originally described "wanderers” that
were known only as moving lights in the sky.
Recent discoveries lead us to create a new
definition, which we can make using currently
available scientific information.



RESOLUTION 6A

The IAU further resolves:

Pluto Is a "dwarf planet" by the above definition
and Is recognized as the prototype of a new
category of trans-Neptunian objects.



Magnituda vs. polmer

17 "
Fr (]
gt
" o L ‘ Lo ] o
o - . _ " F ﬁ
@ " 4
g IZLE ﬂ@%
15 = |] E [Ld %%
@ T AT
] a %‘3—2 o J - 5 O " b . Pe
ﬁf a e T i = L og
3 s T B C
" a r"r’i.f*ﬁ.?:—{?_""'*ﬁr i - Gt ﬂ%
ﬁ R ! ! r;r"'l' S
13 - g sglea Ay ' E
B o
Eﬂi GEE wﬂ:}?‘i‘i
@
@
@ | -
| g " P
e @ @
i b By - Kepl«ar-lOb———)Iz y ! u
@ a o
GJ436 b
™) @ "] =]
@ HAT-P-11b0
=]
g9 3 o HDSOGOGbOG
HD17156 b
@ HD179070 b o o @
HD149026 b
®) OHD209458 b
HD189733 b
7 -
doppler surveys
o]
55Cnce
5 T : T — . r 5 T 7 ——T 3
0.3 0.5 1 2 5 10 20

Rp (Rg)

http://cheops.unibe.ch/science/corot-kepler-vs-cheops/



1), (e

0082

0,08

0078

redius ratio k Hpﬂi.

(.07 E

0.074

Ltransmission

® Fukuit+ 2013

® Lhiz work

OM_7FOOK O Tubar

o 4 besl TiL
dIEF,.-'"::lJnJi.

2997 +493 km

400 600 B0 a0 1200
F T T T T T T T T T T T T T T T T T T T T ]
3 8 R, e FEYEN20 J E
- [ N N .
- | | .H'hh.l T E
- 1 :l_m h P | E
- 1 1 fapst | 1 1 HI. = | 1 1 1 | 1 |. 1 | 1 1 1 |
6040 BOO 1000 1200 1400

wavelength (nm)

Nascimbeni et al. 2013, AandA



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	2-m Perkův dalekohled a hledání planet
	2018+: Lov exoplanet na observatoři ESO La Silla
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Transit spectroscopy
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Secondary eclipse photometry
	Slide 64
	Slide 65
	Slide 66
	Slide 67

