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e Discussion



The definition of the Habitable Zone
* James F. Kasting - 1993

10 prrrrm — T —r— T T T Ty T

n
P N WY
L TS0OLAR SYSTEM

s

£ oap- < £

[u— F P e . -~

vy r ;

5 1 P 7

=T - -

= 0.07 i PO
g - u -7 { == TIDAL LOCK RADIUS
g . -
[ . -

000 ~ e e e m &
JURITER SYSTEM

L aak P | " i

- 0.0m 0.1 ID,I‘I 1 10 100
DISTANCE (AU)

FIG. 16. DDiagram showing the ZAMS habitable zone (solid curves)
as a function of stellar mass (intermediate habitability estimates used}.
The tong-dashed lines delineate the probable terresirial planet aceretion
zone., The dotied line represenis the distance at which an Earin-like
planet in a circular orbit would be locked into synchronous rotation
wilhin 4.5 Gvr as a result of tidal damping. Note that all Earth-like
planets within the HZ of an M star would be within this radius.
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The habitable zone
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Extending the HZ
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Figure 2: Effective stellar temperature versus (left) incident stellar flux (S.s) and (right) orbital distance
for the classical (dashed). empirical (solid black). and volcanic hydrogen (solid red) habitable zone. The
red curves contain 30%b and 50% H-. respectively. As shown in Kopparapu et al. (2013)., Earth appears
near the classical inner edge because of the generic model assumption of 100% relative humidity. With
suibsaturation. Earth i1is well within the classical HY (e o [T.econte et al. 201 3)



Sample of 2015/2016 (today 63)

Potentially Habitable Exoplanets

Sorted by Distance from Earth
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Habitable planets today




Biosignature

O3z Ozone, produced
by plants, algae

H20O Liguid water

......

Intensity

Wavelength
_-;;F' .!-i‘,‘_"é..- .

Methane produced
by living organisms

htto://www.nasa.aov/missions/deepspace/cvberspace prt.htm



Biosignature - papers

Seager and Bains -

https://www.science.org/doi/10.1126/sciadv.150

0047 .
L. Kaltenegger et al. https://arxiv.org/pdf/astro-

pPh/0609398. pdf



Spectrum of the Earth



Atmospheres, a key for life
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TOI-700 example models

ATMOSPHERIC MODELING oF TOI-700 D 7
Minor
S Surface Primary constitwents, Surface TOA Sea ice Stratospheric
& Archetype e E;E PrESSUTE atmospheric partial Rotation temperature a]beldo fraction wateT vapor
Ry (bar) constituent PTessures (L] %) g FlegE)
(bar)
1 Plain agqua 1 Mz Hz O synchronows 23I6.T 03968 762% 6.5014e— B
Modemn H20
2 h agqua 1 Mz CiOg (4e-4) synchronows 246.7 03893 T12% 1.605e— T
CHy (1.7e-6)
Mod Hz0
a oderm land 1 Ma CO3 (de-4) synchronous 232.7 0_ZE40 MiA NiA
Earth -
CHy (1.7e-86)
Arch Hz O
4 Archean aqua 1 M3 O (0.01) synchronous 258.4 035534 66.3% 7.316e— T
Earth
CHy (1.0e-4)
Arch Hz0
[3 Arcd e:“ agqua 1 Mz €Oz (0.1) symchronous 2632 O_ASER 5239 2 644e—5
Eart CHy [1.0e-3)
HzO
& """he:“ aqua 1 N2 €Oz (0.1) synchronous 263.7 03998 G1E% 3.645e— 5
Eart CHy (2.0e-3)
Archean H20
Ki : h land 1 Mz Oz (0.1) synchronows 251.5 02455 MNiA MNiA
Eart CHa (1.0e-3)
Archean H20
a : agqua 0.5 Nz COz (0.1) synchronows 256.8 03906 673% 5.615e—5
Earth
CHy (1.0e-3)
Arch HzD
9 Arc e:“ aqua 4 M3 COg (0.1) synchronous 307.2 0.317 0 6.406e— &
Eart CHy (1.0e-3)
Arch HzD
10 Arc e:“ agua 0] M2 CO3 (0.1) synchronous 3I60.8 02452 o 2.203e— 6
Eart CHy [1.0e-3)
Hz O
Arch
11 © e:“ aqua 1 Nz Oz (0.1 2:1 resonant 325.7 0.131 0 E.095e— 6
Eart CHy (1.0e-3}
Arch Hz0
12 Arc e:“ land 1 M2 €Oz (0.1} 2:1 resonant 257.0 02547 NIA MNiA
Eart CHa (1.0e-3)
Ha0
Hz- COz (0.1)
13 {2 _
supporting agqua 1 Mz CH, (1.0e-3) synchronows 267.6 0.394 60.3% 2.669e— 5
Hz (0.1}
14 Early Mars aqua 0.5 20z Hz O synchronows 266.2 03572 62.6% 2.802e— 5
15 Early Mars agqua 1 C0g Hz O synchronows 2B4.4 03775 0.05% 2.520e— 5
16 | Early Mars aqua 2 Coz Hz 0 synchronous 324.3 02771 0% 1.027e— 5
17 Early Mars agqua 4 C0p Hz O synchronows 364.2 02214 0% 2.857e—4
18 Earty Mars land 1 Oz none synchronows Z58.9 02304 MIA MiA
19 Early Mars land 4 C0g none synchronows 302.3 02165 MNiA MNiA
20 Early Mars land 1 Oz none synchronows 353.5 02310 MNiA MNiA

Table 3. Global mean climatological properties for each of our simulations. By definition, sea ice fraction and stratospheric water vapor or
not applicable for desiccated land planet cases. The stratospheric water vapor is taken at the model top, 0.01 mbar. All guantities given are

Suissa et al 2020- https://arxiv.org/abs/2001:00955

mean.



TOI-700 example models
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TOI-700 example phase curves

18 SuUIsSSA ET AL.
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Figure 10. Phase curves for the majority of our simulations in this work. Aguaplanets are shown in the top panel; desiccated planets
are shown in the bottom panel. Transit occurs at 180°. In the left panel, the contribution of reflected light dominates at wavelengths
<~4.3 pm, while thermally emitted light dominates at wavelengths »~4.3pm. In the right panel, the integrated fluxes for the phase curves
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Suissa et al. 2020 - https://arxiv.org/abs/2001.00955
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Earth’s prebiotic atmosphere
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Albedo

Albedo is the fraction of reflected light by the surface
- full reflection — A=1

Bond albedo

Geometric albedo
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Planets orbiting F2V star
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Fig. 4. Transit depth during primary eclipse (left) and brightness temperature difference with respect to the calculated surface
temperature spectrum during secondary eclipse (right) for the scenarios considered. The spectral resolution is R = 100. Each center
mn with R = 3 000 is shown in grey. The geometric transit depth (see Sect. 3.3) is indicated by a horizontal line for transmission
spectra. The brightness temperature spectra include the reflected stellar component in the near-IR. Furthermore the bandpass of the
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How would different planets look like?
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U shape — typical for th

e Earth
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The Earthshine

e Sterzik et al. 2012, Nature

* Observing of the
Earthsine reflected
by the Moon

* FORS at VLT

* Polarization can help
to describe the surface
features

Ob=serving date

Observations 25 April 2011, 0900 uT 10 June 2011, 0100 uT

View of Earth as seen from
the Moon

Sur—Earth—Moon phase
(degrees)

Ocean fraction in 18 40
Earthshine {9%)

Vegetation fraction in 7 3
Earthshine (%5)

Tundra, shrub, ice and 3 1
desert fraction in

Earthshine (%5)

Total cloud fraction in 72 50
Earthshine {9%5)

Cloud fraction = = & {(9%) 42 27

Credits: http://research.iac.es/proyecto/earthshine//media/publications/nature10778.pdf



The Atlantic side hints at
decreasing PVI

The Pacific side shows
no correlation with PVI

PVI is a Polarization
Vegatation Index

PVI reflects the difference

of polarization between
vegetated and not vegetated
surfaces

The Earthshine

APVI and Models
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Photosynthesis
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Red edge
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VEGETATION’S RED EDGE 381
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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 /vplanet. html). 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.

httos://www.cfa harvard edu/~kchance/EPS238-2012/refdata/Seaaqer-red-edae-2005 pdf
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How would be your vision?
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Credit: Carl Sagan Cosmos



Pyramids and others
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Arnold, 2005, ApJ - https://iopscience.iop.org/article/10.1086/430437/pdf
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Looking for an extraterrestrial life?

Ten Anomalies of Transiting Megastructures that Could Distinguish Them from Planets or Stars

Anomaly

Artificial Mechanism

Natural Confounder

Ingress and egress
shapes

non-disk aspect of the transiting object or star

exomoons, rings, planetary rotation, gravity and limb darkening, evaporation,
limb starspots

Phase curves

phase-dependent aspect from non-spherical shape

clouds, global circulation, weather, variable insolation

Transit bottom shape

time-variable aspect turing transit, e.g., changes in shape or
orientation

gravity and limb darkening, stellar pro/oblateness, starspots, exomoons,
disks

Variable depths

time-variable aspect turing transit, e.g., changes in shape or
orientation

evaporation, orbital precession, exomoons

Timings/durations

non-gravitational accelerations, co-orbital objects

planet—planet interactions, orbital precession, exomoons

Inferred stellar

non-gravitational accelerations, co-orbital objects

orbital eccentricity, rings, blends, starspots, planet—planet interactions, very

density massive planets
Aperiodicity Swarms Very large ring systems, large debris fields, clumpy, warped, or precessing
disks
Disappearance Complete obscuration clumpy, warped, precessing, or circumbinary disks

Achromatic transits

Artifacts could be geometric absorbers

clouds, small-scale heights, blends, limb darkening

Very low mass

Artifacts could be very thin

large debris field, blends

Wright et al. 2016 - https://iopscience.iop.org/article/10.3847/0004-637X/816/1/17/pdf
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Figure 1. Schematic illustration of three methods of dark-side illumination (not
to scale). Planetary grayscale bands indicate differemt levels in stellar
illumination. In the three cross-sectional drawings, (a) shows a large circular
or annular mirmor stationed at the L2 Lagrange point. (b) shows multiple small
mirmmors in circular orbits, (¢) shows multiple small mirmors in elliptical orbits
designed to maximize the duty cycle of the mirrors.
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Figure 5. Top panel: wansit hght curves that result when a planet with
Rp = 2Rpann. located in the middle of the star’s HZ, passes in front of an M35
star. Im all cases the planet is surrounded by a constant-absorptance mirmror fleet,
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one for a solitary larger planet (LP) that would produce the same depth of
ransit, relative to the siellar imtensity. for the same situations.

http://iopscience.iop.ora/article/10.1088/0004-637X/809/2/139/pdf



T L I L T L I L L T I T T T T T L I T L T I Ll L Ll I T T T I L L T I L T T
Mirror + Planet
Planetalone =,

Large Planet , 0.0004 -

0.0002

0.0000

[(P+M)_LP]/I star

-0.0002

-0.0004 |

11 IIIIIIIIIIIIIIIIIIIIIII
1.2 00 02 04 06 08 1.0 1.

https.://iopscience.iop.org/article/lo.1088/0004-631}3(/%90/5/]?:4'39?'&1‘1'0 ' z




Exo-moons
https://iopscience.iop.org/article/10.1088/0004-637X/750/2/115/pdf
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https://arxiv.org/pdf/1306.1672.pdf

Stellar thruster
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KIC8462852

KIC 8462852
80 H Base Period = 0.8797 days —

| 20 days

o))
o
I

I

Fourier Amplitude
N
@]

[\°]
o

0.0 0.5 1.0 1.5 20 2.5 30 3.5
Frequency (cycles/day)

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.ora/ndf/1509.03622v1.pndf



KiC 8462852 — Where's the flux? 3
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different portions of the 4-year Kepler observations with different vertical scalings. The top
rwo panels show the entire Kepler observation time interval. The starting time of each Kepler guarter is marked and labeled h a red vertical line in the top
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90-day interval from day 1490 to day 1580 (215000 Refer to Section 2.1 for details. See Section 2.1 for details.
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Figure 1. Montage of flux time series for KIC 8462852 showi
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Figure 4. Stacked plots showing a zoomed-in portion of the Kepler light
curve. The star’s rotation period of (.88 d is seen in each panel as the high-
frequency maodulation 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.ora/ndf/1509.03622v1.pndf
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Figure 5. NOT spectrum closeups for KIC 8462852, the best fit siellar
model shown in red. Panels show region near Ha, H 5. Mg, and Na D (top
to bottom). The bottom panel shows both the stellar (broad) and interstellar
(marrow ) counterparts of the Na D lines. Refer to Section 2.2 for details.



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 AO H-band Image

Figure 7. Keck AQ H-band image for KIC 8462852 showing the com-

panion was detected with a 2' separation and a magnitude difference

MAH — 3.8, Refer to Section 2.3 for details.

http://arxiv.ora/ndf/1509.03622v1.pndf
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Free floating planets
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Planets around white dwarfs

https://arxiv.org/abs/2009.07282 - WD1856 detected by TESS

a b
1.2 T T "d# s T fF " F T EX T T T &0 T T & ort T +? T 7 T T T T
5 ; A I
- [ e I ® .‘- o .- ')‘ a "-'
1.0 Rs=5 ROE), A NI A ] ".," he ¥
g | 3 g I Tl an PR o
e } g : w YT
- i (X ) \/]
L — y ° -
-9 0-8 i \\‘ "1 “
- y o o
o i \\\ f:‘ \“ .‘..
o [ ' ¥ y o-f‘:
._'% 0.6 \\\ ':; \ O I'II’ 7]
o [ s AL + OO
Qo ) s /v g e =
m i \ %9 » L.—..i
04 = Depth = 56.65% +0.18% % Depth = 56.3% *1.6% -
| GTC (0.48 um) Spitzer (4.5 um)
02 o o vy M I B BRI R B B B

-6 -4 -2 0 2 4
Minutes from Midtransit

-6 -4 -2 0 2 4 6
Minutes from Midtransit


https://arxiv.org/abs/2009.07282

In the HZ?
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Detection Significance (o)
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https://arxiv.org/pdf/2106.06550.pdf
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Why WD planets?
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* Next — future of exoplanetary research and some notes, furthermore, exam topics
discussion — DATE TBC

Thank you



	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
	Slide 34
	Slide 35
	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
	Slide 51

