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What do they have in common?

Mosaic of 102 Viking 1 Orbiter images of Mars The first image of Sgr A*, the supermassive

taken on orbit 1,334, 22 February 1980 black hole at the center of our galaxy

Credit: Credit:



A brief history of astronomy
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Why astronomye

The connection between celestial
cycles and life cycles

There was a need to predict events on
Earth based on phenomena in the sky.

Astronomy began to develop within
the framework of astrology, but today,
it completely rejects it as a science

An engraving of the Greek astronomer Hipparchus (c.190-120 BC)
from Vies des Savants lllustres (1877).
Source: M. Lopez,



Everything siCliiESREEERIRe blanets

Movement of the celestial sphere — it was long believed
that the Earth is the centre of the universe

Numerous models of the geocentric system

The word "planet” — Greek, (which means
"wanderer")

Reason: annual movement across the sky and creating
"loops.”



Apparent movement of planefts

Stellar Background

Apparent Motion of Mars
on the Celestial Sphere




Geoceniric model

Aristotle (384-382) and Ptolemy (90-168)

~Almagest" - a 2nd-century mathematical and
astronomical book on the apparent motions of the
stars and planetary paths

Earth — spherical in shape, at the center.
Surrounding it are spheres, one for each planet,
the Sun, the Moon, and the last one for the fixed
stars.

Stars are attached to the celestial sphere, with
the Earth at its center, while the Sun and planets
(so-called wanderers) revolve around the Earth.
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Almagest, 1515 in latin, Petrus Lichtenstein (publisher)




Ptfolemy’'s model

A geocentric universe NN

54 v'
accepted Aristotle’s idea that the Sun and the planets revolve g v :
around a spherical Earth X

FTll

ge}rxeloped this idea through observation and in mathematical
etai

he rejected the hypothesis of Aristarchus of Samos, that the Earth
revolves around the Sun, he couldn’t produce any evidence

Based on observations with naked eye,

the Universe is a set of nested, tfransparent spheres, Earth is in the
center.

TheTIk\]Aoon, Mercury, Venus, and the Sun all revolved around
Earth.

Beyond the Sun, were Mars, Jupiter and Saturn, the only other
planets visible to the naked eye

Beyond Saturn was a final sphere - with all the stars fixed to it - Map of the Universe according to Ptolemy, from a 17th-
that revolved around the other spheres. century Dutch atlas by Gerard Valck © Bettmann/CORBIS




Ptfolemy’'s model — what's newe

Bodies move around the Earth in large circles called
deferents.

The movement of planets in "loops" involves smaller circles
called epicycles.

The centers of the epicycles move directly along the
deferents.

The essential elements (top right image):

a planet rotating on an epicycle around a deferent inside a
crystalline sphere.

The system’s center is marked with an X, and the Earth is slightly
off the center.

Opposite the earth is the equant point, which is what the
planetary deferent would rotate around.

o @ Planet
/ '
Retrograde
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o+

Earth Equant

Deferent




Epicycles on
picycles

Ptfolemy’'s model — what's newe

Ptolemy's calculations of the "loops" did not match the
observation:s.

Corrections to the model — infroducing new epicycles,
epicycles of epicycles, etc.

Or, we can say ,,degrees of freedom®“e ©

After 14 centuries — the number of epicycles grew to
80.

The model was complex but did not correspond to the
accurate picture of the sky.







Let's go back ie Ineiuiure. ..

Heliocentric system




Nice ideq, but how to prove ite

Sextant, 1760 and 1800+...

Quadrant, 1450 (possibly also the year 1200). Jacob's staff, ~1000 (Chinay), 1400...




What can we do only with anglese

Can we measure the size of the Earthe

1/50 of a circle «+ 5000 stadia (~800 km)
el .. 1circle + 50 x 5000 stadia
> = 250000 stadia (~40000 km)

oy

Angle from lengths of the
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omething more astronomicale

Polaris (Alrucaba - Cinosura - Cynosura - Tramontana - Yilduz - Mismar - Star Polaris (Alrucaba - Cinosura - Cynosura - Tramontana - Yilduz - Mismar - Star

of Arcady)

a UMi-1UMi-WRH 39 -2 93 -HIP 11767 - HR 424 - HD 8890 -

SAO 308 - WDS J02318+8916

Type:double star, pulsating variable star (DCEPS)
Magnitude: 1.95 (reduced to 2.14 by 1.46 Arrmasses)
Absolute Magnitude: -3.66

Colour Index (B-V): 0.63

Magnitude range: 1.86+2.13 (Photometric system: V)
RA/Dec (J2000.0): 2h32m30.965/+89°15'34.3"

RA/Dec (on date): 3h03m41.485/+89°21'47.7"

HA/Dec: 16h49m05.205/+89°22'08.6" (apparent)
AzJAlL:+0°49'24,5'Y+43°07'46.7" (apparent)
Gal.long/lat.: +123°17'05.9"/+26°27'29.5"

Supergal. long /lat.: +25°45'02.6'/+15°24'08.

Edl. long./lat. (2000.0): +88°33'44.5"/+66°05'48.6"
Ecl.long /lat. (on date): +88°54'24.0"/+66°06'00.1"
Ecliptic obliquity (on date): +23°26'19.

Mean Sidereal Time: 19h46m41.9s

Apparent Sidereal Time: 19h46m41.7s

Rise: —

Transit: 5h21m

Set—

Circumpolar (never sets)

Max. E. Digression: Az.=+0°52'31.0", HA= 18h02m24.14s
Max. W. Digression: Az=+359°07'29.0", HA= 5h57m35.865
1AU Constellation: UM

Distance: 432.5746.22 ly

Proper motion: 46.03 mas/yr towards 104.9°

Proper motions by axes: 4448 -11.85 (mas/yr)
Parallax: 7.54040.110 mas

Spectral Type: F8lb

*Period: 3.9696 days

Next Maxfrum light: 2024-08-26 19:34:10 UTC

Rising time: 50% (1d 23h 38m 6.7218s)

Position angle (2016): 703,088

Separation (2016): 39.000"

Solar Az/Alt.; +317°14'15"/-25°57"12"

Lunar Az/Alt: +55°51'23"/-1°39'45"

Earth, Nis, 194 m FOV83.7°

17.9FPS

2024-08-25 22:00:47 UTC+02:00

Date and time

Julian Day

of Arcady)

a UMi-1 UMi-WRH 39-3X93-HIP 11767 - HR 424 - HD 8890 -

SAO 308 - WDS J02318+8916

/bl double star, pulsating variable star (DCEPS)
Magnitude: 1.95 (reduced to 2.15 by 1.55 Airmasses)
Absolute Magnitude: -3.66

Colour Index (8-V): 0.63

Magnitude range: 1.86+2.13 (Photometric system: V)
RA/Dec (J2000.0): 2h32m32.455/+89>

RA/Dec (on date): 3h03m43.815/+89°21'47.9"

HA/Dec: 15h56m53.785/+89°22'25.3" (apparent)
Az/AlL; +0°42'20.8'+40°19'15.6" (apparent)

Gal. long/lat.: +123°17'06.2"/+26°27'29.7"

Supergal. long./lat.: +25°45'02.9"/+15° 2407.
Ecl.long./lat. (J2000.0): +88°33'45.2'/+66°05'48.4"
Ecl.long./lat. (on date): +88°54'25.0"/+66°06'00.0"
Ecliptic obliquity (on date): +23°26'19.1"

Mean Sidereal Time: 18h54m35.2s

Apparent Sidereal Time: 18154m35.1s

Rise: —

Transit: 6h13m

Set—

Circumpolar (never sets)
Max. E. Digression: Az.=+0"50'20.9", H, 8h02m11.18s.
Max. W. Digression: Az.=+359°09'39.1", HA= 5h57m48.825
IAU Constellation: UM

Distance: 432.57+6.22 ly

Proper motion: 46.03 mas/yr towards 104.9°

Proper motions by axes: 4448 -11.85 (mas/yr)

Parallax: 7.540+0.110 mas

Spectral Type: F8lb

Period: 39696 days

Next maximum light: 2024-08-26 19:34:10 UTC

Rising i : 50% (1d 23h 38m 6.7218s)

Position angle (2016): 103.00°

Separation (2016): 39.000"

Solar Az/Alt.; +303°58'19'420°06'33"

Lunar Az/Alt.: +33°56'06'/-15°36'18"

Earth, Thessaloniki 8 m

Fov83.7°

545 FPS

2024-08-26 22:00:47 UTC+03:00




Traveling...

Angles of Polaris

Nis: 43007’ 46.7"
Thessaloniki: 40° 19" 15.6"
Difference: A¢p = 43.13 —40.32 =2.81
s =320 km
360°

Lgaren = 27R = = ~+5 ~ 128.1-320 = 40,996 km

R = 6,528 km

Sroad = 410km  Lyoqq = 52,521km  Rypaq = 8,363 km

R,eq = 6,378 km




Tycho Brahe (1546 - 1601}

The last significant astronomer to work without the aid of a telescope.

He was known during his lifetime as an astronomer, astrologer, and
alchemist.

At the tender age of 14 (21 August 1560), he was captivated by the sight
of a solar eclipse, a moment that sparked his lifelong passion for
astronomy.

was greatly impressed by the fact that it had been predicted, although
the prediction based on current observational data was a day off.

He realized that more accurate observations would be the key to making
more exact predictions

At 19, he lost part of his nose in a duel over a mathematical
disagreement. He wore a prosthetic nose for the rest of his life.

made of brass' (an alloy of copper and zinc) and
kept in place with wheatpaste or glue

Silver and gold were used only for special occasions

Danish and Czech researchers, November 2012

Tycho Brahe (oil on canvas, 15%96)




Tycho Brahe (1546 - 1601}

On 11 November 1572, he observed, a very bright star,
now numbered SN 1572, which had unexpectedly
appeared in the constellation Cassiopeia

Ancient Belief: The celestial realm beyond the Moon is
considered unchangeable (Aristotelian view).

Tycho's Observation: No daily parallax against fixed stars;
object farther than the Moon and planets.

Key Finding: Object did not move relative to fixed stars; not
a planet, likely a distant star.

De nova stella (1573): Tycho coined "nova" for the new star,
now known as a supernova (7,500 light-years away).

Impact: Discovery pivotal in choosing astronomy as a
Tycho's profession; Tycho became well-known in Europe.

Criticism: Tycho crificized those dismissing the significance of
the discovery.

Tycho's Supernova Remnant

( )



Tycho Brahe (1546 =601}

Herrevad Abbey: With uncle Steen Bille's support, built an
observatory and alchemical lab; assisted by sister Sophie Brahe.

King’s Support: Acknowledged by King Frederick Il, who proposed
building an observatory on the island of Hven.

Uraniborg (1576): Built the earliest large observatory in Christian
Europe; strategically located for seclusion and focused research.

Pre-Telescope Era: Tycho observed planets, moon, stars with the
naked eye, compiling extensive and accurate stellar data.

Uraniborg’s Impact: Allowed Tycho to develop accurate solar system
models and lay the groundwork for future astronomers.

1597: Left Hven after disagreement with King Christian IV; moved to
Prague and appointed imperial mathematician by Emperor Rudolf Il.

Legacy: Uraniborg remained a significant landmark in the history of
astronomy.



Tycho Brahe (1546 =601}

He was the first to teach Copernican theory in Denmark.

However, he could not align Copernican theory with Aristotelian
physics.

He pointed out inaccuracies in Copernicus' observational data.

He proposed a model where the Sun and Moon orbit Earth;
other planets orbit the Sun - a geo-heliocentric System.

Combined observational and computational benefits of
Copernicus' system.

Offered an alternative for astronomers hesitant fo embrace
heliocentrism.




Johannes Kepler (1571 - 1630)

German astronomer, mathematician, astrologer, natural philosopher,
and writer of music

Key figure in the 17th-century Scientific Revolution, best known for his
laws of planetary motion and his books Astronomia nova, Harmonice
Mundi, and Epitome Astronomiae Copernicanae

Influencing, among others Isaac Newton, providing one of the
foundations for his theory of universal gravitation.

One of the founders and fathers of modern astronomy, the scientific
method, natural and modern science

He was a mathematics teacher at a seminary school in Graz. Later, he
became an assistant to the astronomer Tycho Brahe in Prague

Kepler lived in an era when the scientific landscape was complex, with
no clear distinction between astronomy and astrology. However, there
was a strong division between astronomy and physics.

Portrait by August Kohler, 1910, after 1627 original
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Johannes Kepler (1571 - 1630)

Kepler met Tycho Brahe at Bendtky nad Jizerou (35 km from Prague),
where Tycho's new observatory was built (Feb 1600).

Kepler analyzed Tycho's Mars observations; '
P 4 Y Two pages from Kepler's Rudolphine Tables showing

He stayed as Tycho's guest for two months, analyzing Tycho's eclipses of the Sun and Moon (September 1627)
observations of Mars;

Tycho guarded his data closely. However, he was impressed by Kepler's theoretical ideas and granted
access to more data.

Negotiations for formal employment initially failed, leading to a brief departure.
Kepler and Tycho reconciled and agreed on salary and living arrangements.
Kepler returned to Graz to collect his family (June 1600) and several months later moved to Prague

Through most of 1601, Kepler was supported directly by Tycho, who assigned him to analyze planetary
observations.

Two days after Tycho's unexpected death (24 October 1601), Kepler was appointed as his successor
as the imperial mathematician and was responsible for completing his unfinished work.

The next 11 years as an imperial mathematician would be the most productive of his life



Kepler's laws of planetary motion

Published between 1609 and 1619; the laws describe the orbits of planets around the Sun.

They modified the heliocentric theory of Nicolaus Copernicus, replacing its circular orbits and
epicycles with elliptical trajectories, and explaining how planetary velocities vary

The planetary orbit is a circle with
epicycles

The Sun is approximately at the
center of the orbit.

The speed of the planet in the
main orbit is constant.

The planetary orbit is not a circle
with epicycles, but an ellipse.

The Sun is not af the center but af
a focal point of the elliptical orbit.

Neither the linear speed nor the
angular speed of the planet in the
orbit is constant, but the area
speed is constant



The First law

The orbit of every planet is an ellipse with the Sun at one of the two
focuses.

—L—: eccentricity[e = |1-%

Equation of ellipse r = P

where p is the orbital parameter, ¢ is the ecceniricity of the ellipse, r is
the distance from the Sun to the planet, and 6 is the angle to the
planet's current position from its closest approach, as seen from the Sun

For 8 = 90° and 6 = 270°, we have r = p.
Arithmetic, geometric and harmonic mean:

=rmax+rmin= p
2 1_}962
b= Vhnax * Tmin = ﬁ

Heliocentric (polar) coordinate system (r, 6)
for ellipse. The image shows: semi-major
axis a, semi-minor axis b and orbital
parameter (semi-latus rectum) p; center of
ellipse and its two focuses marked by large
dots. Foré = 0°,r = r,,andfor8 =
180°, 17 = 7,0



The First law

The orbits of the planets have small eccentricities (they are not much different from
circular), except in the case of Mercury and the "former" planet Pluto.

The orbits of planetary satellites, asteroids, and periodic comets are also ellipfical.

Eccentricity of the Planets (+ Pluto) Exoplanet Orbit Eccentricities
0.28 400 T T T T
e : : : exoplanet.eg, 2014-7-2
0
o
=
= 0.14
b
LAT]
0.07
0
Mercury Earth Jupitar Uranus Flutao
Venus Mars Saturn Meptune

0.4 06
Planet Orbital Eccentricity,



The Second law

A line joining a planet, and the Sun sweeps out equal
areas during equal time intervals.

1
dA = Er -rd0
dA 1r*de constant areal
dt - 2 dt (sector) velocity
. r? de b
2 ar ¢

2w 360°
T T

n = = 1r?df =ab-ndt

dA B abn B mab

dt 2 n




The Third Law

The ratio of the square of an object's orbital period (T) with the cube of the
semi-maijor axis (a) of its orbit is the same for all objects orbiting the same
primary.

ai _a; _ a3
—2=—2=—2="'=C0Tl$t
Tl T2 T3

Using Newton's law of gravitation (1687), 3rd Kepler's law can be found in
the case of a circular orbit by setting the centripetal force equal to the
gravitational force:

mM

2 _
mrw* =G —
r2

ZnZ_GmM
mr(—| =G6—3
a®> GM+m) GM AU3

412 — ~7.5-107°
= <W> r3 = const - 13 T2 412 412 7510 day?




The Third law

Data used by Kepler (1818)

Mean distance | Period | 53 . . 5 Orbital period (Earth years)
Pl t — (107 AU d
ane to sun (AU) | (days) T? ( ) 1000 £
Mercury | 0.389 8777 | 764 Eris:67.9AU,559y
Venus 0.724 22470 |7.52 ) NP|U10:39.3 AU, 248y
eptune:30.1 AU,164 y
cah | 525 |79 100 JUranus:19.2AU,83.7y
Iars 1.524 68695 |[7.50
Jupiter | 5.2 433262 | 7.49 x)Saturn:9.58 AU,29.4y
Satum | 9.510 10759.2 | 7.43 o]
10 x)Jupiter:5.20 AU,11.9y
Modern data (Wolfram Alpha Knowledgebase 2018) .
Planet | Semi-major axis (AU) | Period (days) % (10° AU*Iday?) Ceres:2.77 AU,4.61y
Mercury | 0.38710 57.9693 7.496 X)Mars:1.52 AU,1.88 y
Venus | 0.72333 2247008 7.496 1 Earth:1.00 AU,1.00y
Earth |1 3652564 | 7.496 x)Venus:0.724 AU,0.615 y
Mars 1.52366 686.9796 7.495
Jupiter | 5.20238 4332.8201 7.504 x)Mercury:0.386 AU,0.241 y
Satumn | 9.53707 10775.599 7.498 0.1
Uranus | 19.1913 30687153 | 7.506 0.1 / 1 10 100 1000

Neptune | 30.0690 60190.03 7.504 Orbit semi-major axis (astronomical units)



Position of planets (1)

Ihe first and the second law is used to compute the position of a planet as a function of
ime:

Compute the mean motion n = (2m)/T, where T is the period.

Compute the mean anomaly M = M, + n - At, and At = t — T, where t is time of calculation and
T, is epoch; M, is mean fime of the epoch for the planet.

Compute the eccentric anomaly E by solving Kepler's equation
M=F—¢€-sink,

circle

where € is the eccentricity.
Compute the true anomaly 6 by solving the equation:

0 E
(1—¢) tanzz =(1+¢) tanZE

Compute the heliocentric distance r:
r=a(l—ecoskE)

where a is the semimajor axis. 6"\'9 i
C t d z

Source: CheCheDaWaff/



Position of planets (2)

Compute the Heliocentric Coordinates (x',y', Z')
In orbital plane coordinatesare x’ = r-cos@,y' = r-sinf, z' = 0

Convert these to heliocentric ecliptic coordinates:

x=x"-(cosQ-cosw—sinQ-sinw-cosi) —y" - (cosQ-sinw + sin - cosw - cosi)
y=x"-(sinQ-cosw:-cosQ-sinw-cosi)+ 7y -(sinQ-sinw — cos-cosw - cosi)
z=x"sinw-sini+y'-cosw -sini

Neptune



Let’s find Saturn in the sky ©

Repeat steps 1 - 6 for Earth and Saturn!
Orbital elements (Epoch J2000.0)

Semi-major axis (a)

Eccentricity (e)

Inclination (i)

Longitude of Ascending Node (Q)
Argument of Perihelion (w)

Mean Anomaly (M,) at Epoch

Epoch (T)

1.00000261 AU
0.01671123
0.00005°
348.73936°
114.20783°
357.51716°
J2000.0

9.53707032 AU
0.05415060
2.485240°
113.6624°
336.0139°
320.3462°
J2000.0

01.01.2000 @12:00:00



Position of planets (3)

We want to calculate the position of Saturn (right ascension, a, and declination, §) in the sky
Calculate the Geocentric Position of Saturn

Xgeocentric = Xsaturn — Xearth

Ygeocentric = YVsaturn — Yearth

deocentric = Zsaturn — Zearth
Convert to Equatorial Coordinates, € = 23.44°

xequatorial = xgeocentric
Yequatorial = Ygeocentric * COS € — Zgeocentric * SIN €
Zequatorial = Ygeocentric * SIN € + Zgeocentric " COS €

Calculate Right Ascension (RA) and Declination (Dec):

—1 Xequatorial - Zequatorial
@ = tan~ 1 =22 § =sin™ ! 1
Yequatorial \/xz

2 2
equatorial +yequatorial+zequatorial




Saturn, ToniciEEI——

RA (hours): 23.23
Dec (degrees): -7.33

Alt. (degrees): 24.29
Az. (degrees): 124.86




Saturn, ToniciEEI——

RA (hours): 23.23
Dec (degrees): -7.33

Alt. (degrees): 24.29
Az. (degrees): 124.86




Mass of Jupiter

We cannot directly measure everything in the
universe(the masses and distances of the
planets and their moons). However, we can
deduce some properties of celestial bodies
from their motions, although we cannot directly
measure them

2 2
The Third Kepler's law: — = 2=
a G-M

a3

M - E

M — mass of the central body (in solar mass),
a — semi-major axis (in AU),

T — orbital period (in years)




Observation (Stellarium)

time AT i sec  Jupiter D[Jup] D]J[AU] Jupiter [km] 139.820

2459409.565 0.00 1 0 3541 4651 07613 1.63E-05 AU [km] 149,597,871

2459409.607 0.04 1 0 5526 4651 1.1881 2.55E-05 Jupiter [AU] 46,606.67

2459409.649 0.08 1 1 1387 4651 1.5883 3.41E-05

2459409.732 0.17 1 1 4486 46.51 22546 4.84E-05

2459409.857 029 1 2 212 4651 2.6257 5.63E-05

2459410024 046 1 2 1116 4651 2.8200 6.05E-05

2459410107 0.54 1 1 5327 4651 2.4354 5.23E-05

2459410191 0.63 1 1 2667 4651 1.8635 400E-05 -

2459410.274 071 1 0  47.87 4651 1.0292 2.21E-05 : _
2459410.357 079 1 0 3000 46.51 0.6450 1.38E-05 7 ., : .
2459410482 092 -1 0 4708 4651 -1.0123 -2.17E05 27 ) .

2459410.607 1.04 -1 1 3694 4651 -2.0843 -4.47E05 ] . : ¥
2459410691 113 -1 2 328 4651 -2.6506 -5.69E05 = ] ' .

2459410857 129 -1 2 1676 4651 -29404 -631E05 27

2459410982 1.42 -1 1 5661 4651 -2.5072 -5.38E05 ] : y
2459411107 1.54 -1 1 1266 46.51 -1.5622 -3.35E05 g .
2459411191 163 -1 0 3335 4651 -07171 -1.54E05 73 ' .

2459411.399 1.83 1 1 7.49 4651 1.4554 3.12E-05 ] ' .

2459411.524 196 1 1 5330 46.51 24360 5.23E-05 :

2459411732 2.7 1 2 2125 4651 30370 65205 4 o T 1 ad 4
2459411.899 233 1 1 4832 4651 23290 5.00E-05 t[dan]
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° ° ] * .
= [ ]
— [ ]
Better way (SciDavis) . .
1 .
— [ ]
Function userl (x, a, b, ¢, w) ] .
a*cos(wS(x-c))+b -2 —: .
] o .
-3 .
Parameter Value Constant E
-2.955736850733 -4 = T T T T T T T T T T T T T T T T T T T T T T T T T T T
= Ll 0. 0 0.5 1 19 z 2.8
b 0.04086993458 125348 D t [dan]
1.25869498609216 D
Initial guesses |w -3.55636264712317 D A
3
2
Somithm. el N T o =
&
Color - & 2 0
= 7
1 _:
From x= |D | Iterations |1[JUC| $| .
Tox= |2.33 | Tolerance |:le-4 | 2]
-3 ®  Posmatranje
4| ==--- F1: 2.975%cos(3.925%(x-0,4)}-0,075
J | — FProgram (SciDavis)

b =—0.075, a = 2.975, w = 3.925, ¢ = 0.4 FERRREF ERRE T AN EEAN T EEREF R



Let's compare...

a3
,Paper and pen* M== =
a = 2.956 [Jup] = 0.00276 AU
T = 1.6 day = 0.0044 year j:
M = 0.0009134 M, 5o
Fitfing data
a = 2.975 [Jup] = 0.00278 AU 3 |
T = 1.766 day = 0.0048 year =

M = 0.0009311 Mg ® | ¢ fdan]



.Kepler" — space telescope

TheSK?pIer Space Telescope - a space observatory (launched in 2009,
NASA

Mission to discover Earth-like planets.

specifically designed to survey a portion of our region of the Milky Way
to find potentially habitable exoplanets.

Kepler's main goal was to find planets that are Earth-sized and smaller
in the habitable zone, where liquid water could exist on the surface.

Kepler used the transit method to detect exoplanets. It observed the
slight dimming of a star when a planet passes in front of it, blocking a
small portion of the star's light.

Kepler discovered 2773 confirmed exoplanets and 1982 additional
planet candidates.

The mission officially ended in 2018 when Kepler ran out of fuel. It was
left in a safe orbit away from Earth, and its data continues to be
analyzed by scientists.

Kepler significantly expanded the catalog of known exoplanets and
showed that planets are common in our galaxy, many of which may
be potentially habitable.

lllustration of the Kepler Space
Telescope (Source: )




.Kepler" vs Ke DS nE e\

L1 L1 I I WERT L1 R S T N W TR I R ] [ R W [ WER T [ T

£ 0.00090
All Exoplanets 5747
Confirmed Planets Discovered by Kepler 2773 = 068
Kepler Project Candidates Yet To Be Confirmed 1982 -
Confirmed Planets Discovered by K2 548 . 18
K2 Candidates Yet To Be Confirmed 976 5" -
Confirmed Planets Discovered by TESS 545 -.“ .
1|:+6§ 25 -
_;;; 1c+4§ 31 %
-
5] ] 2
1 f 4.4
1:;0% = 5.0
C ~ 5.6
1e :é . 6.3
1c4; R e R i I e I e — S —_— Not Av.
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Semi-Major Axis (AU}



1.05 A
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Flux

0.90 4

0.85 1

0.80

0.75

0.5 1.0 1.8 2.0 25 3.0
Time [days]

3.5

Detection of exoplanets

Main sequence stars (V)

Speciral |[Temperature |[Absolute Luminoesity (in solar Mass (in solar
Type (K) Magnitude luminosities) masses)

05 154.000 |l-10.0 1846.000 1303 |
|06 145,000 -2.8 1275.000 22.9 |
(07 143,300 |-8.6 [220.000 |[21.7 |
08 140,600 |-8.2 1150.000 19.7 |
|09 137.800 |-7.7 195,000 ||17.6 |
IBO 129,200 6.0 120,000 12.0 |
B1 [23.000 ||-4.4 [4600 |[8.24 |
B2 121,000 |I-3.8 12600 17.14 |
B3 117.600 |-2.6 1900 ||5.48 |
[~ I+ = ~nn IMa LBy T e |

a3




The Milky Way

,Our' SMBH, TR

26,000 light-years

Sagitarius A* e NS

Strong and compact radio source at the center of the Galaxy

Near the border of the Sagittarius and Scorpius constellations

Since the discovery of quasars — the hypothesis of an SMBH
(Supermassive Black Hole) at the center of large galaxies

Mass ranging from a few million to several billion solar masses
Galaxy center Harlow Shapley (100 years ago)

Later shown to be Sagittarius A*
1990s and beyond

Projects by R. Genzel and A. Ghez - observing the orbits of stars in the
center of the Milky Way



Telescopes

R. Genzel and group

New Technology Telescope (La Silla mountain, Chile)

Very Large Telescope facility, VLT (Chile)4 telescopes, largest is
8 meters (2 times larger than NTT)

A. Ghez and group

Keck Observatory (Hawaii)

About 10 meters (36 hexagonal segments)

Images:

1. ESO/G. Hiidepohl
( )

2. Andrew Richard Hara/W. M.
Keck Observatory [111]




The stars tell aisiens

Huge telescopes but a problem — the atmosphere
Adaptive optics
Researchers tracked around 30 bright stars

1 light month around the center *5

High star velocities
Greater distances — more stable and "standard" orbits 1% tmd star.
Star $2 o —_— Ef:sihm _—
Period of 16 years — the entire orbit has been mapped! | s o E ;
(The Sun: 200 million years) : Q. 2 N |

Laser Deformable mirror Instrument

Scientific Background on the Nobel Prize in Physics 2020



Stars closest to the
centre of the Milky Way

The stars’ orbits are the most convincing evidence yet that a supermassive black
hole is hiding in Sagittarius A*. This black hole is estimated to weigh about
4 million solar masses, squeezed into a region no bigger than our solar system.

The stars tell a story

Some of the measured orbits of Astronomers were able to map an entire orbit
stars close to Sagittarius A* at of less than 16 years for one of the stars,
the centre of the Milky Way. 52 [or 5-02). The closest it came to Sagitta-

rius A* was about 17 light hours [more than

T 10,000 million kilornetres].
. S12 S1
Excellent agreement in the results of both teams V S

T T T
; ot S14 - 1
SMBH with 4 million solar masses S2
"3
An area the size of the Solar System .f *\
Sagittarius A* i F \ 1
TTRL "o ;
Maybe well=see- it soon... e mamrn i
L4 mapping the path of Ay
S szinten2 .
We have seen it & -
[ ]
* 400 AU .
NACO May 2002 52 Orbit around SgraA . S 60 billion km
1]
199432 199553 S8 | »
_ S2 RADIAL VELOCITY Sagittarius A* i
., B
E 4000 " f
= N
g 2000 e ]
a
.'—; 0 b -
"
o« -2000 T T T
2000 2005 2010 2015 2020 | L |
The 52 star’s radial velocity increases as it approaches Closest to Sagittarius A* (in 2002
Sagittarius A* and decreases as it moves away along its and 2018), 52 reaches its maximum
elliptical orbit. Radial velocity is the compenent of the star’s velocity of 7000 km/s.
wvelocity that isin our line of sight.
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Calculate the mass of SMBH B oo b seres

Date (year) x (arcsec) dx (arcsec) y (arcsec) dy (arcsec)
1992.226 0.104 0.003 -0.166 0.004
1994.321 0.097 0.003 -0.189 0.004
1995.531 0.087 0.002 -0.192 0.003
Right — coordinates of the position 1996.256 0.075 0.007 0197 0.010
Of 32 ST(]I’ 1996.428 0.077 0.002 -0.193 0.003
oot T Sy 1997.543 0.052 0.004 0.183 0.006
Origin of the coordinate system is + NACO flares : : : — :
at the center of SMBH ) 1998.365 0.036 0.001 -0.167 0.002
” // 1999.465 0.022 0.004 -0.156 0.006
How o 4 2000.474 -0.000 0.002 -0.103 0.003
Plot poin’rs (Cl nd errors bCII’S) ; 2000.523 -0.013 0.003 -0.113 0.004
Draw the ellipse that best fits the conl | oL oo P 0068 i
measurements g 2002.252 0.013 0.005 0.003 0.007
. . . 2002.334 -0.007 0.003 0.016 0.004
Measure the semi-major axis of the
el ose . 2002.408 0.009 0.003 0.023 0.005
2002.575 0.032 0.002 0.016 0.003
Convert arcseconds to “ghT'd ays Y 2002.650 0.037 0.002 0.009 0.003
= ¥
(ld) ,2arcsec =281d 0.00 -\*ﬁ 2003.214 0.072 0.001 -0.024 0.002
Calculate the average value & = 2003.353 0.077 0.002 -0.030 0.002
B T O - _[?"102 -0.04 —0.06 | 2003.454 0.081 0.002 -0.036 0.002




Calculate the mass of SMBH

Calculate the period (T)

Aoy = ab - -a and b from the image
(previous slide)

AA = % - Aoy - The 2nd Kelper's law
Unknown AA, At, Ay

AA and At - from image (previous slide,
for each segment)

Plot a triangle and calculate its area
(repeat this step several times!)

Calculate the mass of the SMBH
The 3rd Kepler's law

2 _ 4-7T2

3
= G(M+msy) a-, M > mgeo

0.15

0.05

0.00

Date (year)

x (arcsec)

dx (arcsec)

y (arcsec)

dy (arcsec)

4 NACO & SHARP
+ GRAVITY
4 NACO flares

0.04 0.02 0.00 -0.02 -0.04 -0.06
RA[II]

1992.226 0.104 0.003 -0.166 0.004
1994.321 0.097 0.003 -0.189 0.004
1995.531 0.087 0.002 -0.192 0.003
1996.256 0.075 0.007 -0.197 0.010
1996.428 0.077 0.002 -0.193 0.003
1997.543 0.052 0.004 -0.183 0.006
1998.365 0.036 0.001 -0.167 0.002
1999.465 0.022 0.004 -0.156 0.006
2000.474 -0.000 0.002 -0.103 0.003
2000.523 -0.013 0.003 -0.113 0.004
2001.502 -0.026 0.002 -0.068 0.003
2002.252 -0.013 0.005 0.003 0.007
2002.334 -0.007 0.003 0.016 0.004
2002.408 0.009 0.003 0.023 0.005
2002.575 0.032 0.002 0.016 0.003
2002.650 0.037 0.002 0.009 0.003
2003.214 0.072 0.001 -0.024 0.002
2003.353 0.077 0.002 -0.030 0.002
2003.454 0.081 0.002 -0.036 0.002




ChatGPT 3.5 VS

ChatGPT
ChatGPT
Students
ChatGPT
ChatGPT
Students

English
Serbian
Serbian

English
Serbian
Serbian

ChatGPT answers collected in April 2023, students answers april — december 2022.

Radenkovi¢, Lazar, and Milan MiloSevic. “A Comparison of Al Performance with
Student Performance in Astrophysics and Astrobiology.” The Physics Teacher 62,

no. 5 (May 1, 2024): 374-76.

94.28
75.03
71.96
91.30
85.25
73.93

4.88
7.90
21.88
7.82
9.04
24.89
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