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Data Analysis 2: Stars and Exoplanets (75 points)
Please read the general instructions in the separate envelope before you start this problem.

In this problem, we will explore the connection between the physical properties of exoplanets and their
host stars and will use the observational data to discover as much as possible about these systems. You
may neglect interstellar extinction.

Part 1 (20 points).

Name of planet | Name of star | T_;; (K) | g (ms?) | m, (magnitudes) | parallax (milliarcsec)
Gorgona HD 209458 5980 347 7.63 20.67

Table 1: Observational data for exoplanet Gorgona and its parent star HD 209458

The effective temperature (T rp) and the gravitational acceleration in the surface of the star (¢) can be
measured from the shape of the spectrum and its absorption lines. The visual apparent magnitude (m,,)
and parallax are measured by doing photometry and astrometry, respectively.

Additionally, it has been observed that every 3.52 days the brightness of the star drops due to the transit
of the planet in front of it, as it is represented in this lightcurve:
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Figure 1: Normalized Flux (y-axis) against time (x-axis) for the parent

star HD 209458
Use the given information to calculate the following quantities for the HD
209458 system:

Luminosity of Radius of Mass of the | Mean planet’s Radius ofthe
. - planetin
the star the star star orbital radius L .
Jupiter's radius
L, R, M, a R,
[Lo) [Ro) (M) [a] [R,]

Note: Assume that the bolometric correction for all F and G type stars is the
same.

Part 2 (25 points).

The habitable zone is defined as the region in which a planet may have liquid water on its surface. This is
mainly related to the amount of radiation received from the host star, which must be within some limits
to ensure a favorable range of planet surface temperatures.

We define the effective flux received by a planetas S, ;, = L where L is the star luminosity in solar units,
and q is the mean orbital radius in au. The minimum flux in the habitable zone can be approximated by
Spin = Sepp, 1T, +b-T? +c-T? +d T}, where T, = (T,;; — T,z ), and S, is the equivalent flux

for the case of the Sun, which along with the coefficients n, b, ¢, d is given in the following table. The
maximum flux for habitability, S, is found with the same equation but different constants:

max’
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Constant Smas Sin
Setr. 1.0512 0.3438
n 1.3242 x 10~ 5.8942 x 107
b 1.5418 x 1078 1.6558 x 10~
c —7.9895 x 10712 | —3.0045 x 10712
d —1.8328 x 1071% | —5.2983 x 10716

The table below gives real data for 7 different star-planet systems. However planet names have been

changed to honour some natural sanctuaries in Colombia:

Stellar Parameters | Planet Parameters
T, [K] | My [mag] Name alau)]
6180 3.68 Tayrona 0.04
5730 3.87 Iguaque 0.04
5980 4.21 Gorgona 0.04
5480 6.04 Amacayacu | 0.08
5770 3.48 Malpelo 0.05
6130 3.07 Pisba 0.03
6140 3.85 Tatama 0.06

2.1

lines mark the limits of the habitable zone.

In the following figure, the vertical axis represents the effective temperature of
stars, and the horizontal axis represents the effective flux received by orbiting
planets. The dot marked on the graph represents planet Earth, and dashed
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Put numerical labels at tickmark position on both axes. Draw on the same figure
the exact position where Gorgona and Amacayacu would be, as if they were also

located at 1 au from their corresponding stars.
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2.2

Now considering the real orbital radius given in the table for each planet, indi-  10.0pt
cate with YES or NO which of them are in the habitable zone. Show your quan-

titative reasoning on the working sheets.

Planet's Name

In habitable zone?

YES/ NO

Tayrona

Iguaque

Gorgona

Amacayacu

Malpelo

Pisba

Tatama
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Part 3 (30 points).

In the last page you find a list of 38 exoplanets, and the goal is to find out if low-mass exoplanets (LME)
and high-mass exoplanets (HME) tend to orbit around stars with different characteristics.

3.1 To get a robust low-mass subsample one can apply a technique called “itera-  10.0pt
tive sigma-clipping”. The idea is to compute the mean (x) and the standard
deviation (o) of the masses and to exclude from the sample, those planets with
masses above u + 0. Then repeat the same steps with the remaining subsam-
ple two more times. We will say that planets in the final subsample are the
low-mass ones, and those excluded during the iterations, the high-mass ones.

Fill the following table with the numbers you find in the process:
Low-mass Sample size - No. of planets
sample P H 7 " to exclude
Full /

Original 38

subsample

after 1st

iteration

subsample

after 2nd

iteration

subsample

after final -
iteration

3.2 Make a plot using the X-axis for the serial number of the planets in the list  5.0pt
(1,2,3,...), and the Y-axis for the mass of the planets. Mark 3 horizontal lines at
the p + o thresholds you found in the iterations:

33 Let's investigate the possible difference in the effective temperatures of host  10.0pt

stars in both groups, computing some descriptive statistics:

Median

Min. 1st Quartile 2nd quartile

3rd Quartile Max

LME

HME
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34 Draw boxplots summarizing the numbers you just computed. Do you see a 5.0pt
clear difference in the temperatures of the stars orbited by low-mass and high-
mass planets? Write YES or NO.

HME

LME

5200 5400 5600 5800 6000 6200 6400

Planetary type vs host star temperature (K)
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No. | Name of Planet M:LZ”;&J] 1;_6'{) fsfgttgre
1 |KEPLER-3T b 0.01 5520
2 |KEPLER-21 b 0.02 6256
3 |HD 97658 b 0.02 2468
4 |HD46375b 0.23 5345
5 |HD 219134 h 0.28 5209
6 |HD 88133 b 0.30 o582
7 |HD33283 b 0.33 oarl
8 [HD 149026 b 0.36 6096
9 [BD-103166b 0.46 5578
10 [HD 75289 b 0.47 0196
11 [HD 217014 b 0.47 5755
12 |HD 2638 b 0.48 5564
13 |WASP-13b 0.49 6025
14 [WASP-34b 0.59 STk
15 |HD 209458 b 0.69 5983
16 |HAT-P-30b 0.71 6177
17 |WASP-T6 b 0.92 6133
18 [WASP-74 b 0.97 af2f
159 [HAT-P-6 B0 1.06 6442
20 |HD189733 b 114 5374
21 |WASP-82b 1.24 6257
22 |KELT-f b 129 6460
23 |HD 149143 b 1.33 6067
24 [KELT-3b 142 B404
25 |KELT-2A b 1.49 6164
26 |HD86081 b 1.50 6015
27 |[HAT-P-Thb 1.74 6270
28 |HD 118203 b 2.14 5847
29 |HAT-P-14b 2.20 5490
30 [WASP-38b 2.71 6178
31 |HD17156 b 3.20 5985
32 |KELT-6c 371 6176
33 |HD 75732 d 3.86 5548
34 [HD 115383 b 4.00 2891
35 [HD 120136 b 5.84 6210
36 |WASP-14b 7.34 6195
37 |HAT-P-2b 8.74 6439
38 [X0-3b 11.79 6281
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Data Analysis 2: 3Be3aun n ekzonnaHeTu (75 ToUKN)

Mons, npo4yeTreTe O6LU,I/ITe MHCTPYKUMN, KOUTO Ca B OTAE/1IEH NAUK, Npean Aa 3ano4yHeTe Aa pa60T|/1Te no
Ta3n 3ajava.

B Tasn 3agava Hue we nscneaBame BpBb3KaTa MexXay CI)I/I3VI‘-I€CKI/ITE XapPaKTeEPUCTUKN Ha eK30rM1aHeTn n
3Be34nTe, OKOJ10 KOUTO Te obukanart u Lie n3nonssame Ha6}'II-O,CI,aTe}'IHI/I AaHHW, 3a Aa HAay4YlM KOJIKOTO e
Bb3MOXXHO 3a Te3n cncrtemMun.

YacTt 1 (20 TOUKN).

€

Gorgona HD 209458 5980 347 7.63 20.67

Vime Ha nnaHeTa | Vime Ha3Be3ja | T.;; (K) | g (m/s?) | m, (3B. Ben.) | napanakc (miliarcsec)

Tabnuua 1: HabnogatenHu gaHHM 3a ek3onnaHetata Gorgona v HeHaTa 3Be3aa HD 209458

EdekTmeHaTa Temnepatypa (T, ;) N FPaBUTALMOHHOTO YCKOPEeHMe Ha MOBbPXHOCTTa Ha 3Be34a (g) MmoraT
4a 6bAaT n3MepeHu, KaTo ce 13Mnon3Ba popmaTa Ha NMHUNTE Ha MOT/iblyaHe B HeliHMA cnekTbp. Bu3y-
anHaTa BUAMMa 3Be3Ha Benn4mHa (m,) 1 napanakcbT ce n3mepsaT upe3 GpoToMeTpusi U acTpoMeTpust
CbOTBETHO.

B Jonb/HeHMe KbM TOBa, e 6110 HabntgaBaHo, e BeAHBX Ha Bcekn 3.52 AHM 61AChbKbT Ha 3Be3aTa
HamansiBa Nopajwv ToBa, Ye npes Hes npemriHaBa ek3orJlaHeTa, KakTo e MOoKa3aHo Ha Ta3wn KpuBa Ha
enacbka:
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durypa 1: HopmmpaH notok (no octa Oy) Kato yHKLMS Ha BpemeTo (No
ocTa Ox) 3a 3Be3aaTa HD 209458

N3non3BaiiTe gageHata nHpopmaLms, 3a Aa NpecMeTHeTe CiegHUTE BeINYNHN
3a 3Be3gaTa HD 209458:

Pagunyca Ha
CpegHuaT
nnaHeTara,
CBeTnMOCTTa Paguyca Ha | Macarta Ha paguyc Ha A3Da3eH B
Ha 3Be3/aTa 3Be3/aTa 3Be3/aTa niaHeTHaTa P
paanycun Ha
opbuTa 0
nurtep
L, R, M, a R,
[Lo) [Ro)] [M)] lau] [R)]

benexka: MNprnemeTe, Ye 601O0METPUYUHNTE KOPEKLWN 33 3BE3A4M OT CcnekTpan-
HW knacose F n G ca noytn egHaKkBW.

HacT 2 (25 TouKkn).

O6bunTaemaTa 30Ha ce Aeq)I/IHI/Ipa KaTo 06nacTTa, B KOATO NJjiaHeTaTa MOXe Aa NMa TeYHa BOoJ4a Ha NOBbpP-
XHOCTTa cn. ToBa OCHOBHO 3aBUCK OT OCBETEHOCTTA, KOATO TS noJsiydaBa OT 3B€34aTa CU N KOATO Tpﬂ6Ba
Aa 6bp,e B TakmBa rpaHunyu, 4e a ce ocnrypum teMmnepatypa Ha noBbpPXHOCTTA Ha NjaHeTaTa B 6narorn-
PUNATHNA Aana3oH.

ledrHnpame edpekTUBHIS NOTOK, KOWTO NNaHeTaTa noayyasa Kato S,;; = %, KbAeTOL e CBEeTUMOCTTa
Ha 3Be3jaTa B CNbHYEBU eVHNLM, @ a CPeAHUAT opbuTaneH paguyc B au. MUHUMaAHUAT NOTOK B 06U-
TaemaTa 30Ha ce AaBa C U3pasa S,,;, = Sesp +n-T, +b- T?+c¢-T?+d-T} kbpeto T, = (T, — Teps
a S.yy, € MOTOKBLT, B C/ly4asi, B KOWTO 3Be3AaTa e CNbHLETO, a koepnumneHTnTe n, b, ¢, d ca JajeHUN B
cnejgallaTa Tabnumua. MakCMManHUAT NOTOK B 30HaTa Ha 06UTAaeMOCT, Sy, MOXe fja ce HaMepu CbC
CbLLIOTO YpaBHeHMe, HO NMPW PasiINYHN KOHCTaHTK:
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KoHcTaHTK S max Shnin
Setr. 1.0512 0.3438
n 1.3242 x 1074 5.8942 x 107°
b 1.5418 x 1078 1.6558 x 107
c —7.9895 x 10712 | —3.0045 x 10712
d —1.8328 x 1071° | —5.2983 x 10716

B Ta6ﬂVILl,aTa no-g4ony ca gageHnm NCTUHCKN AaHHW 3a 7 Pa3nnyHn cncTtemMun rjiaHeTa-3Be3aa. Bce nak,
MMeHaTa Ha MNniaHeTuTe Ca NPpoMeHeH TakKa 4ve Aa CbOTBEeTCTBAT Ha pPa3/iiiHn eCteCTBeH CBETU/TNLLA

B Konymbéus:

MNapameTpun Ha 3Be3gaTta | NapameTpu Ha NnaHeTaTa

T.ss K] M, [mag] Nme alau)
6180 3.68 Tayrona 0.04
5730 3.87 Iguaque 0.04
5980 4.21 Gorgona 0.04
5480 6.04 Amacayacu 0.08
5770 3.48 Malpelo 0.05
6130 3.07 Pisba 0.03
6140 3.85 Tatama 0.06

2.1

HaHeceTe uncieHn CTOMHOCTY 1 pasrpadeTe gBeTe ocu. HaHeceTe Ha Tasn pu-
rypa TO4YHUTE NONOXeHUs, Kouto Gorgona 1 Amacayacu 61xa 1Manu, ako Te

Ha cneggawata ¢urypa, no BepTMKanHaTta oc e HaHeceHa edekTMBHaTa TeM-
nepaTypa Ha 3Be34aTa, a Mo XOPU30HTaNHaTa oC - epekTUBHUST MNOTOK (OCBe-
TEHOCT), KONTO MosiydaBaT NaaHeTuTe, KOUTO 06MKaNAT 0KONO Hesl. Kpbrueto

rnokasea 3emsTa, a NYHKTNPaHNTE NNHNW NOKa3BaT rpaHNLNTE Ha obuTaemara
30Ha.
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651xa Pa3nosioXeHn Ha 1 au OT TeEXHUTEe 3Be34M.

15.0pt
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2.2 Cera, oTUNTaKN UCTUHCKNTE OPBUTANHN Pajnycy, KOUTO ca JajeHu B Tabnn-  10.0pt
LaTa 3a Bcsika nnaHeta, otroBopeTe ¢ YES unv NO 3a Bcsika eHa OT nnaHeTuTe
Aanv e B obuTaemaTa 30Ha, NPeACTaBAKM ICEH KONIMYECTBEH apryMeHT.

B obnTaemaTa

Mme Ha nnaHeTa
30Ha n1n e?

Tayrona

Iguaque
Gorgona

Amacayacu

Malpelo
Pisba
Tatama
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HacT 3 (30 TOUuKn).

Ha nocnegHaTta cTpaHMUa e HaMepuTe CNUCHK € 38 eK30MJIaHeTu 1 LienTa e a ce yCTaHOBUW Aanun eK3on-
naHeTuTe ¢ Manka maca (LME) nnn te3n c ronama maca (HME) nokasBaTt TeHAeHUMSA Aa 06UKANAT 0KOM0
3Be341 C PasINYHN XapakKTepucTuKu.

3.1 3a fa ce Hamepw npejcTaBUTe/IHa M3BajKa Ha naaHeTn ¢ Manka maca, moxe  10.0pt

Jla ce N3MnonsBa TexHrKaTta, HapeyeHa "nTepaTMBHO c1MrMa-uspsassaHe”. Vaes-
Ta e Jja ce NpecMeTHe cpefiHaTa CTOMHOCT (i) U CTaHAAPTHOTO OTK/IOHEHUE (o)
Ha MacuTe U Ja U3KIUYUM OT U3BajKaTa Te3n, niaHeTn, YNMTO Macu ca mo-
ronemMmu ot p + o. Cnej ToBa NoBTapsiMe CbLLUUTE CTLMKM C OCTaBalLUTe NoAn3-
BaJKW ole ABa NbTU. e cuntame, ve nnaHeTUTe B 0CTaBallaTa rpyna ca Tesm
C Manku Macu, a Tesu, KoUTo ca bUNn U3KNHYEHN NPV Te3n nTepauyum ca c ro-
nemu Macw. MNMonbaHeTe ciefHaTa Tabanua ¢ YnciaTa, KOUTO noJsyvasaTe npu
Tasu npoueaypa

M3Bagka ot Bpotii

ek3ornaHe- eK3onaaHeTu,
niaHeTu B W o p+o

TV C HMCKa KouTO Aa ce
n3pagkata

Maca MN3Kn4aT

bpoti

MNunHa /
OpwuruvHan

M3Bagka
cnej nbpB.a
utepauyms

M3Bagka
cnej BTopa
utepauyms

KpaiiHa
n3BajKka

3.2 HauepTainTe rpadmka, no YnsATO XOpPU30OHTaNHa OC HaHeceTe NopeaHUsa HoMep  5.0pt
Ha niaHeTuTe B cnmncbKa (1,2,3,...), a No BepTMKasHaTa oc - MacaTta Ha niaHe-
TUTe. HaHeceTe Tpu XOPU3OHTANHW IMHUMW, KOUTO CbOTBETCTBAT Ha y + o CTON-
HOCTTa, KOATO NpecMeTHaxTe Npu ntepaymnTe:

33 Heka aa nscnegBame Bb3MOXHaTa pasnnka Mexay ebektmBHuTe Temnepatypu  10.0pt
Ha ABeTe rpynu, NpecMsiTanky HAKOW CTaTUCTUYECKM AAHHW, KOUTO ' OMN1CBaT:

Ty Min. 1 kBapTun MegmnaHa 3 KBapTUN Max
LME
HME
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34 HauepTainTe gnarpamu Tmn "kytnsa ¢ myctaum” (tun kytus (boxplot)), konto  5.0pt
0606LaBaT YncnaTa, KOUTO TOKY-LLO nNpecMeTHaxTe. 3abensssarte N 3Ha4YU-
Ma pas3nvka B TemnepaTtypuTe Ha 3Be34nTe, OKOSI0 KOUTO OBMKaNAT NaaHeTu ¢
HWCKa Maca 1 ¢ Bucoka Mmaca? Hanunwerte YES naun NO.

HME

LME

5200 5400 5600 5800 6000 6200 6400

3aBMCMMOCT Ha TMMNa Ha naaHeTa oT TemnepaTypaTa (K)
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Maca Ha
No. Vime Ha niaHeTa- T, Ha
nnaHeTaTa Ta 3Be3/4aTa

[M,]
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1 |KEPLER-37b 0.01 5520
2 |KEPLER-21b 0.02 6256
3 |HD 97658 b 0.02 5468
4 |HD 46375 b 0.23 5345
5 |HD 219134 h 0.28 5209
6 |HD 88133 b 0.30 5582
7 |HD33283 b 0.33 5877
8 |HD 149026 b 0.36 6096
9 [BD-10 3166 b 0.46 5578
10 |HD 75289 b 0.47 6196
11 |HD 217014 b 0.47 5755
12 |HD 2638 b 0.48 5564
13 |[WASP-13b 0.49 6025
14 |WASP-34b 0.59 5771
15 |HD 209458 b 0.69 5088
16 |HAT-P-30b 0.71 6177
17 [WASP-76 b 0.92 6133
18 |WASP-74b 0.97 5727
19 |HAT-P6b 1.06 6442
20 |HD189733 b 1.14 5374
21 [wASP-82b 1.24 6257
22 |KELT-7b 1.29 6460
23 |HD 149143 b 1.33 6067
24 [KELT-3b 1.42 6404
25 [KELT-2Ab 1.49 6164
26 |HD86081 b 150 6015
27 |HAT-P-TD 1.74 6270
28 |HD 118203 b 2.14 5847
29 [HAT-P-14b 2.20 6490
30 |[WASP-38b 271 6178
31 |HD17156 b 3.20 5085
32 |KELT6¢ 371 6176
33 |HD 75732 d 3.86 5548
34 |HD 115383 b 4.00 5891
35 |HD 120136 b 5.84 6210
36 |[WASP-14b 7.34 6195
37 |HAT-P-2b 8.74 6439
38 [XO-3b 11.79 6281
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Data Analysis 2: Stars and Exoplanets (75 points)
Part 1 (20 points).

1.1 (20.0 pt)
Luminosity of Radius of Mass of the | Mean planet’s Radigé ofthe
: ; planetin
the star the star star orbital radius - .
Jupiter's radius
L, R M, a R,
[Lo] [Ro)] [M;)] [au] [R,]
Part 2 (25 points).
2.1 (15 pt)
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2.2 (10.0 pt)
i ?
Planet's Name In ha\?étsa?ll\(leéone.
Tayrona
Iguaque
Gorgona
Amacayacu
Malpelo
Pisba
Tatama
Part 3 (30 points).
3.1 (10.0 pt)
Low-mass sample size i - pto No. of planets
sample to exclude
OEiLgiln/al 38
1st
subsample
2nd
subsample
Final i i i i
subsample
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3.2 (5.0 pt)
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3.3 (10.0 pt)
. . Median .
Min. 1st Quartile 2nd Quartile 3rd Quartile Max
LME
HME
3.4 (5.0 pt)
HME
LME
5200 5400 5600 5800 6000 6200 6400

Planetary type vs host star temperature (K)

YES

NO




Data Analysis

@AA BGR-1 A-2 W-1 -
International Olympiad on Astronomy and Astrophysics

do not write on the back of this page




Data Analysis

@AA BGR-1 A-2 W-2 -
International Olympiad on Astronomy and Astrophysics

do not write on the back of this page




Data Analysis

@AA BGR-1 A-2 W-3 -
International Olympiad on Astronomy and Astrophysics

do not write on the back of this page




Data Analysis

@AA BGR-1 A-2 W-4 -
International Olympiad on Astronomy and Astrophysics

do not write on the back of this page




Data Analysis

@AA BGR-1 A-2 W-5 -
International Olympiad on Astronomy and Astrophysics

do not write on the back of this page




Data Analysis

@AA BGR-1 A-2 W-6 -
International Olympiad on Astronomy and Astrophysics

do not write on the back of this page




Data Analysis

@AA BGR-1 A-2 W-7 -
International Olympiad on Astronomy and Astrophysics

do not write on the back of this page




Data Analysis

@AA BGR-1 A-2 W-8 -
International Olympiad on Astronomy and Astrophysics

do not write on the back of this page




Data Analysis

@AA BGR-1 A-2 W-9 -
International Olympiad on Astronomy and Astrophysics

do not write on the back of this page




Data Analysis

@AA BGR-1 A-2 W-10 -
International Olympiad on Astronomy and Astrophysics

do not write on the back of this page




Data Analysis

@AA BGR-1 A-2 W-11 -
International Olympiad on Astronomy and Astrophysics

do not write on the back of this page




Data Analysis

@AA BGR-1 A-2 W-12 -
International Olympiad on Astronomy and Astrophysics

do not write on the back of this page




Data Analysis

@AA BGR-1 A-2 W-13 -
International Olympiad on Astronomy and Astrophysics

do not write on the back of this page




Data Analysis

@AA BGR-1 A-2 W-14 -
International Olympiad on Astronomy and Astrophysics

do not write on the back of this page




Data Analysis

@AA BGR-1 A-2 W-15 -
International Olympiad on Astronomy and Astrophysics

do not write on the back of this page




