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DA2: 3Bé3abl 1 3K30MJ1aHeThbl (75 6annoB)

MoxxanyicTa, NpounTanTe 06LLMe NHCTPYKLUK Mepes Hayanom paboTsl.

B 3T0li 3asa4e NpesCTOUT U3YyUnTb 3aBUCUMOCTb MeXAY PUINYECKMMUN XapaKTepUCTKaMm 3K30Mn1aHeT
N UX MaTEPUHCKMX 3BE3J, NCNONb3YA AaHHble HAbMOAEHUIA.

You may neglect interstellar extinction.

Yactb 1 (20 6annoB)

HasBaHve nnaHeThl

HasBaHuve 3Be3/bl

Teff (K)

g (m/s®)

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

S dekTnBHyt0 Temnepatypy (7, ;) ¥ FPaBUTALVIOHHOE YCKOPEHUE Ha NOBEPXHOCTM 3Be34bl (g) MOXHO
onpezennTb No Gopme CNekTpa 1 INHUSM MOT/IOLLEHNS B HEM. BUANMYO 3BE3HYI0 BENNUNHY (m,) 1

napasiakc U3mMepsitoT MeTogaMm GOTOMETPUM 1N aCTPOMETPUM.

[na 3Tol cnctemsbl B Xoze HabNroAeHNI YCTaHOBIEHO, UTO Kax/able 3.52 CyTOK bneck 3Be34bl NajaeT n3-3a
NPOXOXAEeHWA NIaHeTbl Mo eé ancky. BoT kpuBas 6necka:
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Puc. 1: HopmanusoBaHHbIN NOTOK (y-axis) B 3aBUCUMOCTI OT BPeEMEHN
(x-axis) ana HD 209458

Ncnonb3ys aaHHyo nHopMaLmio, paccumTalnite ciegyrolive BeIMYUHBI A5

HD 209458:
CpeagHuin Paanyc
CBeTUMOCTb Paanyc Macca pagunyc nnaHeTsl (B
3Be3/bl 3Be3/bl 3Be3/bl opoUTHI paanycax
naaHeThbl HOnuTtepa)
L, R, M, a R,
[Lo) [Ro)] (M) lau] [R)]

YKasaHue: cunTalite, UTo 6oioMeTpmYeckasa nonpaska ANs Bcex 3BE3J4 Knac-
coB F n G-type ognHakoBas.

YacTb 2 (25 6annos.)

30Ha XU13HW onpeaenseTcs Kak 06/1acTb, NPU HAXOXAEHUN B KOTOPOW NiaHeTa MOXET UMEeTb XUAKYHO
BOAY Ha MOBEPXHOCTU. [paHMLbl 30HbI ONPeAeNnatoTCs BOCHOBHOM KONNYECTBOM 3HEPriv, KOTOPYHO Nnia-
HeTa noslyyaeT OT MaTePUHCKOW 3Be3Abl 1 KOTOPas AO/KHA HaXOANTbCA B HEKOTOPOM AmManasoHe ANns
obecneyeHVa NprvemaemMblx TemnepaTyp Ha MOBEPXHOCTM MIaHeTbI.

Onpezenvm 3¢deKkTVBHBIV MOTOK SHEPruK, KOTOPYHO MNaHeTa NojyyaeT oT 3Be3Abl, Kak S, ;; = %, rae
L — cBeTMMOCTb 3Be34bl B cBeTUMOCTAX COMHUA, a — CpefHUIn pagmyc opobuTel NaaHeTbl B au. MnHu-
MasnbHbI NOTOK B 30HE XW3HW onpejenseTca no ¢opmyne S,,;, = Sepp +n-T, +b-T2 +c- T} +d- T,
rae T, = (Toyp — Topp ) M Sepy. — 3GGEKTMBHBIV MOTOK B Cly4ae €C/IN MaTEPUHCKYIO 3BE3/y 3aMeHUTb
ConHueMm. KoadodunumeHTbin, b, ¢, d npuBeeHbl B Tabanue Hke. MakCMManbHbIA MOTOK B 30HE XU3HU

Smax ONpesenserTcs no Toi xe popmyse, HO € APYrMMn KosddurLmeHTamm:
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Witematioal Ghrupiadon Atronensy and Asrophysc BLR (Belarus)
KoapdumuymeHt S Shmin
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 CﬂEAyI-OI.I.I,EVI Ta6n|/|u,e npeacrtaBneHbl JaHHbIE 4N1A 7 pe€anbHbIX 3K30M/1aHETHbIX CUCTEM, O4HAKO Ha3Ba-
HWNA N1aHET 3aMeéHEHbl Ha Ha3BaHWA 3anoBejHbIX paVIOHOB KO}'IyM6I/II/IZ

XapakTepucTuKKM 3Be3bl | XapakTepuCTUKU NAaHeThbI
T, [K] M, [mag] HasBaHue a [au]
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

JIMHN OTPaHNYMBakOT 30HY XXN3HWN.
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Oumndpyrite ocn rpadumka y Kaxgor otMeTkn. OTMeTbTe Ha 3TOM rpaduke no-
noxeHus Gorgona 1 Amacayacu, eciv 6bl OHU HAXOAMNNCL Ha PAcCTOSTHUN 1 au

OT X MaTEPUHCKUX 3Bé34,.

Ha rpaduke BepTuKanbHas 0Cb COOTBETCTBYeT 3¢ deKTMBHON TemnepaType Ma-
TEPUHCKMX 3BE34, FOPU30HTaNIbHAasA — 3G GEKTUBHOMY MOTOKY, KOTOPbI OT HUX
Moay4YatoT 3K30M1aHeTbl. TOUKO OTMeUeHO MOoMoXeHUe 3eMN, a LUTPUXOBbIe

15.0pt




Data Analysis

BLR-3 A-2 Q-4
International Olympiad on Astronomy and Astrophysics B LR (Be | aru s)

2.2 Tenepb NCNONb3ys peanbHbI pagnyc opbuTbl ANs KaXAoi U3 nnaHet, onpege-  10.0pt
nuTe (NpeacTaBmB y6eanTeNbHbIE BblUMCNEHWS HA working sheets), HaxoanTcs
NN KaXzas 13 HUX B 30HE XWU3HW, 1 3anonHUTe Tabanuy:

Ha3BaHue B 30H€ >X13HW?
naaHeTbl YES / NO

Tayrona

Iguaque
Gorgona

Amacayacu
Malpelo
Pisba
Tatama
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YacTb 3 (30 6anno.).

Ha nocnepHeli ctpaHuue npmBegeHa Tabanua ¢ jaHHbIMKW O 38 3Kk3onniaHeTax. Bawa 3agaya — onpe-
LEeNVTb, Pa3INYalOTCA 1IN XapaKTePUCTUKN 3BE3S, BOKPYT KOTOPbIX 06paLLaroTcst MaaoOMacCUBHbIE 3K30-
nnaHeTbl (LME) n sk3onnaHeTbl 60nbLLo Mmaccel (HME).

3.1 UT06bI MONyunTb HageXHy noasbloopky LME, npumeHnm meTtog utepatme-  10.0pt
HOM curma-oTceuku. igea metoaa COCTOUT B TOM, UTO NOC/IE BbIYNC/IEHWS Cpea-
Hero () N CTaHAAPTHOro OTKNOHEHUS (o) Ha BbIOOpKe U3 Heé NCKAYaTCs
TOUKW CO 3HaYEeHUAMMU BonbLUe i + o. ITY npoueaypy HeobxoAMMO NpoBecTU
Tpy pasa. OcTaBLUMecs 3K30MnaHeTbl oTHecém K LME (ManomMaccuBHbIM), UC-
KntouéHHble B Npouecce — K HME. 3anonHuTte Tabnaunuy:

Kon-Bo
1 o w+o NCKJTHOYEHHbIX
nnaHeT

Pasmep

Brbibopka BLIGOPKIA

MonHas

38
(ncxogHas)

MNoaBbl6bopKa
nocne 1-i
nTepauumn

MNoaBbl6bopKa
nocne 2-i
nTepauum

MNoaBbl6bopKa
nocne
NTOroBOM
nTepauum

3.2 MocTpoiiTe rpaduik, OTJIOXKMB MO OCK x HOMep MNNaHeTbl B CNUCKe, a Mo ocn y  5.0pt
— eé maccy. MNpoBeaunTe Ha rpaduke 3 ropM3oHTaIbHBIE IHMMW, COOTBETCTBY-
toLLMEe paHee onpeenéHHbIM OTCeUKaM u + o.

33 B maHHOI yacTu nccneayinTe BO3MOXHbIe pa3nnuvs B 3¢ppekTBHOM Temne-  10.0pt
paType MaTepuHCKMX 3Be34 06eux rpynmn, paccunTaB ciedytoLme cTaTucTnye-
CKVie BeNVYMHBI:

1-n MegmnaHa 3-i

o Makcrumym
KBapTW/b 2-1A KBapTUIb KBapTUJib

MuHNMyM

LME
HME




Data Analysis

||
BLR-3 A-2 Q-6

International Olympiad on Astronomy and Astrophysics B LR (B
elarus)

34 Hapucylite box-nnoTel No pe3ynbTaTtam NpoBeAEHHbIX BbluMcneHuin. Habnw-  5.0pt
JaeTca in 3aMeTHOoe pasnnyme TemnepaTyp 3Bé3 ana LME n HME? Hanuvwmnte
YES nnn NO.

HME

LME

5200 5400 5600 5800 6000 6200 6400

CBsi3b TeMnepaTypbl MaTepUHCKO 3Be3abl (K) C TUMOM MaaHeTb!
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Macca T, ;s MaTe-
HasBaHuve eff "= 2
No. MJ1IaHeTbl PWHCKOWM
naaHeTbl

[M ;] 3Be3/bl
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BLR-3 A-2 Q-8
nienatsboal Olympiad o Asrenuy and Asraphyshes BLR (Belarus)
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-P6D 1.06 6442
20 |HD189733 b 1.14 5374
21 [wasP-82b 1.24 6257
22 |KELT-7Tb 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
271 |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)
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 planetin 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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BLR-3 A-2 Q-3
HETITAr Gmpled on sy and Kropipl English (Official)
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.

15.0pt
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English (Official)

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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English (Official)

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 n No. of planets
sample P a 7 poro 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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BLR-3 A-2 Q-7
ntematinalOhrgiad o Astronensyaud strophsic English (Official)
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 2877
8 [HD 149026 b 0.36 6096
9 [BD-103166b 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 STk
15 |HD 209458 b 0.69 5983
16 |HAT-P-30b 0.71 6177
17 |WASP-T6 b 0.92 6133
18 [WASP-T4b 0.97 af2f
19 |[HAT-P-6b 1.06 6442
20 |HD189733 b 114 5374
21 |WASP-82b 1.24 6257
22 |KELT-i 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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DA2: 3Bé3abl 1 3K30MJ1aHeThbl (75 6annoB)

Yactb 1 (20 6annoB)

1.1 (20.0 pt)
CpegHuin Paanyc
CBeTUMOCTb Paanyc Macca pagunyc niaHeTbl
3Be3/bl 3Be3/bl 3Be3/bl opoUTHI (B pagnycax
nnaHeTbl HOnuTtepa)
L, R M, a R,
[Le)] [Ro)] (M) [au] (1]

YacTb 2 (25 6annos.)

2.1 (15 pt)
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2.2 (10.0 pt)
Ha3BaHune B 30H€e XWn3HN?
nnaHeThbl YES / NO
Tayrona
Iguaque
Gorgona
Amacayacu
Malpelo
Pisba
Tataméa
YacTtb 3 (30 6annoB)
3.1 (10.0 pt)
KonnyectBo
Bbibopka Pasmep I o w+o WNCKTHOYEHHbIX
BbI6OPKN
naaHeTr
MonHas 38
(ncxogHas)
MNoaBbl6bopKa
nocne 1-i
vtepauymun
MoaBbl6bopKa
rnocne 2-n
nTepaumu
MoaBbl6bopKa
rnocne _ _ _ _
NTOroOBOW
nTepaumu
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3.2 (5.0 pt)
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3.3 (10.0 pt)
MUHUMYM 1-v Meamara - 31 MakcrMyM
KBapTWUIb 2- KBapTU/b KBapTWUIb
LME
HME
3.4 (5.0 pt)
HME
LME
5200 5400 5600 5800 6000 6200 6400

CBA3b TemnepaTypbl MaTePUHCKOM 3Be3abl (K) C TUMOM NaaHeThb!

YES

NO
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