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General instructions: Theory (250 points)

The theory exam lasts for 5 hours and is worth a total of 250 points.

Before the exam

* You must not open the marked envelope containing the problems before the signal indicating the

beginning of the examination.

* The beginning and end of the examination will be marked by a signal from you supervisors, they

will also let you know when there are fifteen minutes before the end of the exam.

During the exam

1.

The Theory Exam consists of 15 questions. On your desk you should find a marked envelope. Inside
the envelope you will find:

+ Cover Sheet, your student code, and your name. Example: Theory - GBR- 1 - John Smith
(please make sure these are correct)

* Question Sheets (marked Q)
* Answer Sheets (marked A)
* Working Sheets (marked W)

Dedicated IOAA Answer Sheets (marked A) are provided for writing your answers. Enter the final
answers into the appropriate boxes in the corresponding Answer Sheet. Please write only on the
printed side of the sheet. Do not use the reverse side. Working Sheets (marked W) are provided
for calculations.

Use a black or blue pen for all answers and calculations, this will allow the markers to see your
answers better after scanning. If you think you made a mistake cross it out.

Use as many mathematical expressions as you think may help the graders to better understand
your solutions. The graders may not understand your language. If it is necessary to explain some-
thing in words, please use short phrases (if possible, in English).

You are not allowed to leave your working desk without permission. If you need any assistance
(malfunctioning calculator, need to visit a restroom, etc.), please put up your hand to signal the
supervisor.

At the end of the competition you must stop writing immediately. Sort your Answer Sheets and
Working Sheets in order leave them to be collected in the envelope and according to the supervi-
sor's instructions. You are not allowed to take any sheet of paper out of the examination area.
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Standard Table of Constants

Fundamental Constants

= 2998 x 108ms!

= 6.626 x 1034Js

= 1.381 x 10723 JK!
Stefan-Boltzmann constant = 5670 x 10 8Wm 2K
Elementary charge = 1.602 x 101°C

Speed of light in vacuum c
h
kg
g
(&

Universal gravitational constant G = 6.674x 101 Nm?kg?
R
Ny

Planck constant
Boltzmann constant

Universal gas constant = 8.315Jmol 1K1
Avogadro constant = 6.022 x 10%*mol !

Wien's displacement law A, T = 2898 x103m- K
Mass of electron m, = 9.109x 103kg
Mass of proton m, = 1.673x10 kg
Mass of neutron m, = 1.675x10%7kg

Atomic mass unit (a.m.u.) = 1.661 x 10 2"kg
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Astronomical Data

1 parsec

1 astronomical unit

1 jansky

Hubble constant

Solar luminosity

Apparent angular diameter of Sun
Effective temperature of Sun

Obliquity of the ecliptic (Earth)
Inclination of the lunar orbit w.r.t. ecliptic
Apparent visual magnitude of full moon
North Ecliptic Pole (J2000.0)

North Galactic Pole (J2000.0)

1 sidereal day

1 tropical year

1 sidereal year

1pc =

3.086 x 10'6m

206 265 au

3.262 ly

1.496 x 10''m
102Wm 2Hz !

70 kms~t Mpc?

3.826 x 10%6W

32

57T78K

23.5°

05°08°43”

-12.74

(18"00™00%, +66°33'39”)
(12751m26°, 4-27°07°42")
23"56™04°

365.2422 solar days
365.2564 solar days

Solar Magnitudes

Apparent visual
Absolute visual
Apparent bolometric
Absolute bolometric

-26.75
+4.82
—26.83
+4.74
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Solar System

Object Mean radius (km) Mass (kg) Semi-major axis (au) Eccentricity
Sun 695 500 1.988 x 10%°
Mercury 2 440 3.301 x 10%3 0.387 0.206
Venus 6 052 4.867 x 1024 0.723 0.007
Earth 6378 5.972 x 10%* 1.000000 0.016 710
Moon 1737 7.346 x 10?2 0.002572 0.054 900
Mars 3390 6.417 x 10?3 1.524 0.093
Jupiter 69911 1.898 x 1027 5.203 0.048
Saturn 58 232 5.683 x 1026 9.537 0.054
Uranus 25 362 8.681 x 10%° 19.189 0.047
Neptune 24 622 1.024 x 10%¢ 30.070 0.009

Gauss's Formulae

Cosine theorem
Sine theorem

Rayleigh-Jeans lawis B, =
given by

2k T
B UQ
c?

COSa = cosbcosc +sinbsinccos A

sina __ sinb __ sinc

sin A~ sinB ~ sinC

which is the power emitted per unit emitting area,
per steradian, per unit frequency.




Theory

o @0=1

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

o6Lwme NHCTpyKunn: TeopeTnyecknm Typ (250 6annoB)

3TOT Typ AAMTCa 5 vacoB 1 oueHnBaeTcs 13 250 6annos.

Mepea Havanom Typa

. 3anpe|_u,aeTc9| OTKpPbIBaTb MOMEeYeHHbI KOHBEPT C I'IpO6!'I€MaMI/I A0 CMrHana o Ha4yane nccnenoBsa-
HUNA.

* Hauano n KoHew, 3k3aMeHa byayT OTMeUeHbl CUTHANIOM OT BaLLUX PYKOBOAUTENEN, OHUN TakxKe Co-
06LLaT BaM, KOr4a A0 OKOHUaHWS 3K3aMeHa OCTaHeTCs NATHAALATbL MUHYT.

Bo Bpems Typa

1. 370T Typ cocTouT 13 15 3agaHmin. Ha ctone nexunT KoHBepT. BHYTpWn KOHBepTa:
* TUTYNbHBI/ INCT, HAa KOTOPOM yKa3aHbl KOA U MMSAl yYacTHMKA
* Jlnctbl ycnoeus (Q)
* bnaHku oTBeTOB (A)
« BnaHku peweHui (W)

2. bnaHkn oTBeTOB (A) 3aMO/HATCA OTBETaMU Ha Kax/blli BONpocC. VIToroBblie 0TBETHI BHOCUTE B
cneuyanbHble Noas COOTBETCTBYHLLMX 6/1aHKOB OTBeTOB. [1LNTe TONbKO Ha NNLEBON CTOPOHEe
6naHka. bnaHkun peweHuii (W) npegHasHaueHbl AN BbIYUCAEHWI U MOSICHEHWA.

3. [ns 3anuceri NCNonb3yinTe YEPHYO NN CUHIOK PYYKY, 3TO YAYULLIWUT KayecTBO CKaHOB. OWmn6Ku
ncnpaensite 3a4épkrBaHMEM.

4. Vicnonb3yinTe A3blK MaTEMATUKN ANS O6BACHEHNSA X043 peLueHns. XXIopy He 3HaeT PYCCKUIA A3bIK.
Ecnu 4TO-TO HYXKHO 06 BACHUTL CI0BaMU, MULLINTE KPATKO ()KenatenbHO No-aHrANACKN).

5. He nokugarite pabouee mecTo 6e3 paspelueHuns. Ana npmBaedeHns BHAMaHUSA 4eXYPHOro (ecim
HY>XHO B TyaJieT, CIOMacs KafbKynaTop U T. M.) NOAHUMUTE PyKY.

6. M0 OKOHYaHWM OTBEAEHHOIO BpeMeHW npekpaTuTe NncaTeb. Pasnoxmte 61aHKM OTBETOB U 61aHKN
peLLeHnii B NpaBubHOM MOpPsAKe Mo 3a4a4aM (BKAOYas NyCTble) U ChoXMTe B KOHBepThI. C coboin
bymaru 3abupaTb Henb3s.
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CTaHAapTHas Tabnnua KOHCTAHT

¢yH,qame|-|Tan bHbl€ MOCTOAHHbIE

CkopocTb cBeTa B Bakyyme
MNocTtoaHHasa lNMnaHKa

MocTtoaHHaa bonbumaHa
MoctosHHasa CtedaHa-bonbumaHa
DNnemMeHTapHbIA 3N1eKTPUYECKN 3apsg
lpaBUTaLOHHAasA NOCTOAHHASA
la3oBas MOCTOAHHAasA

MNocTtosHHaa Asoragpo

3aKoH cmeLleHnsa BrHa

Macca 3/1eKTpoHa

Macca npoToHa

Macca HeliTpoHa

ATOMHas eagnHMLa MacChbl

2.998 x 108ms!

6.626 x 1034.Js

1.381 x 1023 JK !
5.670 x 10 8Wm 2K 4
1.602 x 1071°C

6.674 x 10 1' Nm?kg 2
8.315Jmol 1K1

6.022 x 10%3mol!
2.898 x 103m - K
9.109 x 10 3kg

1.673 x 10 27kg

1.675 x 10 2"kg

1.661 x 10 27kg
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ACTpOHOMVI'-IeCKI/Ie AadHHbIe

1 napcek

1 acTpoHOMMYecKas eanHMLa

1 AHCKNIA

MocTosiHHasa Xab6na

CeetnmocTtb ConHua

Buanmblii yrnosoin anametp ConHua

S dekTnBHAA TemnepaTtypa ConHua
HakMoH 3KANNTUKN K 3eMHOMY 3KBaTopy
HaknoHeHue opbuTbl JTyHbl K SKANMTUKE
Buanmas 3B€34H. BeNnUMHa NOAHON JTyHbI
CeBepHbIin NoAC 3KNMATUKM (J2000.0)
CeBepHsbIin nonroc MNanakTunkm (J2000.0)

1 3BE3JHble CYyTKN

1 TpONUYeCKMin ro4

1 cnaepuyecknii roa

1pc =

3.086 x 10'6m

206 265 au

3.262 ly

1.496 x 10''m
102Wm 2Hz !

70 kms~t Mpc?

3.826 x 10%6W

32

57T78K

23.5°

05°08°43”

-12.74

(18"00™00%, +66°33'39”)
(12751m26°, 4-27°07°42")
23956 04°

365.2422 solar days
365.2564 solar days

3BésaHble BesINUnHbI ConHLua

Buavimas BusyanbHas
ABCONOTHasA BU3yanbHas
Buanmas 6onomeTtpurueckas

AbcontoTHasa bonomeTpuryeckas

—26.75
+4.82
—26.83
+4.74
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ConHeyHas cmctema
O6beKT Cpequ;zll(l:lnr;aqmyc Macca (kg) Bonbluas nonyochb (au) ?)l;ccl-llﬁr?r-
ConHue 695 500 1.988 x 1030 — —
MepkypWuii 2 440 3.301 x 10 0.387 0.206
BeHepa 6 052 4.867 x 10 0.723 0.007
3emns 6378 5.972 x 10%4 1.000000 0.016 710
NyHa 1737 7.346 x 10%2 0.002572 0.054 900
Mapc 3390 6.417 x 10% 1.524 0.093
HOnuTtep 69911 1.898 x 1027 5.203 0.048
CatypH 58 232 5.683 x 10%6 9.537 0.054
YpaH 25 362 8.681 x 10?° 19.189 0.047
HenTyH 24 622 1.024 x 10%¢ 30.070 0.009
®dopmynbl Naycca
Teopema KOCMHYCOB COSa = Cosbcosc +sinbsinccos A
Teopema C1HYCOB e Sne _ snb _ snc
3aKoH B, = Tﬁzﬁ — BblpaXKeHne A1 MOLLHOCTU U3NyYeHNs B pacyé-

Panesa—/[xwvHca:

Te Ha eMHNYHYIO NAOLLAAKY M3y4datoLLein nosepx-
HOCTV B €MHNYHOM WHTepBane 4acTtoT B efNHNY-
HbI TenecHbI yron (ctepagnaH)
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LIGO (5 points).

The first detection of gravitational waves GW150414 was announced in 2016 by the collaboration LIGO
(Laser Interferometer Gravitational-Wave Observatory). The detected signal corresponds to the merger
of two black holes with masses of 35M and 30M,, which when joined formed a black hole of 62 ,. Ignor-
ing the rotational energies of the black holes, you may assume that the energy released by this process
(Eqw) is emitted solely in the form of gravitational waves, that were observed by the interferometer in
2015. You are given that the explosion of a supernova (SN) releases Eqy = 2 x 10% J.

1.1 To find out which of these two events (SN, GW) releases more energy, estimate  5.0pt
the energy ratio £= .




BLR-3 D-1 Q-1
International Olympiad on Astronomy and Astrophysics B LR (Be | aru s)

OAA Q1-1

LIGO (5 6annoB).’

B 2016 rogy konnabopauus LIGO (Laser Interferometer Gravitational-Wave Observatory) o6baBuna o
nepBOM OBHapy>XeHW rpaBUTaLMOHHBIX BOJH (CobbiTe GW150414). O6Hapy>XeHHbI CUrHan COOTBeT-
CTBYET CIAHWNIO ABYX YEePHbIX Ablp C Maccamu 35 M, 1 30 M, B pe3ynbTaTe KOTOPOro obpasoBanach
yepHas Ablpa C Maccon 62 M. MNpeHebpernTe sHepruein BpaleHnsa YepHbIX AbIp U CYNTAATE, UTO Bbl-
AeNnvBLIasCca B npoLecce CAVSHUSA 3Heprns (Eqy) N3yYaeTcs TObKO B BUAE NPaBUTALMOHHBIX BOJH,

KoTopble 1 Habngannce Ha MHTepdepomeTpe B 2015 rogy.

Mpw B3pbIBe HEKOTOPOW CBepxHOBOW (SN) BbiaensieTcs aHeprus Egy = 2 - 104 J.

E
1.1 OueHnTe OTHOLLEHNE SN 4T06bl onpeaenuTb, BKakoM cobbiTum (SN unn GW)  5.0pt
GW
BblAenseTcs 60nbLue SHepruu.
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LIGO (5 points).

1.1 (5.0 pt)

Esn _
Ecw
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Temperature of the Earth (10 points).

For atleast the last few million years, the Earth has been in roughly thermal equilibrium with the radiation
from the Sun at the Earth's orbital distance.

2.1 Assuming our planet to be an ideal black body, calculate what the Earth's equi-  4.0pt
librium temperature (in Celsius) would be.

2.2 The Earth's albedo is approximately 30%. Calculate the Earth's surface temper-  2.0pt
ature (in Celsius) considering its albedo.

23 The Earth’s absorbed radiation is reemitted as black body radiation from its sur-  4.0pt
face, but its atmosphere re-absorbs 58% of that energy, causing a greenhouse
effect. Considering this effect, calculate the Earth's surface temperature (which
will be the same as the temperature of the lower atmosphere). Give your an-
swer in Celsius.
For simplicity, consider the reabsorption effect as happening only once, and do
not consider the atmosphere as a separate black body.
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TemnepaTtypa 3emnu (10 6annos).

Mo KpaiHel Mepe, NocneAHNE HECKOIBKO MUMNMOHOB NeT 3eM/Is HaXx0AMNaCb MPUMEPHO B TEM0BOM
paBHoBecUM ¢ nsnyyeHnem ConHUa Ha opbUTanbLHOM PaCcCTOSHUN 3eMAaun.

2.1 CunTtas 3emnto abCcoNOTHO YEPHBIM TENOM, BbIYNCINTE paBHOBeCHyt Temne-  4.0pt
paTtypy 3eman B Takoin Mmogenn
(B rpaaycax Lienbcus).

2.2 Anbbeno 3emnn coctaensieT npumepHo 30%. PaccumTainTe paBHoBeCHyo TeM-  2.0pt
nepaTypy NoBepxHOCT1 3eman (B rpagycax Lienbcus) c yuetom ee ansbepo.

23 MornoweHHasa pagmnaumsa 3eM1n rnepensnyyaeTcs B BUAe nsnydeHumsa yepHoro  4.0pt
Tena OT ee MOBepPXHOCTU, HO ee aTMocdepa NOBTOPHO noraoLaeTt 58% 3Toi
3Hepruu, Bbi3blBas MapHUKOBbLIA 3PPeKT. YUunTbiBas 3TOT 3 PeKT, paccumTtanTte
TemnepaTtypy NoOBepxXHOCTM 3emnn (KoTopas byaeT Tako Xe, Kak TemnepaTtypa
HWXHel atmocdepsbl). OTBeTbTe B rpagycax Llenbcus.

Ana npocToTbl paccMOTPUM, YTO 3pdekT peabcopbLmm NPOUCXOAUT TONBKO
OAVIH pas, 1 He paccMmaTpuBaTe aTMocdepy Kak oTAe/ibHoe YepHoe Teso.
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Temperature of the Earth (10 points).

2.1 (4.0 pt)
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Mars (10 points).

A spacecraft of mass m=5.0 x 10* kg approaches in a parabolic orbit AB, with respect to Mars. When
the spacecraft reaches point B of least distance to the center of Mars, rz = 6.8 x 10° m, it undergoes
an instantaneous deceleration using its rockets and goes into a perfectly calculated orbit so that it will
touch the Martian surface exactly at point C, diametrically opposite B, as shown in the figure.

3.1 Determine the speed (km s~!) of the spacecraft at point B just before the decel-  3.0pt
eration.

3.2 Calculate the total energy (J) of the spacecraft as it is moving between points B 4.0pt
and C.

3.3 Calculate the speed (km s~!) of the spacecraft at point C. 3.0pt
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Mapc (10 6annos).

Kocmumueckumii annapat Mmaccoii m = 5.0 - 10 kg noanetaet kK Mapcy no napabonnyeckoi Tpaektopun AB
(B cncTeme oTcuéta Mapca). MponeTast Touky B Ha MUHUMAabOMbb PacCTOAHUN 1 = 6.8-10°m oT LeHTpa
Mapca, annapaT MrHOBEHHO TOPMO3UT 1 MePexXoAnT Ha TOYHO BbIUMCIEHHY OPOUTY, NPU ABMXKEHNN
No KOTOPO KacaeTca noBepxHocTM Mapca B Touke C, AnameTpanbHO NPOTUMBOMONOXHOM Touke B, Kak
NMoKasaHoO Ha PUCYHKe.

3.1 BbluncanTe ckopoCTb annaparta B Touke B Ao MaHéBpa (B km/s). 3.0pt

3.2 BbluncinTe MexaHMYeckyto sHepruo annapara (JxXX) npu 4BMXKXeHUN 4.0pt
OT TOUKN B K Touke C.

3.3 Bbluncnute ckopocTb annapaTta B Touke C (B km/s). 3.0pt
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Mapc (10 6annos).

3.1 (3.0 pt)

UB—

3.2 (4.0 pt)

C

3.3 (3.0 pt)

Vo =
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ALMA - Calculating photons (10 points).

ALMA is a radio observatory with a revolutionary design. It consists of 66 high-precision antennas, op-
erating in the wavelength range from 0.32 mm to 8.60 mm. The principal array has fifty antennas of 12 m
diameter each that can work together as a single telescope in the so-called interferometric mode. There
is also another array of four 12 m antennas, and twelve smaller antennas of 7 m diameter each.

Imagine that a single 12 m antenna is being calibrated, pointing to a source with a known incident flux
of 1 x 10720 W/m?

41 Assuming that all the flux arrives at the shortest wavelength of ALMA sensitivity,  2.0pt
determine the average number of photons that would reach the detector every
second.

4.2 Compare it to the average number of photons that would have reached the  2.0pt
detector, if all the flux arrived at the longest wavelength of operation.

4.3 What is the angular resolution (in arcsec) of a single 12m antenna, operatingat  2.0pt
74.9GHZ?

4.4 Imagine the principal array operating at 74.9 GHz in the interferometric mode.  2.0pt
Assuming for simplicity that the spatial resolution is solely given by the longest
baseline (largest distance between any pair of antennas), which turns to be
Dpax = 16 km , what would be the angular resolution (in arcsec) in this case?

Treat this case as a single slit aperture instead of a circular one.

4.5 For a radio antenna, the term SEFD refers to ‘System Equivalent Flux Density’, 2.0pt
which is a characteristic energy flux density of the antenna, depending on its
temperature and size. We also note that for energy estimation of radio pho-
tons, Rayleigh-Jeans approximation is valid. Assuming a system temperature
of 691 K, what would be the SEFD of the full ALMA observatory in Jansky if all
the 66 antennas could work together?
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ALMA - CueTt poToHOB (10 6annoB.).

ALMA — paanoobcepBaTopms HOBOIO TUMA 13 66 BEICOKOTOYHbLIX aHTEHH, paboTaloLmX B Aiana3oHe oT
0.32 mm A0 8.60 mm. [NaBHbI MacCVB aHTEeHH coAepXUT 50 aHTeHH AgraMeTpoM 12 m Kaxzas, KoTopble
MOryT paboTaTb B MHTepdepoMeTPrYECKOM pexrMe Kak o4HO Lenoe. Takxke eCTb eLé oAnH MaccuB 13
yeTblpéX 12-MeTPOBbIX aHTEHH 1 12 OTAE/IbHbLIX aHTEHH MOMeHbLUe (AnameTp 7 m).

MpeacTaBbTe ce6e, UTO OANHOUHYHO 12-METPOBYH aHTEHHY B LieISIX KaIM6POBKM HAaBOASAT Ha TOUEYHbIIA
NCTOYHUK, CO3AAMOLLNIA OCBELLEHHOCTb 110720 W/m?2,

4.1 Mpeanonaras, 4YTo BeCb MOTOK NPM6LIBAeT y CaMOi KOPOTKOW ANMHBLI BOMHbI  2.0pt
YyBCTBUTENbHOCTM ALMA, onpesenute cpefHee KoMyectBo GpOTOHOB, KOTO-
pble 6yAyT AOCTUraTb AETEKTOPA KaXAYH CEKYHAY.

4.2 CpaBHWTE 3TO CO CPeAHNM YMCcIoM GOTOHOB, KOTOpbIe JOCTUIIM bbl geTekTopa,  2.0pt
ec/in 6bl BeCb MNOTOK NpubbIBan y CaMoil ANNHHOM paboyei ANNHbI BONHbI.

4.3 Bbluncante yrnosoe paspelueHvie OAMHOYHOM 12-MeTpOoBOM aHTeHHe Ha Ya-  2.0pt
cToTe 74.9 GHz (B yriioBbIX CeKyHAaXx).

4.4 MpeacTaBbTe cebe OCHOBHYHO peLleTKy, paboTatoLlyto Ha yactote 74,9y BnH-  2.0pt
TepdepomeTpryeckom pexunme. MNpegnonaras ANA NPoOCTOThl, YTO NPOCTPaH-
CTBEHHOE pa3speLueHre onpeaenseTcs UCKNYNTENbHO CaMOn ANMHHOIN 6a30-

BOW INHMEN (HanbonbLLee pacCTOAHVE MeXAy 060 Napoi aHTeHH), KoTopast
oKasblBaeTcs Dy, = 16 ki, KakoBO byAeT yrnoBoe paspeLlueHue (B yrnosbix ce-
KYyHZAaX) B 3TOM c/yyae?

PaccmaTpuBaliTe 3TOT Cayyaid Kak ofHoLLe/ieBOe OTBEPCTME BMECTO KPYraoro.

4.5 AbbpeBunatypa SEFD npuMeHUTeNbHO K pagnoaHTeHHe pacwmndpoBbiBaetca  2.0pt
Kak 'System Equivalent Flux Density’. 9T0 xapakTepHas pa3MepHas BeanunHa,
KoTopas 3aBUCUT OT 3 PeKTUBHOM TemnepaTypbl 1 anepTypbl, — CriekTpanb-

Hasi NIOTHOCTL MOTOKA SHEPrum.

Myctb addekTrBHAA TemnepaTypa aHTeHHbl cocTaenseT 691 K. OueHuTte SEFD
npv 04HOBPeMeHHOM HabnrAeHN Ha Bcex 66 aHTeHHax obcepBaTopun ALMA
— B AAHCKUX.
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ALMA - Calculating photons (10 points).

4.1 (2.0 pt)

Nlowestfwavelength =

4.2 (2.0 pt)

Nlargestfwavelength =

4.3 (2.0 pt)

4.5 (2.0 pt)

SEFD =
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Under pressure (10 points).

Magnetic fields in the Sun are constantly shaping the structure of various different features in the Solar
atmosphere. Inside any feature, the magnetic field (B) adds to the total pressure exerted by the gas. This
so-called magnetic pressure is a function of the height z and can be expressed as:

Onthe other hand, the gas can be considered to be in hydrostatic equilibrium and hence the gas pressure
decays exponentially from an initial pressure value P, with increasing z. It can be expressed as,

P ..(2) = Pye #/1

gas

where H is the scale height, i.e. the height at which the pressure falls to %.

Consider one type of feature, a magnetic flux tube rising from the Solar surface up into an unmagnetized
environment (see Figure below). Assuming that the total pressure of the material inside the tube and of
the material outside it is in equilibrium,

Solar atmosphere ‘11

Magnetic
flux tube
Surface of
the Sun
5.1 Find an expression for the magnetic field strength as a function of height . 7.0pt

5.2 If the magnetic field at the base of a flux tube is 0.3T, and scale height H ina  3.0pt
given solar model is 150 km, at what height will the magnetic field be reduced
to 0.0377?
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Nop paBneHunem (10 6anno.).

MarHuTHble nossi Ha CoHLE NOCTOSSHHO GOPMUPYIOT CTPYKTYPY PA3/INYHbIX 3/IEMEHTOB COTHEYHO aT-
mMocdepbl. ObLyee gaBneHNe CKIaAbIBAETCA U3 faB/EHUS ra3a U MarHUTHOTO AaBleHUs], 0Ka3biBaeMOoro
MarHWTHbIM Nonem B. BeanyrHa MarHUTHOro AasneHnst — GyHKLUUS BbICOThI 2

2419

a3 MOXHO CUMTaTb HAXOAALLMMCSA B TMAPOCTAaTMYECKOM paBHOBeCUN. [laBneHne ra3a s3KCnoHeHumanb-
HO yb6bIBaeT C pOCTOM BbICOTbI:

P . .(2) = Py #/H

gas

rae H — MaclwiTabHblli napamMeTp — BbICOTA, MPpY NogbEMe Ha KOTOPYH JaB/eHle yobiBaeT B e pas.

PaccMOTpMM MarHUTHy TPy6Ky, MOAHMMAOLLYOCS OT NoBepxHocTy ConHua BBepX, B 061acTb 6e3 mar-
HUTHOIO MNons (CM. PUC. HUXKE).

C y4éTOoM TOro, UTO ObLLee AaBeHMe BHYTPU 1 CHapyXu TpyOKu 04MHAKOBO...

Solar atmosphere

Magnetic
flux tube
Surface of
the Sun
5.1 Bblpasnte BeNMUYNHY MHAYKUUN MAarHUTHOMO NoAA B Kak GyHKLUMIO BbICOTHI z. 7.0pt

5.2 MycTb MarHWTHOE none B OCHOBaHWKW Tpy6ku 0.3 T, a MacwTabHbIn napametp  3.0pt
B 3alaHHOl Mogenn ConHua H = 150 km. Ha Kakol BbICOTe Haj OCHOBaHMEM
MarHUTHoOe rnosne ymeHbLuaeTcs Ao 0.03 T?
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Nop paBneHunem (10 6anno.).
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Macondo and Melquiades (12 points).

In 2019, as a part of the NameExoWorlds campaign of the International Astronomical Union, Colombia
was granted an opportunity to select a name for the star HD 93083 and its planetary system. HD 93083
is a K — type dwarf star and has one extrasolar planet orbiting it. Today they are officially known as
Macondo (star) and Melquiades (planet), from the literary ideas of the Colombian writer Gabriel Garcia
Marquez.

This star has an effective temperature of 4995 K and an apparent visual magnitude of 8.3. As per GAIA
DR2, the parallax for Macondo is 35.03 milliarcseconds. You may assume the orbit of Melquiades is
perfectly circular. In the figure you can see the plot of radial velocity of Macondo with respect to the
phase.

HDg3083 HARPS

i o

43.66

43.65

IIIIIIIIIIIIII

43.64

43.63

| I T T N TN TN T T A T N A A

43-62 1 | 1 1 1 1 | 1 1 1 1 |
(o} 0.5 1

Radial velocity of Macondo (Y-axis in km s~1) as a function of the phase (X-axis).

6.1 Find the wavelength (innm) of peak emission for Macondo in its rest frame (i.e., 2.0pt
ignoring Doppler shifts).

6.2 Find the distance of this system from the Earth (in parsecs) and the absolute  2.0pt
visual magnitude (M) of the star.

6.3 Calculate the mean radial velocity of Macondo (in km s71). 2.0pt
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6.4 Calculate the orbital velocity (in km/s) of Melquiades (v,), if mass of the star ~ 2.0pt

(m,) is 0.7 M, and the mass of exoplanet (m,) is 7 x 10°°kg. Assume that the
orbital plane of the system is edge-on with respect to our line-of-sight.

6.5 Find the orbital radius of Melquiades (in au) and its orbital period (in days). 4.0pt
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MakoHao n Menbkuapgec (12 6annos).

B 2019 roay B pamkax kamnaHun NameExoWorlds MexayHapoAHOro acTpOHOMUYeCKOro coro3a Konym-
611 bbl1a NpejoCcTaBeHa BO3MOXHOCTb BbIbpaTh MMA A5 3Be34bl HD 93083 1 ee naaHeTHOM CUCTEMBI.
HD 93083 - kapaunkoBas 3Be3aa K-Trna, BOKpYr KOTOPOU BpallaeTcs ogHa BHecosHeyHas naaHeta. Ce-
rogHs oHV odpuULUManbHO N3BECTHLI Kak MakoHAo (3Be34a) n Menbkunagec (nnaHeTa), U3 AnTepaTypHbIX
naen konymobuinckoro nucatens Mabpuang Mapcrna Mapkeca.

dddeKkTVBHaAA TeMnepaTypa NOBEPXHOCTY 3Be3Abl cocTaBnsfeT 4995 K, BuAVMas BM3yanbHas 3BE34Has
Benn4dmnHa 8.3. Mo gaHHbIM GAIA DR2 napannakc MakoHzo0 paseH 35.03 mas. OpbuTy Menbkmnageca cum-
TanTe Kpyrosoli. Ha puc. 1 nprBegeHa 3aBUCUMOCTb Sly4eBO CKOPOCTY MakoHAO OT ¢pasbl.

HD9g3083 HARPS
1 I I =
¢ e

43.66

43.65

Illlllllllll]l

43.64

43.63

| I TR T T N TN TN N T NN TN WO Y AN N

43-62 1 | 1 1 1 1 | 1 1 1 1 |
) 0.5 1

Jlyyeasi ckopocTb MakoHA0 (ocbk Y, KM/C) B 3aBUCUMOCTU OT Pasbl (0Cb X).

6.1 Onpegenvite ANVIHY BO/IHbI MaKCUMyMa U3MlydeHUs 3B8e34bl MakoHzo (B HM) B 2.0pt
cncteme oTcveta MakoHA0, NpeHe6peras JoNJ1epoBCKUM CMELLeHNEM.

6.2 Onpegenuvite paccTosHme oT cucteMbl MakoHAO A0 3eMan (B napcekax) n abco-  2.0pt
JIIOTHYIO BU3Ya/ibHYIO 3BE3HYI0 BE/INUMHY 3Be34bl MakoHAO (M,).

6.3 PaccuunTainTe cpefHH yyeByo CKOPOCTb MakoHZAO (B KM / C). 2.0pt
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6.4 Bbluncnute opbutanbHyto ckopocte Menbknageca (v,, B KM/C), ecim macca  2.0pt
3Be3abl m, = 0.7 M, n Macca 3k3onnaHeTbl m, = 7 - 10?% kg. Cuutaiite, 4to Mbl
HabnAaemM B3aMHyH OpbUTY KOMMOHEHTOB CUCTEMbI C pebpa, TO eCcTb Hall
NIyY 3peHus NeXUT B NI0CKOCTN OPOUTBI.

6.5 Onpegenute pagunyc opbutbl Menbknageca (B a. e.) 1 ero opbutansHblin nepn-  4.0pt
04 (B cyTKax).
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Macondo and Melquiades (12 points).

6.1 (2.0 pt)
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Menkalinan (B Aurigae) (13 points).

Almost half of the stars that we see are either binary or multiple star systems. A well-known example of
this is Menkalinan (Beta Aurigae), which was initially thought to be a single star, but today recognised as
a binary system comprising two stars that we will refer to as Menkalinan A and B. In the following figure,
a spectrum of the system (obtained by the observatory of the Universidad de los Andes, in Bogota) is
shown:

1.2

1.0

0.s

0.6

0.4

0.2

6530 G540 G550 G560 6570 6580 6590 GEO0

Spectrum of Menkalinan binary system in the region of Ha. Y-axis is for the relative flux, and X-axis
measures wavelengths. Menkalinan A is marked as A in the graph, and Menkalinan B is marked as B.

Answer the following questions using the plot and noting that the wavelength of Ha/line in the laboratory
frame is 656.28 nm. Assume circular orbits, and assume that the binary system as a whole is at rest with
respect to the observer.

71 In the spectrum, we can see the Ha line for each star in the system. Calculate  5.0pt
the line-of-sight velocity of each star (km/s) and determine, at the time of this
observation, which of the two stars is moving towards us.

7.2 The binary systemis located 81.1 light years from Earth and has an orbital period  4.0pt
of 3.96 days. The semi-major axis for Menkalinan B (smaller star) was measured
to be 3.35 milliarcseconds. If the mass ratio of the two components is 1.026, find
the total mass of the system (in solar masses).
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to estimate the luminosity of each star (in solar luminosity).

7.3 Calculate the individual masses of Menkalinan A and B in solar masses. 2.0pt
7.4 Since Menkalinan A and B are main sequence stars, use the relation: 2.0pt
L (Mo

LO MO
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MeHkanumHaH (B Bo3Hu4yero) (13 6annos)

MouTn NoNoBMHa 3Be34, KOTopble Mbl BUAWM, ABAAIOTCA NGO ABOMHBIMY, IN60 KPATHBIMW 3BE3AHbLIMU
cMcTeMamu. XopoLwo U3BeCTHbIM NPpUMepoM 3TOro Aensetcs MeHkannHaH (beta BosHmuyero), KOTopbii
nepBOHa4YanbHO CUMTANCA OANHOYHON 3BE340M, HO CeroAHs NpU3HaH ABOMHON CUCTEMOW, COCTOoSLLLEeN
13 ABYX 3Be3j, KoTopble Mbl byaeM Ha3sbiBaTb MeHkanvHaH A 1 b. Ha cnegyrolem pucyHke, nokasaH
CNeKTp cncTeMbl (MoNyYeHHbI obcepBaTopmein YHBepcuTeTa e noc AHgec B boroTe):

1.2

1.0

n.s

0.6

0.4

0.2

6530 B540 B550 6560 8570 6580 6590 660D

CnekTp ABOWHOM cncTteMbl MeHKannHaH B 061acty Ha: 3aBUCMMOCTb NMOTOKA B YC/TIOBHbIX €ANHMLAX OT
ANMHBI BOHBI. JTMHWA OT KOMMOHEHTa A oTMeueHa Ha rpaduike 6ykBo A, TO Xe A1 KOMNOHeHTa B.

Na6opaTopHas AnvHa BoAHbI MMHUN Ha — 656.28 nm. CUMTaiiTe Op6UTLI KOMMOHEHTOB KPYroBbIMU, @ CU-
CTeMy B Lie/IoM — MOKOSsILLLeACs OTHOCUTENbHO HabntoaaTens. VIcnonb3ys BblllenpuBeEHHbIN rpaduk,
oTBeTbTe Ha C/iejytoLLme BONpochl.

71 B cnekTpe HabntogaeTca nvHUSA Ha KaXaoro n3 KOMNOHEHTOB. Beluncante ny-  5.0pt
UEeBYH CKOPOCTb KaX Aol 3Be3abl (B km/s) n onpeaennTe, Kakasi U3 ABYX 3BE3]
ABVKETCS B HALLY CTOPOHY Ha MOMEHT HabntoAeHus.

7.2 CncTtema pacnonoxeHa Ha pacctosaHum 81.1 ¢B. roga ot 3emnu. MNepuog obpa-  4.0pt
LweHus coctasnsieT 3.96 cyTok. Mo AaHHBIM M3MepeHuii 6oMbLLas NoayoCk op-
61Tbl KOMNOHEHTa MeHKkannHaH B (MeHbLLas 3Be3aa) paBHa 3.35 mas. Cuntas
OTHOLLEeHVe Macc KOMMOHEHTOB paBHbIM 1.026, onpeaennTe rnosiHyr Maccy cu-
cTembl 1 BblpasnTe eé B Maccax ConHua.
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7.3 Bbluncinte mMacchbl oTAesIbHbIX KOMMOHEHTOB MeHKannHaH A u B (B maccax  2.0pt
ConHua).
7.4 Mockonbky MeHkannHaH A n B aBnaioTcs 38€34amMm rnaBHOM nocnegosatens-  2.0pt

HOCTWN, I/ICI'IOI'II::3yI7IT€ COOTHOLWIEHNE

3.5
; ( 0 )
LO MO
ANA OLUeHKN CBeTUMOCTU KaXA0ro M3 KoOMNoHeHToB. CBETUMOCTM Bblpa3nTte B
ceeTumocTsax ConHua.
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Menkalinan (B Aurigae) (13 points).

7.1 (5.0 pt)
UlinefoffsightA =

'Ulz'nefoffsightB =
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IOAA Logo (15 points).

The IOAA2021 logo is formed by the acronym IOAA, where the first letter is represented by the silhouette
of the building of the National Astronomical Observatory (OAN) of Colombia, the oldest observatory in
America. This observatory is located in Bogota, where it was founded in 1803. The capital city of Colombia
is bordered by two famous hills, Monserrate and its neighbor Guadalupe, which are icons of Bogota's
cityscape that decorate the logo’s background.

OAA

International Dlympiad on Astronomy and Astrophysics

= L e

Aerial view of Bogota City. Numbers show locations for the quoted places: 1 is for OAN; 2 is
for Guadalupe; and 3 is for Monserrate.

¥ |
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Point Latitude Longitude Elevation
(m.a.s.l)

1 4° 35 53" N 74°04" 37" W 2607

2 4° 35 30" N 74°03" 15" W 3296

3 4° 36" 18" N 74°03" 19" W 3100

8.1 Estimate the distance (in km), between points 2 (Guadalupe) and 3 (Monserrate).  3.0pt

8.2 Estimate the angular separation (in degrees) between Guadalupe (2) and Mon-  6.0pt
serrate (3) as observed from the National Astronomical Observatory of Colom-
bia (1).

8.3 From the OAN, on September 21 at 8:00 p.m. the Moon was observed towards  6.0pt
the eastern hills (between Monserrate and Guadalupe). The measured ecliptic
coordinates (longitude and latitude) of the Moon are shown in the table. Deter-
mine the equatorial coordinates of the Moon at the time of observation.
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Local Time: 8:00 p.m.
Az : 490°42'59” / Alt : +19°01'42”
A +12°20°16” / 5= —04°24'14"

Note: Azimuth measured from North to East.
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Jlorotvin IOAA (15 6annos).

Norotnn IOAA2021 obpa3oBaH abbpesuatypoin IOAA, rae nepsas bykBa NpeAacTaB/ieHa CUIY3TOM 34a-
HUA HaumoHanbHoW acTpoHomuyeckol obcepBatopum (OAN) Konymbun, ctaperilieii obcepsatopun B
Amepuke. OTa obcepBaTopus pacrnonoxeHa B boroTe, rae oHa 6bina ocHoBaHa B 1803 rogy. Ctonumua
Konymbum rpaHnymnT € 4ByMSA 3HaMeHUTbIMU XonMaMu, MoHceppaT 1 cocegHM XonamMoM [Bagenyne,
KOTOpble SBASITCA CMMBOJIaMW FOPOACKOro Neli3axa boroThl, ykpalarwymy ¢oH norotuna.

OAA

International Olympiad on Astronomy and Astrophysics

- ¥ T, o 5 -

AspocHuMOK BoroTbl. Lindpamn oTmeueHsl: 1 - obcepBaTopus, 2 — xonm Bagenyne, 3 —
xonm MoHceppar.
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MyHKT WwupoTa AonroTa BbicoTa (M)
1 4°35 53" N 74°04" 37" W 2607
2 4° 35" 30" N 74°03" 15" W 3296
3 4° 36" 18" N 74° 03" 19" W 3100

8.1

OueHunTe pacctosiHMe (B KM) Mexay Toukamm 2 (FBagenyne) n 3 (MoHceppar) ¢
YUYeTOM KPUBU3HbI 3eMN.

3.0pt

8.2

OueHWnTe yrnosoe paccTtosiHMe (B rpagycax) mexay Toukamm 2 (Feagenyne) n 3
(MoHceppaT) npu HabnageHun n3 HAO Konymoéum (1).

6.0pt

8.3

Mpwn HabnoaeHn 13 HAO 21 ceHTabps B 20:00 SlyHa Haxoamnacb B Hanpas-
JIEHNK BOCTOYHbIX XO0NIMOB (Mexay MoHceppaT v 'Bagenyne). I3mepeHHbIe 3k-
NMATUYecKne KoopanHaThl (4orota 1 wmnpoTa) JlyHbl NprBejeHsbl B TabanLe.
OnpegenunTe 3KkBaTOPMaNbHbIE KOOPAMHATLI JTYHbl HA MOMEHT HabatoAeHNS.

6.0pt
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MecTHoe Bpems: 20:00
Az : 490°42'59” / Alt : +19°01'42”
A +12°20°16” / 5= —04°24'14"

3amMeuyaHue: asMyT OTCUMTbIBAETCSA OT ceBepa K BOCTOKY.
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Jlorotvin IOAA (15 6annoB)

8.1 (3.0 pt)

8.3 (6.0 pt)
CknoHeHue / Declination:

Mpsamoe BocxoxaeHume / Right ascension:
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Pluto Satellites (15 points).

9.1 The mass of Charon, the biggest satellite of Pluto, is 1/8th the mass of Pluto.  15.0pt
Both bodies move in a circular orbit around a common center of mass. In addi-
tion, they both are tidally-locked.
The distance between the center of the planet and the center of the satellite
isR = 19 640 km and radius of the satellite is r = 593 km.

Let g, be the gravitational acceleration on the surface of Charon due only to its
mass.Let A be the point on Charon surface directly facing Pluto, and B the point
diametrically opposite. Compute the percentage difference between gravita-
tional acceleration at A and B respect to g,.
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CnyTHuKM MNnyTtoHa (15 6anno.).

9.1 Macca XapoHa, KpyrnHeriero cnyTHuka MNayTtoHa, B 8 pa3 meHbLUe Macchl [ay-  15.0pt
ToHa. Ob6a Tena ABMXXYTCA NO KPYroBbIM Opbu1TaM BOKPYr 0bLLero LieHTpa Macc.
Kpome Toro, oHv 06a NoBepHyTbl O4HOM CTOPOHON APYr K APYrY, W, cnejoBa-
TeNbHO, VX BPpaLleHne nogo6Ho BpaLLeHWto TBepAoro Tena.

PaccTtosHmne Mexay LLeHTPOM MaaHeTbl 1 LIeHTPOM CriyTHMKa R = 19640 km.
Pagnyc cnytHmKa r = 593 km.

MycTb g, — rpaBUTaLMOHHOE YCKOpPEeHMe Ha NOBEPXHOCTU XapoHa, obycnos-
NIeHHOe UCKNIYNTENbHO ero COBCTBEHHbIM NpuUTsaXXeHneM. O603HaunM: A —
camas 6nmskas K MnyTtoHy, B — camas yganéHHas oT lNayToHa Touka Ha no-
BEPXHOCTM XapoHa (ToUKU A 1 B AnameTpasibHO NPOTUBOMOMOXHbI).

KakoBa pa3HuLa B NpoLeHTax Mexay rpaBUTaLMOHHbIMU YCKOPEHUAMU B TOY-
Kax A 1 B oTHOCUTENbHO g,?
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Pluto Satellites

9.1 (15.0 pt)
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Terrestrial Transit (15 points).

Note: Assume perfect circular orbits in both questions below.

10.1  Analien astronomer from a distant planetary system is observing the Sun. Sud-  5.0pt
denly, the brightness of the Sun drops due to the transit of the Earth in front of
it. What is the maximum duration that this transit may last (in hours)? Assume
that the planet where the astronomer observes from, does not move relative to
the Sun.

10.2 Imagine that the transit of a given exoplanet as seen from Earth lasts 31 min-  10.0pt
utes. The host star is a red dwarf, with mass and radius that are 10% of the
mass and radius of the Sun. What is the minimum orbital period this exoplanet
may have (in days)?




Theory

vonee QT10-1

BLR (Belarus)

International Olympiad on Astronomy and Astrophysics

HasemMHbI TpaH3uUT (15 6annos).

I'Ipmmet-laHme: CUUTalNTE, UTO Op6I/ITbI naeanbHble KPyroBble B o6ounx MYHKTaX 3ajayn.

10.1  MHonnaHeTHbIN acTPOHOM C Janiekoi MiaHeTHOW cucTeMbl Habnwogaet 3a  5.0pt
ConHueM. BHe3sanHo apkocTb ConHua NagaeT 13-3a NPOXoXAeHUs 3eMan ne-
pea HUM. KakoBa MakcMManbHas NpPoAoXKUTeIbHOCTb 3TOro TpaH3nTa (B Ya-
cax)? MpeanosoXnM, 4YTO NaaHeTa, C KOTOPOM HabngaeT acTPOHOM, He ABU-
xeTcs oTHocuTenbHO ConHua.

10.2  MpeanoaoXMM, UTO TPAH3UT HEKOTOPOW 3K30MIaHeTbl Mo ANCKY MaTepuHckon  10.0pt
3Be3/bl Npu HabntogeHnn ¢ 3emnun annnca 31 MuHyTYy. MaTepuHckas 3se3ja —
KPacHbIA KapaunK € Maccom 1 paguycom, pasHbiMn 10 % conHeuHbix. Kakos Mu-
HVMaJIbHbIN BO3MOXHbIN OpbUTaNbHbIA MepUOoZ 3TOM 3K30MAaHeTsI (B CyTKax)?
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3emMHou TpaH3uT (15 6annoB.)

10.1 (5.0 pt)

t=

10.2 (10.0 pt)

T =
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Minimum velocity of a projectile (15 points).

11.1  Whatis the minimum speed with which a projectile must be launched from the  12.0pt
Earth's surface at the equator such that the projectile reaches the north pole?

11.2  Find the eccentricity of the trajectory described by the projectile 3.0pt

You may ignore the rotation of the Earth. Also assume the earth surface is spherical.

Reference Chart
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MuHumManbHas cKopocTb cHapsaga (15 6annos).

11.1  KakoBa MMHMManbHas CKOPOCTb, C KOTOPOM HY>XHO 3anyCTUTb cHapsg ¢ no-  12.0pt
BEPXHOCTW 3eMAW Ha 3KBaTOpPe 415 TOro, UTo6bl OH focTur CeBepHOro nontoca?

11.2  OnpegenuTe 3KCLLEHTPUCUTET Tako TpaeKkTopun. 3.0pt

BpawieHviem 3emnn npeHebpernte. NoBepxHOCTb 3eMan cumnTarite chepmnyecko.

1
]
]
1
1
]
T
1
1
]
L}
1
L]
1
1

Cxema nonérta mMblcnm
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Minimum velocity of a projectile (15 points).

11.1 (12.0 pt)

Umin =

11.2 (3.0 pt)

e =
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Hodograph (15 points).

In curvilinear motion of a planet around a star, the direction of the velocity vector changes continuously.
This can be represented by a so-called "trajectory in velocity space" and is obtained as follows: for each
point on the spatial trajectory, the corresponding velocity vector is drawn so that its starting point is at
the origin of the velocity space, and its magnitude and direction is the same as the velocity vector at that
point. The tip of this variable velocity vector generates a curve in velocity space. (The name 'hodograph'
was given to this curve by Hamilton in 1846.)

As an example, see figures 1 and 2 below. For a circular orbit (Figure 1), the magnitude of the velocity is
constant and therefore, the hodograph (Figure 2) of the velocity vector for Keplerian circular motion is
also a circle, the center of which is located at the origin of the velocity space. The radius of this circle is
equal to the constant magnitude of the circular velocity.

Fig. 1 Spatial trajectory of the Planet with Uniform Circular Motion around the star.

Velocity space

Fig. 2 Corresponding hodograph
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12,1 Write an expression for the radius of the hodograph in Fig. 2, as a function of  1.0pt
the mass M of the star, and the radius R of the circular orbit of the planet's
motion.

12.2  For a planet in a Keplerian trajectory, write the expression for centripetal ac- 4.0pt
celeration vector (d¢) and the magnitude of angular momentum (L). For any
Keplerian trajectory, it is true that

| Av|= kA§ (1)

Where k is a constant for each type of Keplerian trajectory. Find the expression
for the constant k£ as a function of the masses M and m of the star and the
planet, respectively, and the angular momentum, L.

(Eqg.1) allows us to conclude that for any Keplerian trajectory, the hodograph
(v as a function of 6) is a circle, but except for circular motion, the centre of
the hodograph does not coincide with the star. It is not necessary to prove
this result, you may simply accept it as a given. For the hodograph of uniform
circular motion, the compliance with (eq.1) is completely obvious, as evidenced
in Fig. 3

7| velocity space

T

l.':/’

Fig. 3

12.3 Determine the expression of the constant  for the hodograph of circular plan-  2.0pt
etary motion.
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12.4 Giventhatthe hodograph of the Keplerian elliptical motion is a circle, determine  4.0pt
the radius of this hodograph and the distance between the center of the hodo-
graph and the position of the star, as a function of the velocities at periastron
and apoastron. Draw a rough sketch of the hodograph in the answer sheet as
per the schematic shown in Fig. 4. The black circle is the star.

Vp,e 9:0

Vy>0=mn

Fig. 4

12.5 Similarly, for the parabolic Keplerian trajectory, determine the radius of the cor-  4.0pt
responding hodograph and the distance from the center of that hodograph cir-
cle to the star. Express the radius as a function of the velocity at periastron.
Draw a rough sketch of the hodograph circle in the answer sheet.
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Foporpad (15 6annos.).

Mpwv KPUBONHENHOM ABVMXKEHNM MIaHeTbl BOKPYT 3Be3/bl HanpaB/ieHe BeKTOpa CKOPOCTU HerpepbIB-
HO M3MeHsieTCA. ITO MOXeT 6bITb NPeACTaB/IeHO Tak Ha3blBaeMOW «TpaeKkTopmel B MPOCTPaHCTBe CKO-
pocTei» 1 NoAy4aeTcs CnefyowmMm 06pa3oM: AN KaXAOM TOUKM Ha NPOCTPAaHCTBEHHOW TpaekTopun
prcyeTcs COOTBETCTBYHOLLMIA BEKTOP CKOPOCTU, TaK UTO ero HavasibHas TOUKa HaxoAnTca B Hayane npo-
CTPaHCTBa CKOPOCTEN, U ero BefINUmMHa 1 Hanpas/ieHne COBMNajatoT C BEKTOPOM CKOPOCTU B 3TOM TOUKe.
KoHumK 3TOro BeKkTOpa nepeMeHHo CKOPOCTV 06pa3yeT KPMBYHO B MPOCTPaHCTBE cKopocTelt. (HassaHne
«rogorpad» 6b1/10 JaHO 3TOW KpUBOW NaMnIbTOHOM B 1846 rogy.)

B kauecTBe npuMepa cM. PrcyHku 1 1 2 Huxe. [1na KpyroBo opbuThl (pPUCYHOK 1) BEIMYMHA CKOPOCTM NO-
CTOSIHHA, 1 NO3TOMY rogorpad (PUCYHOK 2) BeKTOpa CKOPOCTU AJIA KEMNJIePOBCKOro KPYroBOro ABUXEeHWS
TakXKe SABMAETCH OKPY>KHOCTbIO, LIeHTP KOTOPOW pacrnonoXeH B Hayane KoopAmMHaT ckopocTu. Kocmoc.
Pagmnyc 3Toro Kpyra paBeH NOCTOAHHOW BeMUYMHE KPYroBOM CKOPOCTU.

Puc. 1 NMpocTpaHCTBEHHAs TPaekToOpKWs NaaHeTbl C paBHOMEPHbLIM KPYroBbIM ABVXEHNEM BO-
Kpyr 3Be34pbl.
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Velocity space

Puc.2 CooTBeTCcTBYHOLWLNI rogorpad

121 HanuwwTe BbipaxeHue aAns paguyca rogorpada Ha puc. 2 kak dyHkumm maccel  1.0pt
3Be34bl M 1 paguyca R Kpyroom opbuTbl ABUXKEHUS NAAHETHI.
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12.2  [ns nnaHeTbl Ha KenjepoBCKOM TPaekTopun 3anuLimnTe BbipaxeHue ana sek-  4.0pt
TOpa LeHTPOoCTpeMUTeNbHOro yckopeHus (all) n BeAnYMHbI YrA0BOro MOMEHTa
(L). ina no6oin kennepoBCKOV TPAaeKTOPUN BEPHO, UTO

| Av |= kAG (1)

rae k — nocTosiHHas, 3aBUCALLAn OT TPaeKTopun ABrxXeHNs. BeipasuTe k uepes
Maccy 3Be3fbl M, Maccy nnaHeTbl m 1N OpOUTaNbHbIA MOMEHT UMMynbea L.
(YpaBHeHue 1) no3BoAsSeT HaM 3aKNHUNTb, UTO A/15 1060 KenaepoBCKOM Tpa-
ekTopumn rogorpad (Basa-byHkuUmMs B) npeacTaBnseT coboli Kpyr, HO, 3a UCKITHO-
YeHneM KPYroBoro ABWXEHUS, LieHTp rogorpada He coBnajaeT co 3Be3f0N.
OTOT pe3ynbTaT He 0653aTe/IbHO A0Ka3biBaTb, €r0 MOXHO NPOCTO MPUHSATL Kak
JAHHOCTL. [lna rogorpada paBHOMEPHOr0O KPYroBOro ABMXKEHWA COOTBETCTBME
(ypaBHeHMe 1) coBepLUEHHO 04YeBUAHO, UTO NOATBEPXKAAETCA prc.3.

7| velocity space

Fig. 3

12.3  TMonyuunTe BblpaxkeHue Ans k Npuv ABMXKEHUIN MO KPYroBon opbuTe. 2.0pt




Theory

e Q12-4

BLR (Belarus)

International Olympiad on Astronomy and Astrophysics

12.4  YuunTtbiBas, 4To rogorpad KensepoBCKOro /UIMNTUYECKOro ABmxXeHus npes-  4.0pt
CTaBnsieT cobol OKPYXXHOCTb, orpejennTe pajuyc 3Toro rogorpada u paccro-
AAHVE MeX Ay LLleHTPOM rogorpada v nosioxeHmem 3se3fbl Kak GpyHKLMIO CKOPO-
cTeln B mepuacTtpe 1 anoactpe. Hapucyiite nprMepHbIi Habpocok rogorpada
Ha N1MCTe OTBETOB COr/IAaCHO CXeme, MNOKa3aHHOM Ha puc. 4. KpacHbI KPYyXXOK -
370 3Be3ja.

VP,% 9:0

Vy20=n

Fig. 4

12,5 AHanornmyHbiM 06pasom Ana napabonmuyeckol KennepoBCKOW Tpaektopun  4.0pt
onpegennte pagnyc COOTBETCTBYIOLLIEro rogorpada v pacctostHne oT LeHTpa
3TOro Kpyra rogorpada Ao 3Be3/bl. Boipasute pagmyc Kak ¢pyHKLNIO CKOPOCTU
B nepurennn. Hapucynte npuban3snTenbHbIN HABPOCOK OKPYXXHOCTK rogorpa-
¢da Ha n1cTe OTBETOB.
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Hodograph (15 points).

12.1 (1.0 pt)

12.2 (4.0 pt)

12.3 (2.0 pt)

]{;:

12.4 (4.0 pt)




Theory

o AT 2=2

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

12.5 (4.0 pt)
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Lucy: The First Mission to the Trojan Asteroids (15 points).

CCD cameras on space probes are very sensitive and exposed to space weather conditions. Intense
radiation passing through the CCD produces electron-hole pairs in the silicon of the CCD chip. The rate at
which these pairs are produced is an important parameter when operating cameras on board spacecraft
and can be calculated for radiation of any given energy.

A high energy particle or photon of radiation passing through the CCD will deposit some energy in the
chip with each electron-hole pair it creates. The ‘stopping power’ of silicon for a given type of particle can
be measured as the energy per areal density (areal density = mass per unit area) that the silicon ‘takes
away' from the travelling particle.

NASA's Lucy mission will be the first to study the Trojan asteroids and will revolutionize our understanding
of the formation of the Solar System. One of the instruments on board is L'LORRI (Lucy LOng Range
Reconnaissance Imager), which contains a sensitive CCD in order to produce detailed images of the
Trojan asteroids. Unfortunately, the radiation around Jupiter is very intense and it can generate a lot of
‘noise’ in the pixels of the CCD.

Let us assume that an average charged particle trapped in Jupiter's magnetic field has an energy of
15 MeV and that the flux of such particles in this region is equivalent to about 600 electrons st em 2.
Also assume that for each electron-hole pair which a particle passing through a pixel creates, it deposits
exactly the excitation energy of the pair in that pixel. After the pixel crosses a threshold number of
electron-hole pairs it is ‘excited’ and no more pairs can be produced in that pixel. Any remaining energy
in the particle is passed to the next pixel (and so on).

Using the data given below for the CCD chip in the L'LORRI camera, answer the following questions:

13.1  How many pixels will be excited by one such particle of radiation passing 10.0pt
through the CCD when the spacecraft is near Jupiter's orbit?

13.2  Given the radiation flux near Jupiter, what percentage of the total number of  5.0pt
pixels in an image will be excited?
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CCD Data:

Exposure time of an image =30 ms
Pixels on the CCD = 1024 x 1024
CCD Area=13 mm x 13 mm

CCD chip thickness = 0.06 cm
Density of silicon, p=2.34gcm3

Excitation energy of single pair = 2.36 eV

Excitation threshold of a single pixel = 250 pairs

Stopping power’ of silicon for a 15 MeV electron =3.012 MeV g—! cm?

Charged panticle

J ‘ax

\r h

|'l,|||'~

CCD des

COCD owtput
Event images
(real images obtained

al ground level)

Recoil products
1 (secondaries)

Incident high energy

Reaction

VETICX
Pixel E
array
-
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Lucy: nepBas Mmuccus K TpossHuam (15 6annoB)

M3C-kaMepbl Ha KOCMUYECKNX 30HAAX OYeHb YYBCTBUTE/IbHbI U NOABEPXEHbI BAUSAHUIO KOCMUYECKO
norogbl. HTeHCMBHAA paguauus, npoxogawasn vyepes MNM3C-maTpudy, CO34aET 3/IEKTPOHHO-AbIPOYHbIE
napbl B kpeMHUY M3C-maTpuLbl. Temn, € KOTOPbIM 06pa3yroTcsa 3TV Napbl, ABASETCA BaXKHbIM NapameT-
poOM A/19 paboTbl KaMep; OH MOXeT BbITb paccyHUTaH AN U3Ny4YeHUs C N60I 3aAaHHO SHeprmei.

YacTnua ¢ BbICOKOW 3Heprveit nnm ¢oToH, npoxoasawime yepes MN3C-maTpuly, nepesatoT HEKOTOPYH
SHEepruio MaTpuLe Npu KaxaoM CO34aHNN 3NeKTPOHHO-AbIPOYHON Napbl. «TOPMO3SILLYHO CMOCOBHOCTbY
KpPeMHUS ANs JAHHOMO TUMa YacTUL, MOXHO OMNpeAeNnTb Kak SHepruo, KOTOPY KPeMHUI «3abupaeTt»
y ABVXYLLECA YacTuLbl, B pacyéTe Ha MOBEPXHOCTHYH MIOTHOCTb MaTepurana (MoBepxHOCTHas NaoT-
HOCTb — Macca Ha eANHNLY NIOLLAAN).

Kocmunyeckasa muccrs NASA Lucy cTaHeT nepBOil MUCCME MO N3YYeHMIO TPOSHCKNX acTepOnA0B 1 (BO3-
MOXHO) NPONLET CBET Ha UCToputo obpa3oBaHNA CONHEYHON cncTeMbl. HYacTbio YCTaHOBAEHHOIO Ha
6opTy npremHumka L'LORRI (Lucy LOng Range Reconnaissance Imager) siBasetcs uysctButensHas M3C-
MaTpuLa, NO3BOAAKOLLAA MOAyYaTb AeTanbHble N306paxeHns TposHLeB. K coxaneHuto, paguaumn B
oKpecTHoCTAax FOnnTepa MHOro, OHa MOXeT Co3/aBaTb MHOIO «LWyMa» B nukcenax M3C-matpuLbl.

MpeAnonoXNM, YTO CPeAHSA 3apsKeHHas YacT1La, 3axBayeHHass MarHUTHbIM nonem KOnutepa, obna-
AaeT aHeprvein 15 MaB, a NOTOK TakMx YacTuL, B OKPeCTHOCTSX KOnuTepa 3KkBMBaNeHTEH NPYMepHO 600
3N1eKTpOHaM Ha cM? 3a cekyHAy. Mpy NPOXOXAEHUN YacTULbl Yepes3 NUKCeNb OHa MOXeT BO3bYAUTb
3N1eKTPOH-AbIPOYHYIO Mapy, 3aTpaTMB ANsl 3TO 4YacTb CBOeW 3Hepruw. MNocne Toro, Kak KOAM4ecTBoO
3N1eKTPOHHO-AbIPOYHbIX Nap B NuKcese NpeB3oi4eT MOPOroBoe 3HaueHune, NUKCeb NePEXOANT B «BO3-
BY>XAEHHOE» COCTOsIHME U 6ONbLUe He MOXET CO3/aBaTb 3/eKTPOHHO-AbIPOYHbIe Napbl. OcTaTouYHas
3Heprvsa YactTuupl Nnepefaércs cocesHeMy NUKCento (1 Tak Aanee).

Vicnonb3ya HuxenpueegéHHble gaHHble o M3C-maTtpuue B kamepe L'LORRI, oTBeTbTe Ha cnegyrouime
BOMPOCHI:

13.1  CkonbKo nukcenei byaeT nepeseseHO B BO3OYXAEHHOe COCTOAHME oAHOM Ya-  10.0pt
cTudein, npoxoasaiein yepes M3C-maTpuLy, KOrga KOCMUYeckni annapat Haxo-
ANTCA B OKpecTHOCTAX HonuTepa?

13.2  YunTbiBas NOTOK M3nyyeHus B6am3m HOnuTepa, oueHUTe A0, KOTopyto co-  5.0pt
CTaBNAOT BO3OYXAEHHbIE MUKCeNN OT O6LLIero uncna nukcenen n3obpaxeHums,
B MPOLEHTaXx.




Theory

e Q13-2

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

JaHHble o N3C-maTpuue:

Bpems skcno3numnm 4ns noayyeHns nsobpaxeHns = 30 MUAINCEKYHS,
Konnuectso nukcenein Ha N3C-matpuue = 1024 x 1024

Pasmepsl MN3C-mMaTpurLbl = 13 MM X 13 MM

TonwmHa N3C-matpubl = 0.06 cM

MNOTHOCTb KPEMHUS p = 2.34 r/cm3

SHeprua Bo36yxaeHNs ogHOM napsbl = 2.36 3B

lNoporosoe 3HaveHMe A1 KoJIMYecTBa nap B nukcene = 250 nap

«TopMO3ALLas CNoCcO6HOCTb» KPEMHUS AN1A SNEKTPOHA C 3Heprueri 15 MaB = 3.012 MaB-r—t.cm?

Recoil products
1 (secondaries)

Charged panticle Incident high energy

Reaction
VErcx
o g =,
Pixel ——t—7*
array
e/h /
|'l,|||'~

CCD device

COCD owtput
Event images
(real images obtained

al ground level)
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Lucy: The First Mission to the Trojan Asteroids (15 points).

13.1 (10.0 pt)

n =

13.2 (5.0 pt)
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Formation of the Venus-2 (35 points).

A comet of mass am is heading ("falls") radially towards the Sun. It is known that the total mechanical
energy of the comet is zero. The comet crashes into Venus, whose mass is m. We further assume that
the orbit of Venus, before the collision, is circular with radius R,,. After the crash, the comet and Venus
form a single object, called “Venus-2".

Orbit of venus

m

Vierd |[
) R
Lm

=
o Suwn
Comiet

o

14.1  Find the expression in terms of M,,,,, and R, for the orbital speed, v, , of Venus  1.0pt
before the collision.

14.2  Find an expression for the total mechanical energy of Venus in its orbit before  1.0pt
colliding with the comet.

14.3  Find an expression for the radial velocity, v, , the angular momentum, L, of  10.0pt
"Venus-2" immediately after the collision.

14.4  Find an expression for the mechanical energy of the combined object “Venus-2"  5.0pt
and express it in terms of energy before the collision, E;, and « .

14.5 Show that the post-collision orbit of “Venus-2" is elliptical and determine the  5.0pt
semi-major axis of the orbit.

14.6  Determine if the year for the inhabitants of “Venus-2" has been shortened or  3.0pt
lengthened because of collision with the comet. Write the ratio between the
period of Venus-2 and Venus.
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14.7 Whatshould be the value of a such that the post-collision orbit of Venus-2would  5.0pt
make it crash in the Sun? We will call this as «,

14.8 A comet with a = «, collided with Venus. Calculate the percentage change in  5.0pt
the magnitude of Venus' velocity (§v) and the change in the direction of the
velocity vector (60) immediately after the collision.




Theory

e Q141

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

dopmMmupoBaHue BeHepbl-2 (35 6annoB.).

KomeTa maccbl am gBuxeTcs («nagaet») pagnanbHo K ConHLuy. VI3BecTHO, UTo MoJsiHag MexaHunyeckas
3Hepruns KoMeTbl paBHa Hy/t0. KomeTa Bpe3aeTcs B BeHepy, Macca KOTopoli paBHa m. [lanee Mbl npeno-
naraem, 4to opbuTta BeHepbl 40 CTOIKHOBEHWS KPYroBas C pajuycom R,. lNocne CTONKHOBEHUS KOMeTa
1 BeHepa 06pa3ytoT eanHbI 06eKT, NoNyYMBLLMIA Ha3BaHMe BeHepa-2.

Orbit of venus

m
4]

Vierd |[
Lm

=
o Suwn
Comiet

141  Bblpa3uTe opbuTanbHy CKOpoCTb v, BeHepbl Nepes ctonkHoBeHMeM 4depe3  1.0pt
]\/[sun n RO'

14.2 Bblpa3uTe MNOJIHYIO OpP6UTaNbHYHO MeXxaHu4deckyto 3Hepruto BeHepbl E; o 1.0pt
CTONKHOBEHUS C KOMETOM.

14.3 Haligute BblpaxeHne ANs paguanbHOM CKOPOCTU v, U MOMeHTa umnynbca L 10.0pt
BeHepbl-2 cpa3y noc/sie CTONKHOBEHMS.

14.4 HalignTte BblpaxeHune ANA MexaHn4yeckor sHepruu BeHepbl-2 1 Bolpasute ero  5.0pt
yepes 3Hepruo 4o CTONKHOBEHUS (E;) U a.

14.5 TlokaxwuTe, YTo opbUTa BeHepbl-2 sanannTuyeckas, 1 onpegennte eé 6onbluyto  5.0pt
noayoch.

14.6 OnpegennTe, YMEHbLUNTCA WU YBEINUYUTCA MPOAO/KUTENBbHOCTL roja ansa  3.0pt
«BeHepuaHLeB» Noc/e CTOIKHOBEHUS ¢ KOMeTOl. 3anuLmnTe oTHOLIeHne op-
6UTanbHbLIX Neproaos BeHepbl-2 1 BeHepel.
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14.7 Tpwn KakoM 3HaveHnU o BeHepa-2 3auenunna 6bl ConHue? O603HaunMm 3Ty Be-  5.0pt
JINUNHY KaK «,.

14.8 KomeTa € @ = «, CTO/IKHyNacb ¢ BeHepoii. Belumncamte npoueHTHoe nameHe-  5.0pt
HVe Be/INYVHbI CKOPOCTU BeHepsbl (dv) U BEANYUHY U3MEHEeHNS HanpaBaeHus
BEKTOpa CKOpOCTU (§6) cpasy nocse CTOIKHOBEHUS.
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Formation of the Vennus (35 points).

14.1 (1.0 pt)

UOZ

14.2 (1.0 pt)

E, =

14.3 (10.0 pt)

14.4 (5.0 pt)

E=

14.5 (5.0 pt)

14.6 (3.0 pt)
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14.7 (5.0 pt)

a, =

14.8 (5.0 pt)
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Cosmic String (55 points).

Introduction

According to our current understanding, just after the Big Bang, when the Universe was extremely hot,
the electromagnetic force, the strong nuclear force as well as the weak nuclear force were unified as one
Grand Unified (GUT) force.

When the Universe cooled down to T = 10?° K, the strong nuclear force decoupled from the elec-
troweak force. Later, when the temperature reduced to Ty, = 10'° K, the weak force decoupled from
the electromagnetic force. These transitions happened in a rapid succession within a small fraction of
a second after the Big Bang. It is thought that these phase transitions produced a variety of peculiar
objects, called vacuum defects, which may still be observed today.

This question will discuss properties of one such possible type of defect called cosmic strings and their
observational effects.

Note 1. Unless otherwise stated use the laws of Newtonian Mechanics
Note 2. You will use the following constants:
« Stefan Boltzmann Constant

57, 4 27, 4

T 15 K32 60 B2

g

* The reduced Planck constant

* Universal Radiation Constant

4
a=-2 — 75657 x 1016] m 3K 4
C

* Planck Temperature

heb

=1.416784 x 1032 K
Gk

Tpl -

Note 3. Recall that the gravitational field g satisfies the Gauss theorem:

§-A=—4rGM,,

Where M,,, is the mass enclosed by the surface A.
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Part A: Gravitational Field of a Cosmic String (22 points).

As a first approximation, let us consider a cosmic string as an infinitely long cylinder of radius r, and
mass per unit length p .

A1 Write an expression in terms of the constants G, p and r,for the gravitational  6.0pt
field produced by the string, g(r).
Consider the cases r, < r and r, > r independently

A2 Write an expression in terms of the constants G, . and r,for g, = |g(ry)|- 1.0pt

A3 Let g be defined as g(r) - 7. Draw a rough sketch of g vs. r in the figure givenin ~ 3.0pt
the answer sheet

o
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A4 It is possible to define a stable orbit around a Cosmic String. For circular orbits ~ 4.0pt
of radius R > r, and period t, the following relation is attained

R=Ar"

where A and « are constants. Find A and a in terms of G and

The following three questions refers to a classical newtonian particle moving with speed v when at a
distance r > r, from the string. You will need to use the result below:

dx T
— —=Inl=
g €T Lo

A.5 Show that the gravitational potential energy of the particle is 3.0pt

U=Gmyu In (%)

where b is any fixed distance.

A.6 What is the maximum distance, R, , from the string, that the particle can  4.0pt
reach?

A7 Is it possible for the particle to escape the gravitational field? Write YES/NO in  1.0pt
the answer sheet.
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Part B: Cosmic string as a photon gas (17 points).

Consider now a cosmic string as a photon gas inside a very long cylinder of radius r, with adiabatic walls,
and in thermal equilibrium at temperature 7.

B.1 What is the energy density p of the string in terms of T, h, kg and c? 2.0pt
B.2 The radius r is related to the temperature T via 4.0pt
. hnl 2
07 kpT 7

where  is the reduced Planck constant, and c is the speed of light in vacuum,
kg is the Boltzmann constant, and n, and n, are integer numbers. Determine

n, and n,
B.3 What is the mass per unit length, u, of the string in terms of p and r ? 2.0pt
B.4 Express the inequality for the weak field condition, defined as 5.0pt
2G
=«
C
only in terms of T"and 7),,
B.5  Calculate 25~ for 3.0pt
.T = TEW
oI'=Tgyr
B.6 Does the weak field condition hold for T;,? Answer YES or NOT. 1.0pt

Does the weak field condition hold for T2 Answer YES or NOT.
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Part C: Gravitational Lensing from cosmic Strings (16 points).

So far, in part A and B, we have neglected the internal pressure of the photon gas inside the string. If
we include it in our analysis, we need to consider the General Theory of Relativity.

After solving the Einstein field equations, one finds that the spacetime around a cosmic string is conical
as if a narrow wedge were removed from a flat sheet and the edges connected, as shown below.

/// \\\
L \ P
(="
p
\\\\ 4 / e -

http://www.ctc.cam.ac.uk/outreach/origins/cosmic_structures_five.php

A remarkable result of this model is light deflection by a cosmic string, which leads to the possibility of
detection through gravitational lensing.

The angle of deflection (in radians) of a light ray coming from a distant quasar (O in the figure below), as
the light passes close to a cosmic string (S in the figure below) and eventually reaching an observer on
the Earth, (E in the figure below), is

4G,
5= —H

C

and is independent of the parameter, p, as shown in the figure below:

In the figure E and O are in a plane perpendicular to the string. The distance between the observer and
the string is D4 and the distance between the observer and the source is D,

o)

CA1 Although the angle of deflection does not depend on parameter p, an Earth-  6.0pt
based observer will be able to see more than one image only if the value of p
is within a certain range. Find a condition on the value of the parameter p in
terms of Dygq, Dyy , and temperature T, for an Earth-based observer to see
more than one image of the object O

C.2 In case the observer sees more than one image, what is the angular separation  6.0pt
between each pair? Find an expression in terms of Dgg, Doy and d¢
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c3 If Doy = 2Dgg , determine the minimum size of an optical telescope neededto  4.0pt
resolve this lensing event produced by GUT string.
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Kocmunuyeckas ctpyHa (55 6annos).

BBepgeHue

CornacHo HalleMmy HbIHeLLIHeMy NMOHMMaHWI, cpaly nocsie bonblioro B3pbiBa, koraa BceneHHas 6bl-
Nla Ype3BblYaiHO ropsiven, 3nNeKTPOMarHMTHoe B3anMoencTemne, CUNbHoe saepHoe B3anMoeicTeume,
a Takke cnaboe gaepHoe B3aVMOAencTBME bbln 0b6beanHeHbl B 04HY cuiy Beankoro O6beanHeHns
(GUT).

Koraa BceneHHasi oxnagmnack A0 T = 102 K, cunbHoe B3auMoZeincTBME «OTBaINAOCh» OT 31eKTPO-
cna6boro. 3atem, Npu Temnepatype Ty = 101° K, pa3genmnnces cnaboe v 31eKTpomMarHmMTHoe. 3T cobbl-
TVS MPOU30LLAN OYeHb BbICTPO, B TeHeHMe foneil cekyHAbl nocne bonbLioro B3peiBa. Takme cBoeobpas-
Hble ¢a30Bble Nepexobl, MO-BUAMMOMY, CO34a/IM MHOIO CTPAHHbLIX 06bEKTOB, Ha3blBaeMblX AedeKTaMu
BakyyMa, KOTOpble MOXHO HabntoAaTb CerogHs.

B 370l 3aga4e npeacTonT NccneAoBaTb 0OCO6EHHOCTM OLHOMO U3 BO3MOXHbIX TUNOB AedeKToB, Ha3blBa-
€MOro KOCMUYeCKOn CTPYHOIA.

MNpunmeyaHue 1. ECin He yKa3aHO MHOeE, NCMO/b3yTe 3aKOHbl HBFOTOHOBCKOW MeXaHWKW,
MpumeyaHme 2. Bam NoHag064TCsa cnesyroLLme KOHCTAHTHI:
* noctosiHHasA CtedaHa-bonbumaHa

- 27T5kB4 71'2kB4

T 52 60 B2

. ﬂpI/IBe,D,éHHaFl noctodaHHaga lNnaHka

* YHMBepCanbHaa NOCTOAHHAaA nanyyeHna

4
a=-2 — 75657 x 10716, m 3K
C

* MnaHKoBCKasi TeMnepaTtypa

T — D€ gi6784 % 102K
1= — — 1.
V)

MpumeyaHme 3. paBUTaLMOHHOE NMose YA0BNeTBOpsieT Teopeme laycca:

G- A=—47GM,,

lae M, — macca, 3akntoveHHast BHyTPUY MOBEPXHOCTU A.
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YacTb A: FTpaBUTaLlMOHHOE M0J1e KOCMUYECKOI CTPYHbI (22 6anna).

B nepBoM NpubanKeHM paccCMOTPUM KOCMUYECKYH CTPYHY Kak 6eCKOHEYHO ANNHHbBIV LMANHAP pasu-
yca r, 1 Maccbl Ha eAVHWLY ANNHBI Y.

=y
N
A1 Bblpa3uTe HanpsXEHHOCTb CO3jaBaeMoro CTPYHOW rpaBuTaumoHHoro nons  6.0pt

g(r) uepes G, u, ro, U paccTosiHME 0 OCU CTPYHbI 7.
PaccMOTpuTE HE3ABUCUMO CyYan ry < r U Ty > 1.

A.2 Bripasute g, = |g(ry)| vepe3 G, u, 7. 1.0pt

A3 MycTb g paBHO g(r) - 7. 3apucyiiTe KavyecTBeHHbIN rpaduk 3aBucMMocTn g(r) Ha  3.0pt
NINCTe OTBETOB (PaCcYéThl BbINOJIHATL HE HYXXHO).

9o

To
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A4

Bokpyr KocMmYecKoi CTpyHbI MOXHO 06pallaTbCsa no yctonumsom opbute. Ana  4.0pt
KPYroBbIX «BOKPYICTPYHHbIX» OP6UT paanycom R > r, C NepnogoM T BbINoaHe-
HO CniegytoLee COOTHOLLEHME:

R = Ar®

rae A vn a — HekoTopble Ko3$duLmeHTbl. Boipasnte A n a yepes G 1 u.

CnegytoLe Tpy BONPOCa OTHOCATCS K KTAaCCUYECKON HbFOTOHOBCKOM YacTuLe, ABUXKYLLIENCS CO CKOPO-
CTbO v HA PACCTOSIHUM 1 > 1, OT CTPYHbI. BaM MOXeT NOHaA06UTbCS:

/mdx (z)
“ —=Iln| =
.z Zg

0

A5

MokaxuTe, UTO rpaBUTALMOHHANA NOTEeHLMaNbHas SHEPrns YacTuLbl Maccolim  3.0pt
MOXET BbITb BblUMCNEHA MO dopmyne

U=Gmu In (%)

rae b — HekoTopoe GUKCMPOBaHHOE PaccTosiHME.

A.6

Kakoe makcmmanbHoe pacctosiHne R, OT CTPYHbl MOXeT AOCTUTHYTb Yactu-  4.0pt
ua?

A7

MoxeT i yacTuLa BblpBaThCa U3 rpaBmnTayuoHHoro nonaa? Hanvwmnte JA/HET  1.0pt
B INCTe A1 OTBETOB.
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YacTb B: KocmMnueckas ctpyHa Kak pOTOHHbI ras (17 6annos).

Tenepb paccMOTPUM KOCMUYECKYHO CTPYHY Kak GOTOHHBIM ra3 BHYTPU OYeHb A/IMHHOIO LUMANHAPA pa-
Anyca r, € aanabaTyecknMm CTeHKaMM, HaxoAsLLerocs B Tena10BOM paBHOBeCUM Npu Temnepatype 7.

B.1 Bblpa3nte 06BEMHYHO MNIOTHOCTb 3HEPrK CTPYHbI p Yepe3 T, h kg U c. 2.0pt
B.2 Paanyc r, cBsi3aH ¢ TemnepaTypoi 7' COOTHOLLEHNEM 4.0pt
h"1 ch2
g = 5
07 kpT

rae h — npvBeaéHHasi NoCTosiHHAs MnaHka, ¢ — CKOPOCTb CBeTa B Bakyyme, ky
— nocTosiHHas bonbumaHa, n, U n, — Uenble uncna. Onpegennte n, N n,.

B.3 KakoBa Macca CTpyHbl Ha egVHNLY ASINHBI J B TEpMUHAaXxX p 1 r0? 2.0pt
B.4 Bbipa3nM HepaBeHCTBO A1 YC/I0BUA C1aboro noss, onpesensieMoro Kak 5.0pt
2G
=«
Cc

Yepe3 T' 1 NIaHKOBCKYtO Temnepatypy 1.

2Gu
B.5 Buluncnnte 2 npw... 3.0pt
of =Tgw
oI'=Tgyr
B.6 BbinonHeHo v ycnosue cnaboro nons npu Ty, ? Hanuwmnte YES nnm NOT. 1.0pt

BbinonHeHo nn ycnosue cnaboro nona npu T ¢ Hannwmnte YES nam NOT.
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YacTtb C: paBUTaLMOHHOE JINH3MPOBaHUE OT KOCMUNYECKNX CTPYH (16 6annos.).

[0 cnx nop B YacTax A 1 B Mbl npeHe6perany BHyTpeHHUM gaBneHneM GOTOHHOTO rasa BHYTpU CTPYHBbI.
Ec/v Mbl BKIHOYMM 3TO B HaLL @aHaNM3, HaM HY>XHO ByzeT paccMoTpeTb OB6LLYH TeOPUIO OTHOCUTENbHO-
cTn.

Mocne pelleHVs ypaBHEHWI NONS DMHLLTEMHA MOXHO OB6HapPY>XMTb, UTO MPOCTPAHCTBO-BPEMS BOKPYT
KOCMUYECKOM CTPYHbI MeeT KOHNYecKyto GopMy, Kak eciv 6bl € MIOCKOro NCTa YAANNAN Y3KNIA KNNH
N COeANHUAN Kpas, KaK MOKa3aHOo HuXe.

http://www.ctc.cam.ac.uk/outreach/origins/cosmic_structures_five.php

3amMeuaTeNbHbIN pe3ynbTaT: CBET A0J/IKEH OTKIOHATLCA CprHOI\/’I, UTO AAET BO3MOXHOCTb 06Hapy)KI/lTb
CTPYHY no cobbITVAM rPaBNTaUNOHHOIO IMH3NPOBaHWA.

Yron oTk/IOHeHWs (B paAmaHax) nyya, nayuiero ot Aasékoro keasapa (1mtepa O Ha uepTexe Huxe), npo-
XOJALLEro OKOJIO CTPYHbI (n1Tepa S) 1 fJocTuraroLLero 3eMHoro Habnwaartens (nitepa E), ectb

_ AnGu
=—

00

OH He 3aBUCKT OT NapameTpa p.

Touku E n O pacnonaratoTcs B MI0CKOCTU, MePNeHANKYNSPHOM OCU CTPYHbI. PaccTosiHMe oT Habntojare-
N Jo CTPYHbI D g, OT HabAtOAATENSA A0 UCTOUHWMKA Dy .

CA1 HecmoTpsi Ha TO, UTO yron OTK/IOHEHMS Nyya He 3aBUCUT OT NapamMeTpa p, imwb  6.0pt
npv onpegeneHHbIX 3HaYeHKAX 3TOro NapamMeTpa 3eMHOI Habngatenb Mo-
XeT yBUAETb HeCKOJIbKO U306paxeHnin. HalianTe, Npy Kaknx 3Ha4eHUAX p 3eM-
HOW Habnaatenb BUANT 6onee oAHOro n3obpaxeHns obbvekTa 0. Boipasute
370 ycnoBue Yepes Dyg, Doy 1 TEMNEPATYPY CTPYHbI T'.




Theory

e Q15-0

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

C.2  Bblpa3uTte HabnAaemMoe yrinoBoe paccTosiHNe Mexay N306paxeHnaMu vepes  6.0pt
Dgg, Dog Vi 6¢.

C3 MNycte Dy = 2D pg. OueHnTe MUHUMAaNBLHYIO anepTypy onTnyeckoro tenecko-  4.0pt
na, KOTopbIi HEO6XOAMM ANSA paspeLleHns Napbl N306paxXeHni, CO34aHHbIX
CTPYHOW Mpwn TemnepaTtype cTpyHsbl GUT.
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Cosmic Strings (55 points).

Part A: Gravitational Field of a Cosmic String (22 points).

A.1 (6.0 pt)

r<Ty

£ §(r) =
r>nrg

* glr) =

A.2 (1.0 pt)

9o =

A.3 (3.0 pt)

@
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A.5 (3.0 pt)

A.6 (4.0 pt)

R =

max

A.7 (1.0 pt)

Yactb B. CTpyHa Kak ¢OTOHHbIN ras (17 6annos)

B.1 (2.0 pt)

B.2 (4.0 pt)

B.3 (2.0 pt)

B.4 (5.0 pt)

B.5 (3.0 pt)

B.6 (1.0 pt)

Yactb C. CTpyHa Kak rpaBUTaLMOHHas JInH3a (16 6anno.)

C.1 (6.0 pt)

C.2 (6.0 pt)

C.3 (4.0 pt)
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