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MNHCTPYKIIUA

1. Tect mnurcs 5 4acoB u oreHuBaeTcs B 3 pyOJis.

2. i 3ammceii pelneHuii ICNoab3yiTe JIMCTHI OTBETOB.
Ha xakmom jucre yKasKuTe:
® KOJI yIACTHUKA,
e HOMED 3aJa4H,
® HOMED JINCTA U IOJIHOE UX KOJTHIECTBO.

3. Kaxyto 3aja4y HadnHaiiTe C HOBOIO JIUCTA.
He mnumumre #Ha o0060poTHOII cTOpOHE JuCTa.
SaduEpKHyTOE HE MIPOBEPSETCSI.

4. Yusiensl xiopu He o4eHb yMHBIe. Vcnosb3yiiTe s3bIk
MaTeMaTHKU U KOpoTKre (hbpa3bl Ha PYHIVIHIIE.

5. Ilokumars pabouee mecTo 6e3 pasperneHns HEJb3sI.
Curnanuzupyiite o nmpobseMax MOJIHATHEM PYKU.

6. FpOMKI/Ie 3BYKOBBIE CHUT'HAJIbI IIPO3BYYaT B HavaJie
1 KOHIIE TeCTa, a TaKzKe 3a 15 MHHYT J0 €O OKOHYaHH.

7. Ilo okoHUaHUM TECTa npeKkpaTuTe 1nmucaTb. Paszmoxxure
6yMaFI/I B Ye€TbIpE€ CTOIIKMH: JIMCTBI, COOTBETCTBYIOIIIUEC
qacTaMm 1 — 3, a I[T0CJI€ HUX — IIPOBEPKE HE ITO/JIE2KAIIHEC.

8. OxwmjaiiTe, IoKa y Bac He 0TOepyT paboTy U HE BBITO-
HST U3 ayJUTOPUU. ['0TOBO, BBl BOCXUTUTETHHEI!

9. Tabsuiry KOHCTAHT CMOTPHUTE Ha CTPAHUIE 2.

The theoretical competition will be of 5 hours duration and has
a total of 300 points.

There are Answer Sheets for carrying out detailed work/rough
work. On each Answer Sheet, please fill in

e Student Code

e Question No

e Page no. and total number of pages.

Start each problem on a separate Answer Sheet.

Please write only on the printed side of the sheet. Do not
use the reverse side. If you have written something on any
sheet which you do not want to be marked, cross it out.

Please remember that the graders may not understand
your language. As far as possible, write your solutions
only using mathematical expressions and numbers.
If it is necessary to explain something 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, need more Answer Sheets,
etc.), please put up your hand to signal the proctor.

The beginning and end of the competition will be indicated
by a long sound signal. Additionally, there will be a short sound
signal fifteen minutes before the end of the competition (before
the final long sound signal).

At the end of the competition you must stop writing
immediately. Sort and put your sheets in separate stacks,
(a) Stack 1: answer sheets of part 1
(b) Stack 2: answer sheets of part 2
(¢) Stack 3: answer sheets of part 3
(d) Stack 4: question papers and paper sheets that you do not
want to be graded.

Wait at your table until your envelope is collected. Once all
envelopes are collected, your student guide will escort you out
of the competition room.

A list of constants for this competition is given on the next page.

MEHIO HA CET'OJIHS

Ne zamaan CTomMOCTB, KOII.

10
25
75

1-5
6-9
10-11
Bcero

300

From Russia with love
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Macca

Pamuyc

YckopeHne ¢BOOOIHOTO T1aIeHMST
Haxonenne skaunTuku
Tpommaecknii rox
Cuneprudaeckuii ro

Annbeno

Macca

Pajmyc

Cpennee paccrosinue 3emtsi—JIyna
HakJjionenne opOUTHI K SKJIUIITHKE
Annbeo

Bunaumast 38é31Has1 BeJTUINHA

B CpejiHee MOJTHOJIYyHUe

Macca

Pammyc

CeeTnMOCTD

Ab6comoTHasT 3BE3HAS BEJIUUNHA

Temmeparypa moBepXHOCTU

Buaumbrii yriiopoit quamMerp Ha 3emJie

OpburasibHast CKOPOCTH B 'ajakTuke

Paccrostane ot menTpa amakTukn

AcTrpoHoMuYecKasl eIuHUIIA,
Tlapcek

I'paBuranmonuast MOCTOSTHHAS
Ilocrosanas Ilnanka

Ilocroganas BosbmMmana
[Tocrosinnast Credpana—Bosbiimana
Ilocrositnmas Xab0J1a,

CropocTh cBeTa B BaKyyMe
MarauTtHast mocTostHHAS

Aucknit

TABJIMIIA KOHCTAHT

Mass

Radius

Acceleration of gravity
Obliquity of Ecliptic
Length of Tropic Year
Length of Sidereal Day
Albedo

Mass

Radius

Mean Earth—Moon distance
Orbital inclination with the Ecliptic
Albedo

Apparent magnitude (mean full moon)

Mass

Radius

Luminosity

Absolute Magnitude
Surface Temperature
Angular diameter at Earth
Orbital velocity in Galaxy

Distance from Galactic center

Gravitational constant

Planck constant

Boltzmann constant

Stefan — Boltzmann constant
Hubble constant

Speed of light in vacuum

Magnetic Permeability of free space

Jansky

1 au
1 pc
G
h
kg
o
Hy
c

Ko
1Jy

5.98 x 10%* kg
6.38 x 10 m
9.81 ms !
23°27

365.2422 mean solar days
365.2564 mean solar days

0.39

7.35 x 10%2 kg
1.74 x 108 m
3.84 x 108 m
5.14°

0.14

—12.74

1.99 x 10%° kg
6.96 x 108 m
3.83 x 1026 W
4.80

5772 K

30/

220 kms™!
8.5 kpc

1.50 x 10! m
206265 au

3eMJa

JIyna

CouHIiie

6.67 x 10~ Nm? kg2

6.62 x 1073% Js

1.38 x 1072 JK!
567 x 1078 Wm 2K
67.8 kms~! Mpc~!

209792458 ms~!
47 x 107" Hm™!

10726 Wm—2Hz !

Bakon Pejes—/I>xuHca ompenesieT MOIHOCTh, HU3IyYaeMyl C €IMHUINBI [TOBEPXHOCTH B €IUHUYHBIA TeJIECHBIA yroJ
(cTepajinaH) B €JMHAYHOM JIHAIIA30HE YACTOT, KaK

2ksT

2
v,
c2

B, =
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YHACTh 1
Sadawu no 10 xoneex

T1.

Jlast KaxKIoro yTBepKAeHus: yKaxkure, npapia (True) 510
nnu Joxb (False).

« CBerCBeTOBbIe » TaJIaKTHUKHA

a) st HEeKOTOpPBIX TaJlaKTUK HAOJI0/aeMasi CKOPOCTh
yOeranusi MOXKeT MPEBLIIATH CKOPOCTDH CBETA.

b) Bakon Xabbma He JOIycKaeT CKOPOCTH yOeraHwus,
MPEBBIMIAIONIEH CKOPOCTH CBETA.

¢) 3akon Xab6/ia He TPOTHBOPEUUT CIIEIUAIBHON Teopuu
OTHOCUTETHHOCTH.

d) TasakTuku €O CKOPOCTHIO yOeranusi BBIIIE CBETOBOI
He HaOJIONAIOTCs, TTOCKOJIBKY (DOTOHBI OT TUX Tajak-
TUK HAC HE JIOCTUTAIOT.

e) Ilockonbky Beenennas pacimmpsiercst yckoperno, (poTo-
HbI, UCIIYIIIEHHbIE ceivac B raJIaKTUKAaX, YJIAJSIONIUXCS
CO CBETOBOW CKOPOCTBHIO, HUKOT/IA He JOCTUTHYT 3EMJIH.

T2.

Habsrogarens w3Mepua mHapaJiiaKChl 3BE3J CKOILIEHHUSI.
Ommbky wm3MepeHuit CayJaiiHbl W MOSIUHSIIOTCA HOP-
MaJIbHOMY PacIpeIesIeHUI0 CO CTaHIAPTHBIM OTKJIOHEHU-
em 0.05 mas (MIUIZTHCEKYHT JIyTH), CHCTEMATHIECKHIX OIIIH-
6ok HeT. Paccrosiaue 10 ckorierust coctapisier R = 5 kpc;
€ro 3BE3IbI UMEIOT OJJMHAKOBYIO CBETUMOCTD.

Paccrogauue

Pesynbrarer mHaburoienuit monasm kK crygearam A, B, Cu D,
KOTOPBIE TO-PA3HOMY OIEHWIN PACCTOSTHUE J0 CKOTLICHUS:

e A BBIUMCINI PACCTOSHHUS II0 IapajijIakcaM, a IIOTOM
YCPEIHUT PE3YJIbTATh — FA;
e B mocuuTasn cpennuit mapaJssiakc, a MOTOM IEPEBET ero

B paccTosgHue — Rp;

o C BBIYUCJIMII PACCTOSIHUS TI0 MMapaJLIaKCaM, a B KAUeCTBe
pe3yJbraTa B3 Mejgunany — Rc;

e D B3s11 MeMaHHBIN TAPAIAKC, 8 TIOTOM IIEPECIUTAJ €T
B paccroguue — Rp.

Vkaxkure, npaBausbl (True) wim et (False) ciemyromiue
yTBepxKieHnsi. Eciam Her, HanuminTe, KaK MPaBUJIbHO.

1) Ecau napajsuiakc i-Toif 3Be3/(bl HAUMEHBIIHI, & j-TOi —
HanOOJIBINHMIA, 110 Beeil BepoaTHOCTH Ry — R > R — R;.

m) Rp ~ R, T.e. oneHka Rp He cMeleHa
(cTpemMuTCst K MICTUHHOMY 3HavYeHuIo R).

n) Rp ~ R, T.e. oneaka Rp He cMmerreHa
(cTpeMuTCsl K HCTUHHOMY 3HauYeHuio R).

0) Rc < R, r.e. onieika Rc cucreMaTnyeckn 3aHUKEHA.

p) Rp ~ R, r.e. onenka Rp He cMerieHa
(cTpeMuTCS K MCTHHHOMY 3HadeHHIO ).

Read the statements given below and state if they are true
or false:

(a) For some galaxies the apparent recession speed exceeds
the speed of light.

(b) The velocity —distance relation as given by Hubble cannot
allow recession velocities to exceed the speed of light.

(¢) Hubble-Lemaitre’s law (formerly known as Hubble’s Law)
does not violate special relativity.

(d) If some galaxies would have an apparent recession speed
exceeding the speed of light, then the photons from those
galaxies can never reach us.

(e) As the expansion of Universe is accelerating, photons emitted
right now from galaxies which have apparent recession speed
equal to the speed of light will never reach us.

An observer measured trigonometric parallaxes of stars in a star
cluster. Due to random errors, the measured parallax values
are distributed symmetrically around the expected value with
standard deviation equal to 0.05 mas (milliarcsec). Assume
there are no systematic errors and assume all stars in the said
cluster have the same luminosity. It is known that the distance
of this cluster from us is R = 5 kpc.

He gave the data table to 4 of his students (A, B, C and D)
and they estimated the distance to the cluster in the following
ways:

A. Convert each parallax measurement into distance and then
find the average distance. (Ry)

B. Take the average of all parallaxes first and then convert
the average parallax into distance. (Rp)

C. Convert each parallax measurement into distance and then
take the median distance value. (R¢)

D. Find the median value of the parallaxes and then convert
the median value into distance. (Rp)

State if the following statements are true or false.
In case a given mathematical relation is false, give
the correct relation.

(1) If the ith star gave the smallest value of parallax and the j
star gave the highest value of parallax, in all likelihood
R,—R>R-— Rj

(m) Ry = R (i.e. there is a high chance that the distance
estimated by A fairly matches the true distance)

(n) Rg = R (i.e. there is a high chance that the distance
estimated by B fairly matches the true distance)

(0) Re < R (i-e. there is a high chance that the distance
estimated by C will be systematically lower than the true
distance)

(p) Rp = R (i-e. there is a high chance that the distance
estimated by D fairly matches the true distance)
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T3. Armocdepnas pedpaknus

Cournie Bocxonut B Ilekune (¢ = 40°) B JeHb BeceHHEro
PABHOJICHCTBUSI.

a) Ilycrs 1, 74, 7 W T, — pPACCTOSIHUS OT IIEHTPA
HercKaxkeHHoro aucka CoJIHIA 10 BHAMMBIX KPaéB IHUCKA
BJIEBO, BHM3, BIPaBO U BBEPX COOTBETCTBEHHO. JallUIINTE
TPOItHOE HEPABEHCTBO (MCIOJIb3Ysl 3HAKU <, =, >) ME¥KJLy
STUMU YeTHIPbMsI PaJIiycaMu cpasy mocJie Bocxoaa CostHIA.

b) Haiijure monpasky KO BpeMeHH BOCXOJia BEPXHErO Kpast
mucka Cosana npu yuére pedppakinuu B 35, YunToiaiite
TOJIBKO cyTo4HOe jpuzkeHne CoJiHIa.

T4. Bumume TaM Ha XoJIMe

ITapenr u feByIIKa peNmIMIM M3MEPUTH BBICOTY XOJIMA
psgoM ¢ ux JgepeBmeil (mmpora ¢ = 40°). [eBymika
3aje371a Ha BEPIIUHY XOJMa ¥ YCJIOBUJIACH OTIPABUTD
CBETOBOII CHTHAJI IPYTY, KaK TOJBKO YBUIUT 3ax0/] COJHIIA.
21 Mmapra, KOIja OHH IIPOBOJAMJIM 3KCIIEPUMEHT, IIapEHb
MoJIyduJi curaaj depe3d 4.1 min 1mocjie Toro, Kak Jijisi HETO
CoJtanie ynuio noj; ropu3oHT. Ompenesinrte BBICOTY XOJIMA
U JAaJbHOCTh TOPHM30OHTa JJjist JeBymiku. Pedpakimeit
peHedpevn.

T5. 3sésanoe Bpems

WaTepecHo oTMeTUTDb, UTO B OJIWH U3 JHEH KaxKJI0ro rojia
cpenaee 3BE371HOE BpeMs aBaxkibl pasHo 00:00:00.

a) Kaknm npmvepno Oyjer mpsimoe Bocxoxienne CosHIa
B 3TOT JICHL?!

b) Oupezenure TOUHYIO ATy, KOT/Ia TAKOE OBLIO BO3MOXKHO
B 2018 rony B Koposiesckoit ['punsutckoii obcepBaTopuu.

Cuuraiite, uro cpejnnee 3Bé3auoe Bpemsi (GMSTO0) ram
pasusiock 6.706" ma 0" 1 ssaps 2018 roya (JD2458119.5).

Consider sunrise at Beijing (¢ = 40°) on the vernal equinox day.

(a) Let us say ry, rq, 7 and r, are distances from the centre
of the undistorted disk of the Sun to the edge of the disk towards
the directions left, down, right and up respectively. What will be
the hierarchical relation (<, =, >) between the four radii just
after the sunrise?

(b) What is the correction in the time of rise of the top
edge of the disk as compared to the case without atmosphere?
You may assume that typically atmospheric refraction near
the horizon is 35’. Please only consider the apparent diurnal
motion.

Two friends wanted to measure the height of the hill next to their
village (latitude ¢ = 40°). One of the friends climbed to the top
of the hill and she agreed to send a light signal to her friend
in the village as soon as she sees the sunset. On March 21, when
they did this experiment, the friend in village received the light
signal 4.1 minutes after the sunset from the village. Estimate
the height of the hill and horizon distance for the person
at the hill top. Ignore atmospheric refraction.

It is very interesting to observe that on one particular calendar
day each year, the mean sidereal time will twice be 00:00:00.

(a) What will be the approximate R.A. of the Sun when this
event happens?

(b) Estimate the exact date in 2018 for this event.

You may assume that at the Royal Greenwich Observatory,
the mean sidereal time (GMSTO0) was 6.706" at 0", 15* January,
2018 (JD2458119.5).
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YACTBH 2
Sadawu no 25 xoneex

T6. Hab6moxait Cosnne ¢ FAST

B kwraiickoit uposuaiuu [yituxkoy pacnosioxken 500-
MeTpoBbiil pajgmoresieckon FAST. Ilpu nabuojeHusx ero
s dexTuBHbI guamerp cocrasisger 300 m.

Bynem wnabsromats TerioBoe pajmonsiydenne CosiHIA
Ha dacrore 3.0 GHz npu mupure nosocer 0.3 GHz.

a) Paccunraiite nonnyio snepruto Eg, KOTOPYIO IPUEMHUK
cobupaer 3a 1 1ac HaAOJIOICHMIA.

b) Onennre suepruto E', HEOOXOAUMYIO I IEPEBOPATH-
BaHMs Balllero JMcTa oTBeToB. IloBepxHOCTHAS IIOTHOCTD

oducnoit 6ymarn cocrasiser 80 gm 2.

c¢) Kakoii uz pesynbraros Goibrie?

T7. W ma ConHne 6BIBAIOT OATHA

MarsuTHble HOJIA BaXKHbI JJIsl CyIECTBOBAHMS COJIHEUHBIX
usiteH. JIjist mpocToThl MOXKHO cunTaTh horocdepy ColtHia
COCTOSIIIEN U3 IJIa3Mbl — OJHOATOMHOI'O HJICaIbHOIO ra3a —
U MarHuTHOrO 110Jisg B, co3aionero MariuTHOE JIaBJICHIE

bB

B nanvoit 3amade cumraiiTe, UTO KOHIEHTPAIUS YACTHIIL
B poTocdepe BCIOLy OMHAKOBA, & MATHUTHOE II0JIe BHY TPU
natHa Bj, = 0.1 T cuibHO 6GOJbINE MATHUTHOIO ITOJIST
B ocTasIbHON (oTocdepe Boyy = 5 x 1073 T. Dddexrupnas
TeMIlepaTypa BHYTpU NsaATHa cocrasiaser Ti, =~ 4000 K,
a cHapyxun — Toy ~ 6000 K (umenHo mosromy
[ATHA BBINVISAAT TEMHBIME). [ crabuabHOCTH TsATHA
€ro BHYTPEHHOCTb JOJI2KHA HAXOIUTHCSI B MEXaHHIECKOM
paBHOBECHH CO BHeIHeH (hoTocdepoii.

a) Paccunraiite KOHIEHTPAIMIO YACTHUIL B IJIa3Me COJTHEY-
Ol (poTocdepsbi.

b) Cpaaute €€ ¢ KOHIEHTpAIMEl YACTHUIL BO3/yXa B TMO-
cdepe 3emin y €8 TTOBEPXHOCTH.

The Five-hundred-meter Aperture Spherical radio Telescope
(FAST) is a single-dish radio telescope located in Guizhou
Province, China. The physical diameter of the dish is 500 m,
but during observations, the effective diameter of the collecting
area is 300 m.

Consider observations of the thermal radio emission
from the photosphere of the Sun at 3.0 GHz with this
telescope and a receiver with bandwidth 0.3 GHz.

(a) Calculate the total energy (Eg) that the receiver will collect
during 1 hour of observation.

(b) Estimate the energy needed to turn over one page of your
answer sheet (E').
Hint: the typical surface density of paper is 80 gm™2.

(c) Which one is larger?

Magnetic fields are important in the physics of stars
and sunspots. As an approximation, we can model
the photosphere of the Sun consisting of a plasma, which
can be simply treated as a single component ideal gas, and
a magnetic field (B), which has an associated magnetic pressure

B2
= %.

It behaves like any other physical pressure except that it is
carried by the magnetic field rather than by the kinetic energy
of particles.

Assume that the number density of particles in the photosphere
is constant everywhere, but the magnetic field inside the sunspot
(Bin = 0.1 T) is much stronger than outside (Boy = 5Xx
%1072 T). From the blackbody spectrum, the temperature inside
the sunspot is T3, ~ 4000 K, while the temperature outside
is Tout ~ 6000 K (which is why the sunspot looks darker).
For the sunspot to be stable, the inside must be in equilibrium
with the outside.

(a) Estimate the number density of plasma particles in the solar
photosphere.

(b) Compare your answer with an estimate of the number density
of particles in the atmosphere at the surface of the Earth.
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T8. TamakTuka c noHU>KeHHOIi TEMHOII MaTepueii

Hemasuo rpynma acTpoHOMOB co00mMIa 00 OTKPBLITUU Ta-
JIAKTUKY, TJEe JOJsI TEMHOW MaTepuy TOpa3jo MeHBIIe
obpranoro (van Dokkum et al. 2018). Dra ramakruka
NGC 1052-DF2 pacnosioxkena Ha HeOe BOJIA3U SJUIMIITH-
geckoit ramakruku NGC 1052 (paccrosiame D = 20 Mpc
or CouHia); eé dhopMa HAIOMUHAET SJUIAIC C OOJIBIMON
nosyocbio a = 22.6” m oTHOmeHueM moJyoceit % = 0.85.

[TosoBuHa cBeTa HCIIyCKaeTCs B Ipeesiax TOTO SJLINICA,
a CpeJIHsisl TIOBEPXHOCTHAsI IPKOCTh BHyTpu Hero 24.7™ /1",

a) Omnpejesure IOJHYIO BUJAUMYIO 3BE3IHYI0 BEJTHMUUHY
3TOI raJlakKTUKU.

b) Oupenenure momayio maccy 38é3nq NGC 1052-DF2,
mojarasi, 49ro oOHa sBjsercsd cayTHukom NGC 1052,
a OTHOIIIEHWE «MaCCa —CBETUMOCThH» PaBHO

M/Mg
L/Lg

c) Uccnenosaresn obuapyxuiau 10 mapoBbIX 3BE3JHBIX
ckortenuit B NGC 1052-DF2 co cpeiHUM raJlak TOIeHTPH-
yeckuM paccrogauem 78.4”. JTucnepcust ckopocreil 9THX
ckorieHuii He npesbiaer 8.4 km/s. Onenure jpuHamMuve-
CKYIO Maccy 3Toil rajakTwku. J[js mpocToThl cuyuTaiiTe,
YTO Macca B TaJaKTHUKE pacipeiescHa paBHOMEPHO u cde-
PUYECKT CUMMETPHUTIHO.

d) pyras uccaenosarennckas rpymma (Kroupa et al. &
Truijlo et al. 2018), Bozpasmia, aro NGC 1052-DF2 moxer
pacnosiararbess ropasgo ommxke NGC 1052. Ilokaxkure,
9TO yMEHBINEHNE PACCTOSHUS CMsATYaeT JAeUIUT TEMHON
MaTeEPUN B PACCMATPUBAEMOIN TaJIAKTUKE.

Earlier this year, a team of astronomers reported their discovery
of a galaxy with much less dark matter than the galaxy evolution
model predicted (van Dokkum et al. 2018, Nature). This galaxy,
named NGC 1052-DF2, is located close to the elliptical galaxy
NGC 1052 (D = 20 Mpc from the Sun) in the sky. The shape
of NGC 1052-DF2 resembles an ellipse with semi major axis (a)
of 22.6” and g = 0.85. Half of the total light from the galaxy
comes from within this ellipse and the mean surface brightness

within the ellipse is about 24.7 mag arcsec™2.

(a) Calculate the total apparent magnitude of this galaxy.

(b) The team suggested the galaxy is a companion of NGC 1052.
Determine the total mass of stars in NGC 1052-DF2, assuming
it has a mass to light ratio

=2.0.

(¢) The team identified 10 globular clusters in NGC 1052-
DF2 with a mean galactocentric distance of 78.4”. They also
measured the velocity dispersion of these clusters to be not more
than 8.4 km/s. Estimate the dynamical mass of this galaxy.
For simplicity, assume the mass distribution in the galaxies
is uniform and is spherically symmetric.

(d) This discovery was challenged by other groups (Kroupa et al.,
Nature, 2018, Truijlo et al., MNRAS, 2018), who claimed that
NGC 1052-DF2 is not a satellite of NGC 1052, and it is located
at a much smaller distance to us. Show why a smaller distance
would weaken the assertion of the dark matter deficiency
in NGC 1052-DF2.
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T9. PaauorasakTuka

Habaromaresar xowyer wucmosb3oBarh kKuraiickuii  500-
MeTpoOBBIl  pagmoresneckon FAST g HabsomeHns
paamorajakTuku ¢ KpacHbiM cmerrernueM z = 0.06. Ilycrs
PaANOUCTOYHUK JIOCTATOYHO MaJI II0 CPaBHEHHWIO C IJIaB-
HBIM JIy9OM JIMarpaMMbl HAIPABAEHHOCTH Ha PabOInX
9acTOTaX, 9TOObI CUYNTATh €ro TodedHbIM. [y permcrpa-
muu  (OpU OJMHOYHOM HAOJIIOJEHUN) WMCTOYHUK JIOJIKEH
OBITH JOCTATOYHO CHJIBHBIM II0 CPaBHEHHUIO C IIyMOM O,
3aBHUCSIIAM OT IMUPUHBI ITOJIOCHI AV M 9KCIO3UIUN T;:

An observer wants to use the Five-hundred-meter Aperture
Spherical radio Telescope (FAST) in China to observe a radio
galaxy at redshift of z = 0.06. We assume that the radio
source is compact compared to the beam size of the telescope
at the observing frequencies, i. e., the source is point-like as seen
through the telescope. To detect a point source with FAST,
it must be sufficiently strong (bright) relative to the noise
level (for single polarization observations), o, which depends
on the bandwidth, Av, and the integration time (the radio
astronomy equivalent of exposure time), ¢;, as follows:

2]fBT‘sys

O ALY

rae Tays cucremHasi temneparypa (okoso 150 K
B gmamazone 0.28 = 0.56 GHz u 25 K B amamasone
gacror 1.05 + 1.45 GHz), A, = 4.6 x 10* m? — nonmas
sddeKTuBHAS ILIOIIAIhL TEIECKOIIA.

Habaomaemast I0THOCTD TOTOKA W3JIYIEeHUS STON pPaIno-
rajakTukn Ha dacrore 0.4 GHz pasna f, = 2.5 x 1073 Jy.
Ientp nosocer Ha 0.4 GHz, eé mmpuna Av = 2.8 x 10 Hz.

a) Beramciaure sKcnosunuio t;, HEOOXOIUMYIO JIJIsi Peru-
crparuu usJjiydeHus B kKounTuHyyme Ha dacrore 0.4 GHz
[IPA COOTHOIIEHUN «CHUTHAJI—IIIyM», paBHOoM 30.

b) Bbranciure HAGIIOMAEMYIO YACTOTY Vohs JHHUU JITHUIO
21 cm metiTpanbuoro Bogoposaa H 1 amst manHO# rajakTukmy,
ecsu eé jpaboparopuas dacrora 1.4204 GHz.

¢) Uamnydenne B paJMOKOHTUHYYME JJIsl JAHHO TaJaKTUKN
OIIMCBHIBAETCSI CTEIIEHHBIM 3aKOHOM f,, o v, e moKa3aresb
crenenn @ = —0.2. Onenure IIOTHOCTEL IIOTOKA B KOHTH-
HYyMe Ha 9aCTOTE Vohg JJIA 9TOM TajlaKTUKH.

d) Hlupuna suenun HI 21 cm  coorBercTByeT CKOPO-
cru 90 km/s. Beranciure mupuny sunun B Hz ais wa-
OJTF0TaeMOM IaCTOTHI Vghs.

B sroii simaum B cpeaseM mnorsomaerca 4% wussydeHust
B KoHTHHYYME — cM. Fig. 1. Berauciaure sxcriozuruio, He006-
XOJIUMYIO JIJIst €€ ODHAPYKEeHUSI ¢ 1y BCTBUTEIbHOCTBIO > 30
B TPEX TOJPsiJ WyInX KaHasax mupunaoi 30 km/s.

where Ty is the system temperature (about 150 K
in the frequency range of 0.28 GHz — 0.56 GHz and 25 K
in the frequency range of 1.05 GHz - 145 GHz),
and A, = 4.6 x 10* m? is the effective area of the telescope
taking into account the total efficiency of the instrument.

This radio galaxy has an observed continuum flux density
of f, = 2.5 x 1072 Jy at an observing frequency of 0.4 GHz.
The bandwidth Av for the continuum observation centered
at 0.4 GHz is 2.8 x 10® Hz.

(a) In order to detect the continuum flux density at 0.4 GHz
with a signal-to-noise ratio of 30 (a so-called 300 detection),
what is the required integration time, ¢;?

(b) We want to search for the neutral Hydrogen (HI)
in the galaxy using 21 cm absorption line. The HI 21 cm line,
with rest frame frequency of 1.4204 GHz. Calculate the observed
frequency (vobs) of the HI line for this galaxy.

(¢) The radio continuum emission from this galaxy can be
described by a power law f, ~ v® with a spectral index
of a = —0.2. Calculate the continuum flux density at v,ps for this
galaxy.

(d) The line width of the HI 21 c¢cm absorption line is 90 km/s.
Calculate the line width in Hz at the observing frequency
of vops. According to Figure 1, the HI 21 cm line absorbs 4%
of the continuum flux density (on average) over the line width
of 90 kms~!. In order to detect the absorption line at > 3o
in three consecutive 30 kms™! channels, what is the required
integration time?

||||[v||l||l|||||||||v||]l|7||v||v
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Fig. 1. Jlunug nornomenus HI 21 cm
10 OTHOIIIEHUIO K M3JIYYEHUIO PAIUOTAJIAKTUKYA B KOHTHHYYME
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YACTB 3
3adawu no 75 xoneex
T10. Bera u Auabraup

B kwuraiickom doabkiaope Bera n Anbraup — 310 mapa
BJIIOOJIEHHBIX. ['OBOPSIT, OHU BCTPEUIAIOTCS Pa3 B OJT HA MO-
CTy W3 ITHUIl, IePEeKNHYTOM depe3 Mieunsiit myTh. [lapa-
METPHI 3TUX JABYX 3BE3/1 yKa3aHbl B Tabuie. Cunraiire, 9T0
KOOpPJIMHATHAsI CeTKa 3a(DUKCUPOBaHA: IpeIeccueil u JIBuU-
kenueM CoJTHIIA HEOOXOIUMO ITpeHEOPEeUb.

As per a very famous Chinese folklore about love, Vega
and Altair are two lovers. It is said that they can meet each
other once every year on a bridge made up of birds over
the Milky Way. The parameters of two stars are given in the
table below. For the purpose of this question, assume that
the coordinate frame is fixed (i.e. not affected by precession
or motion of the Sun).

3Besma  Ilpsimoe Bocxoxkiaenne — Ckuionenne — IlapaJsurakc CobcTBeHHOE JIBUYKEHIE PagnanpHast ckopocTb
Ha J2000.0 ua J2000.0 (mas) fo, COS O s (km/s)
(mas/year)  (mas/year)
Bera 18" 36™ 56.49° +38°4707.7" 130.23 +200.94 +286.23 —13.9
Asbraup 19" 50™ 47.70° +08°52/13.3" 194.95 +536.23 +385.29 —26.1

a) YeMmy paBHO yIJIOBOE DPACCTOSIHUE MEXKJly 3BE3jamu’
(9 xoneex)

b) Bbrumciure paccrosinme B Hapcekax Mexkjy Beroii
u Asbraupom? (6 xoneex)

¢) Ompejiesnre NO3UIUOHHBIE YTIIIbI BEKTOPOB COOCTBEHHBIX
JIBUZKEHU 9TUX JIBYX 3BE31. (3 Konelku)

Jlajiee cumrTaiiTe yrjIOBbIE CKOPOCTU 3BE3J IMTOCTOTHHBIMU.
Ecnu y Bac npobaembl ¢ ¢pusukoil, urnopupyiite eé€!

d) Ckonbko Ha HebecHOl cdepe TOYEK MepecedeHust
TpaekTopuii 38é317 (2 xKonetixu)
e) Haiinure KoopuHaThl GJIMKAIIE 13 STUX TOYEK.

[Tojckaska: PUCYHOK HOMOXKET HOHSTb, YTO MPOUCKOJUT.
(20 xoneex)

f) B xakom rojy Kaxkjast u3 3BE37] ObLIa WK OyIeT B 9TOM
Touke? (8 xoneex)

g) Haiigure yriosoe paccrosiHue MexKly 3BE3JAMU, KOTJA
Aspranp 6611 nm O6y/er B 9T0M TOUKe. (5 Koneex)

h) Hailigure KOOpAMHATHI TOYKU B 3-MEPHOM IIPOCTPAH-
CTBE, Yepe3 KOTOPYIO IPOJIETAJIN WK IPOJIETAT 00€ 3BE3/IbI,
ecM Takas TOYKa cyliecTByeT. He 3abyabTe IIpo pajuasib-
Hble CKOPOCTH 3BE3J] B 9TOM IIyHKTe. (22 konetixu)

Based on this data, answer the following questions:

(a) (9 points) What is the angular separation of the two stars?

(b) (6 points) Calculate the distance (in parsecs) between Vega
and Altair.

(¢) (3 points) Calculate position angles of the proper motion
vectors of each of these two stars.

For parts d—g, assume that the angular velocity of the stars
on the celestial sphere remains constant. This is not a physical
situation but this is an assumption to simplify the problem.

(d) (2 points) How many common points on the celestial sphere
are there which can be reached by both these stars?

(e) (20 points) Find the coordinates of the closest such point.
(Note: Drawing the situation on a celestial sphere will help you
in visualising the situation)

(f) (8 points) Find when (which year) each of these stars were /
will be at that point.

(g) (5 points) When Altair was / will be at that point, what
would be its angular separation from Vega?

(h) (22 points) Find coordinates of any point (if it exists) in 3-D
space which was / will be visited by both these stars. Do not
ignore radial velocities for this part of the question.
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T11.

Ucnonszyss OTO, poccuiickuit ¢pusuk Ajexcannp Ppui-
MaH BBbIBeJI ypaBHEHHME SHEPIUU OJHOPOIHON H30TPOITHOM
Bceenennoit. Ypasuenne Opuamana 0OBIYHO 3aIINCHIBACTCS

TennoBas ucropus BcesenHoii

Based on Einstein’s general relativity, Russian physicist
Alexander Friedmann derived the Friedmann Equation by which
the dynamics of a homogeneous and isotropic universe can be
well described. The Friedmann Equation is usually written

TaK:
as follows:
a 2_87TG( n )+A62 kc?
a) ~ g PmTOr 3 a?’
[Tapamerp Xab0sa omnpenessiercs Kak H = %, rjie a — We define the Hubble parameter as H = %, where « is the scale

MacIITabHBIN PAKTOP, G — ero MPOU3BOIHAS IO BPEMEHN;
OTMETHM, 4TO B KOHeYHOM cuére H = H(t).

B ypasuenun ®@punmana

Pm — IJIOTHOCTH [6apuoHHON u TéMHOIT| Marepun,

pr — ILUIOTHOCTH U3JIyY€HMUs,

A — KocmosIoruveckas MOCTOsTHHASI,

k — KpuBH3HA IPOCTPAHCTBA.

Hwxuuit ungexkc 0 COOTBETCTBYET TEKYIIIEMY MOMEHTY
BpeMenu, Hanpumep, Hy — 3TO COBpeMeHHOe 3HadeHue
napamerpa Xab6sa (mocrosinnast Xab6sa).

Yro6bI HE MyTaTh TOCTOSTHHYIO 11aHKa ¢ peayIupOBAHHOMN
nocrogHHON Xabbsa, OyjeM HCHOJIB30BaTh ITOCTOSTHHYIO
Hupaka h = h/(2m).

a) Kakyio pasmeprocTh wumeer mocrosiHHasi Xab6sa?
Ucnonb3ys mapamerp Xabbja, MOXKHO OIPEICTUTH Xa-
pPaKkTepHBIfl MacmTad BpeMeHM pacuimpenus Bcememmoit
(xabbs10BCKOE BpeMst tyr). Boraucmre coBpeMeHHOE 3Have-
Hre XabOJI0BCKOTO BpeMeHH tr,. (5 koneex)

b) Kpuruueckasi mwiorHocTs BeesieHHoli p. onpejensercs
KaK OOBIYHO, Jjist 1I0cKoii Bceesennoii. Ilomyunre BBIpa-
JKeHUe JJisi P, Beipa3uB e€ uepes H u G, u paccunraiite
COBpEMEHHOe 3HAueHUe pg,. (J Koneex)

— px

Pc
JJ1d KOMIIOHEHTBI )(7 YpaBHeHnue @pI/I,HMaHa MOZKHO IIepe-

IIncaTb B BUJE

c¢) Ucnonbsysi 6espasmepuble mapamerpbl Bujga Qx

factor and a is the rate of change of scale factor with time. Thus,
the Hubble parameter is a function of cosmic time.

In the Friedmann Equation, p, is the density of matter,
including dark matter and baryons, p, is the density of radiation,
A is the cosmological constant, and k is the curvature of space.
Subscript 0 indicates the value of a physical quantity at present
day, e.g. Hy is the present value Hubble parameter.

Also, to avoid confusion with the reduced Hubble parameter,
we use the reduced Planck constant 7 h/(27) instead
of the Planck constant h.

(a) (5 points) What are the dimensions of Hubble parameter?
One can define a characteristic timescale for the expansion
of the Universe (i.e. Hubble time ty) using the Hubble
parameter. Calculate the present-day Hubble time ¢z, .

(b) (5 points) Let us define the critical density p. as the matter
density required to explain the expansion of a flat universe
without any radiation or dark energy. Find an expression
of the critical density, in terms H and G. Calculate the present
critical density pe,.

(c) (6 points) It is convenient to define all density parameters
in a dimensionless manner like ; = £¢ i.e. theratio of density
to critical density. The Friedmann Eccluation can be rewritten
using these dimensionless density parameters simply as,

Qy +Q + O + O = 1.

Beipasure Q) u Q uepes H, ¢, A, k u a. (6 xoneex)

d) lyist HEpesITUBUCTCKOTO BellecTBa (MaTepun), yiIbTpa-
PEJIITUBUCTKOIO BENeCTBa (U3JIydeHusi) 1 TEMHOI SHEPrun
TaK>K€ BBIIIOJIHEHO ypaBHeHHe HEPpa3pbIBHOCTU

a
p+3% (p+

e p 0 €€ IJIOTHOCTD.
[TousiTre <«yJIBTPAPENIITUBUCTCKOE BEIECTBO» BKJIIOYAET
B cebst GoTOHBI M 6e3MacCOoBble HEHTPUHO; UX ypaBHEHHE
COCTOAHUS Py = % p,«CQ. Tloxaxkure, YTO IJIOTHOCTH SHEPTUH
YILTPaAPETSITUBIUCTKOTO BEITIECTBA

JaBJIEHNE KOMIIOHCHTDI,

Use this information to find expression for Q) and ,
in terms H, ¢, A, k and a.

(d) (7 points) Another equation which is valid for matter,
radiation and dark energy is often called the Fluid Equation:

5)
PY_p
c2 ’

where p is the pressure of some component, p is the density
and p is the rate of change of density over time. Radiation
contains photons and massless neutrinos, and they both travel
at the speed of light. The pressure exerted by these particles
is 1/3 of their energy density. Show that the density of radiation

pr ox (14 z)4,

rae 2 — KOCMOJIOTHYECKOE KpaCHO€ CMEIICHHE. Ba.MeTI/IM
p_ . a n
HaIlOCJ/IEJJOK, 9TO U3 ; = na cieayer p x a. (7 7{:0”66%‘)

where z is cosmological redshift. You may note that if % = n%
then p x a™.
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e) 3HavYeHNe KOCMOJIOIMYECKOl MOCTOsIHHON A He 3aBucHT
OT BpEeMEHH. Y DaBHEHHE COCTOAHUSA TEMHOU SHEPIUU UMeeT
BUJ pp = wppc?, Tie w — 1enoe. OupeiesmTe 3HAYCHEE W.
(4 xonetiku)

f) IlnankoBckoe BpeMsi tp ONpEAENsSeT JJIUTEJbHOCTh
dusndeckoil aHAPXUHU TOCe BOJIBIIOro B3phIBA U MOXKET
ObITH BbIpaxkeHo dYepe3 h, G u ¢, ¢ 0Oe3pa3zMepHBbIM
ko3(pduimenrom B eauaunax CHU mopsijika eauHUIDBL.
Wcnonb3ys MeTon pasMepHOCTel, HalauTe BbIParKeHHe
JUtsi tp ¥ oleHnTE ero 3HadeHue. (13 xoneex)

g) IlnankoBckasi —juiMHA — OHpEJEJISeT  COIVIACOBAHHBII
C IJIAHKOBCKUM BpeMeHeM MacinTab JJIMHBI U 330a6TCs
BhIpaxkenueM lp = ctp. Y 4YEpHOI JIBIPHI MUHUMAJIbLHON
(naHKOBCKOM) Macchl Mp MIBAPIIIMIBIOBCKUN  paimyc
paser 2lp. Haiimure Mp u soraucinre Mpc? B GeV.
ITostydenHoe 3HaYeHME HPUHSATO CUUTATDH IIPEIEIOM MACCHI
9JIEMEHTAPHON YaCTHUIIBI, IIPEBBIIIast KOTOPHIA OHA yXOIUT

II0/] CBOi TOpU30HT cobbITHil. (7 Koneex)

h) /IaBHBIM-JIABHO YACTHIIBI HAXOJUJIUCH B TEPMOMHAMY-
TECKOM PABHOBECUH B <«IE€PBUIHOM OysiboHE». C MOHMAKE-
HUEM TEMIIEPATYPhI PA3JIMIHbIE YACTUIIBI OJTHA 38 IPYToit
OTJEJISINCH OT «OyJIbOHA» W HAYWHAJN PACIPOCTPAHSTH-
cst ¢cBoboniHO. DoToubr oTHeuHCh Yepe3 ~ 300 Thicad JieT
II0CJIEe BO.HBIHOFO B3pbIBa M CTaJl PEJIUKTOBBIM H3JIy4de-
nueM. OHo yaosjierBopsier 3akoHy Credana—Bosbimana
JUTST TIJIOTHOCTH SHepruw udjryderus AT

(e) (4 points) We know that the value of the cosmological
constant A doesn’t evolve. Its equation of state has a form
p = wpac?, where w is an integer. Find the value of w.

(f) (13 points) Planck time, defines a characteristic timescale
before which our present physical laws are no longer valid,
and where quantum gravity is needed. The expression for Planck
time can be written in terms of i, G and ¢ and non-dimensional
coeflicient of this expression in SI units is of the order of unity.
Using dimensional analysis, find expression for Planck time
and estimate its value.

(g) (7 points) Planck length defines the length scale associated
with Planck time is given by lp = ctp. The minimal mass
of a black hole, also called Planck mass, is defined as the mass
of a black hole whose Schwarzschild radius is two times
the Planck length.

Derive the Planck mass Mp and calculate Mpc? in GeV.
This mass is considered to be an upper threshold for elementary
particles, beyond which they will collapse to a black hole.

(h) (4 points) At the very beginning (soon after the Planck time),
all the particles were in thermal equilibrium in a primordial soup.
As temperature decreased, different particles then decoupled
from the primordial soup one by one and could travel freely
in the Universe. Photons decoupled at ~ 300000 years after
the Big Bang. These photons emitted at that time are what
constitutes the cosmic microwave background (CMB), which
follows the Stefan—Boltzmann law for blackbody radiation

7.{.2

= (kg™
& = 5 ke T)

[Tokaxkure, YTO TeMIEpaTypa pPEeJIUKTOBOrO W3y YeHHst
YJIOBJIETBOPSIET COOTHOIIEHUIO (4 Konetiku,)

Show that the temperature of the CMB follows

— = const.

1+ 2

i) C pacmupennem Beesennoit mioTHOCTH  yabTpape-
JISTUBUCTCKOTO BeIecTBa yObIBaeT ObICTpee
CTH OOBIYHON MaTepuu; KOTJA-TO OHU ObLIH PABHBL
Bkiaji HEWTPHUHO B IJIOTHOCTH SHEPTUH YJIBTPapEsIsTH-
BHCTCKOI BemecTBa cocrapiaser 68% or Bkiaama (GpOTOHOB,
T. €. HoJIHag IJI0THOCTE {1, = 1.68(2, . Ouenure xpacHoe
CMeIlleHre OIMCAHHON SMOXH Zeq, BHIPA3UB eé depe3 (1,
U PeylnupOBaHHbBIN mapaMmerp Xaboiia

IIJIOTHO-

(i) (16 points) With the expansion of the Universe, radiation
density dropped more quickly than matter density, and at some
epoch the matter density was equal to the radiation density.
Radiation contains both photons and neutrinos. Apart from
photons, neutrinos additionally contribute to the radiation
energy density by 68% (i.e. Q,, = 1.68,,, where ~ indicates
photons). Estimate the redshift of matter-radiation equality zeq
in terms of ,,, and reduced Hubble parameter

Hy

h = —
100 kms—! Mpc

CoBpeMeHHOe 3HAYEHNE TEMIEPATYPBI PEJIMKTOBOIO U3JLy-
wqennst Tp = 2.73 K. (16 xoneex)

j) HeiiTpuHo oT/e/MI1Ch OT «IIEPBUYIHOIO OYJIBLOHA» B SII0-
Xy, KOTJIa YJILTPapeIaTUBACTCKOE BEMIECTBO JOMUHUPOBA-
JI0, 1 TeMmriepaTypa Beesernoii 6p11a mopsinka 1 MeV. Ome-
HATE MOMEHT BPEMEHU IT0cje BOJbIIoro B3phIBa (t = ﬁ),
COOTBETCTBYIOIINNA 9TOM 3110Xe, U BBIPA3UTE €r'0 B CEKYH/IAX.
(8 xoneex)

You may use the current temperature of the CMB: Ty = 2.73 K.

(j) (8 points) The neutrinos decoupled from the primordial
soup when the temperature of the universe was around 1 MeV.
At this time, the radiation density in the universe was much
more than all other components. Estimate the time (t = ﬁ)
when neutrinos decoupled, and express it in seconds since
the Big Bang.



