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Theoretical round. Problems to solve

General note. Maybe not all problems have correct questions. Some questions (maybe the main question of the problem,

maybe one of the subquestions) may have no real sense. In this case you have to write in your answer (in English or Russian):

=

«impossible situation — cutyauus HeBosmoxna». Of course, this answer has to be explained numerically or logically.
Data from the table of planetary data may be used for solving every problem.
The answers «Jla-Yes» or «Her-No» has to be written in English or Russian.

Sirius. It is known that the so called “Dog Star” (Sirius) is the brightest star in
the Chinese sky. And in what else districts on the Earth Sirius is also the
brightest star in the real sky of this district? What are numerical characteristics
of the borders of these districts? Note: you should take into account only stars
in their historical-classical meaning, i.e. Sun, planets, etc. should not be taken
into account. '

Number of molecules. Estimate the number of molecules’ in the Earth’s
atmosphere.

Efficiency of eye. Estimate the theoretical limit of the maximum magnitude of
stars that the human eye can see under very optimal conditions. Take into
account that the eye’s retina “remembers” the image about 1/7 of a second. A
0™ star sends us about 10'® photons/m? every second.

Catastrophe. Imagine, that on July 5, 2084 the mass of the Sun suddenly has
decreased to half its original value. Calculate a new perlod of revolution of the
Earth around of the new Sun.

Mirror for a telescope. You have a disc of glass with thickness b =40 mm,
from which one has to make (by grinding) a spherical mirror with a diameter of

= 500 mm. What could the focal distances F be of a mirror made from this
disc?
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5.2.
5.3.

5.4.

«impossible situation — curyanmst HeBo3moxknay. Of course, this answer has to be explained numerically or logically.
Data from the table of planetary data may be used for solving every problem.
The answers «Jla-Yes» or «Het-Noy has to be written in English or Russian.

. Sirius. It is known that the so called “Dog Star” (Sirius) is the brightest star in the Chinese sky.

And in what else districts on the Earth Sirius is also the brightest star in the real sky of this district?
What are numerical characteristics of the borders of these districts? Note: you should take into
account only stars in their historical-classical meaning, i.e. Sun, planets, etc. should not be taken
into account.

. Number of molecules. Estimate the number of molecules in the Earth’s atmosphere.

Eris. The largest discovered now in our Solar system Transneptune body is the dwarf planet Eris
(Dpuna). Now FEris is near its aphelion point. Find the apparent stellar magnitude of Eris as visible
from Earth. Approximately when will the next “Great opposition” of Eris be? What will the
magnitude of Eris be as visible from Earth at this “Great opposition™?

Catastrophe. Imagine, that on July 5, 2084 the mass of the Sun suddenly has decreased to half its
original value. Calculate a new period of revolution of the Earth around of the new Sun.

Galaxy pair. This famous galaxy pair contains two interacting galaxies, IC563 and IC564. The
coordinates of the centers of IC563 and 1C564 are respectively RA 146.58479, DEC 3.04558 and
RA 146.58783, DEC 3.07137. Using the 2.16m telescope of The National Astronomical
Observatories of China (NAOC), their R-band image in 2009 has been obtained, which is
presented at the fig.1. The spectrum of the center of IC563 is shown at the fig.2.

We were assigned two periods of time in 2009 to carry out our observation. One was in April and
another was in September. Please find out, when IC563, IC564 has been observed? (Write "Apr"
or "Sep" in English.)

Mark IC563 and IC564 at the fig.1.

Find out the redshift of the galaxies. Consider the redshift of one of them can be realized as the
redshift for the other.

NAOC astronomers want to take Ha photo of IC563 and IC564 next year to seek the star
formation regions in or around them. There is a series narrow band Ho transmission filters in
NAOC, as listed in table (the center wavelength is given in the terms of velocity). Select the most
suitable filter for the observation.

5.5.How many parsecs away are the galaxies? What is the projected distance between the two galaxies?
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Ne
Ha
(%)
TIHK 10
RA=146.58478, DEC= 3.04561, MID=52266, Plate= 570, Fiber= 57 Kpac-
MaKCH-
T TR R P e NI St RSO ] Gy ST G R L ,Ng MYM T1pO By
QHH G Be 89 TN Sl - ) y
IHeiSl H, A §g Sk g;oc}an il IyCKAHHUs ceme
Hol Hy Ol - om: cok 1| TPa (%) TEREHED
D onf o i Ha
(xm/c)
i i B ek E - b . peak
fi SEE R . o N R Lo maxi-
e S T : e value
Gk o SR NP o ; - oot Ne mum
of
of | tans | chif
filter |. mission
(%) for Ha
: (km/s)
bl 80 0
€2 78 2150
C3 89 3600
C4 78 6720
Co 82 9006
Co 81 11290
s O] 87 13570
SRR eET e e AT 78 15400
4000 5000 6000 7000 8000 9000 C9 84 18600
Wavelength [£] C10 84 20890
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JJIeMeHTBbl OpOuT.
Du3uYeCKHE XAPAKTEPHCTHKH HeKoTopbiX IuiaHeT, JIynnl, CoiHua u Jpuabl

Parameters of orbits.
Physical characteristics of some planets, Moon, Sun and Eris

Cpennee Cunepuyeckui Okc- | OksaTo- Cpen- | Yckop. | Make.
Hebechoe PaccTosHHE OT (MK aHAIOrHYHBIH) ueH- | puanpH. | Macca HAS cB0oD. | Oueck,
TENO, LICHTPAIBHOIO TeNa | mnepuon oOpalleHns | TpHCH- | auamerp mior- | nax. | BaA.c | Asb-
MJIaHEeTa B B B B TET, HOCTh | ymnoB. | 3emmu | 6eno
* ¥
acmp. MIH. TPONHUY. CpeaHHuX KM 1 024 - 2/c:)u3 M/cz )
eo. KM roaax cyTKax €
Average distance to Sidereal Ec- Equat. Av. Grav. | Max.
Body, central body (or analogous) period | centri- | diameter | Mass den- | acceler. | magn. | Al-
planet in in in city sity | atsurf. [ from | bedo
astr. min. troph. in days km 4 3 2 | Earth
nie e years e 102 kg | g/em m/s o)
(S:l(l):“ue 1,610° | 2,5-10" | 2,2:10° 810" 1392000 | 1989000 | 1,409 -26,8™
Mepicypuit | 397 579 | 0,241 87,97 | 0206 | 4879 | 03302 543 | 3,70 0,06
Mercury
3‘;:3? 0,723 | 108, 0,615 224,70 | 0,007 | 12104 | 48690| 524 | 8,87 0,78
;:’;’tﬁ" 1,000 | 1496 1,000 365,26 | 0,017 | 12756 | 59742| 5515| 9,81 0,36
ﬁ”:; 0,00257 | 0,38440 | 0,0748 | 27,3217 | 0,055 3475 | 00735 3,34 1,62 | -12,7™ | 0,07
r’t::f: 1,524 | 2279 1,880 686,98 | 0,093 6794 | 06419| 394 | 371 | 20| 015
;ﬁ’;’t‘:‘f’p 5204 | 7786 | 11,862 | 4332,59 | 0,048 | 142984 | 1899,8 | 1,33 | 24,86 | -2,7™ | 0,66
g:gr‘r’l" 9,584 | 1433,7 | 29,458 | 1075920 | 0,054 | 120536 | 568,50 | 0,70 | 10,41 | 0,7™ | 0,68
gfi’su‘a 68,01 204 862 | 0,434 2600 | 00167 0,8 0,86

**) Ilnsa JIyHbl — B CPEIHEM NIPOTHBOCTOAHHH.
**) For Moon — in mean opposition.
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HexoTopble KOHCTAaHTBI H (POPMYJIBI

Some constants and formulae

CKopoCTh CBETa B BaKyyMe, ¢ (M/c) 299 792 458 Speed of light in vacuum, ¢ (m/s)
I'paBuTanmonHas noctrosuHas, G (H-m*/kr?) 6.674-10" Constant of gravitation, G (N'm*/kg?)
ConHe4Has nocTosHHas, A (B1/m%) 1367 Solar constant, A (W/m?)
[MocTosnnas Xa66na, CpelnHee 3Ha4YCHHE 70 mean value Hubble constant,
Hyp (xm/c/MIIk) JWana3oH 3HaYeHUH 50-100 diapason of values  Hjy (km/s/Mpc)
[Mocrosunas [nanka, h (Dx-c) 6.626:10°* Plank constant, h (J-s)
3apsn anexTpoHa, e (Kn) 1.602-10"° Charge of electron, e (C)
Macca 3MeKTpoHa, m, (Kr) 9.109:10™ .. Mass of electron, m, (kg)
COOTHOLIEHHE MacC MPOTOHA H MEKTPOHA 1836.15 Proton-to-electron ratio
ITocrosnuaa ®@apanes, F (Kn/mons) 96 485 Faraday constant, F (C/mol)
MarHuTHas NOCTOAHHAS, [y (['H/M) 1.257-10°° Magnetic constant, py (H/m)
YHuBepcanbHas rasosas nocrosHHad, R (Ix/mons/K) 8.314 Universal gas constant, R (J/mol/K)
[Mocrosinnas BoneuMana, k (JHx/K) 1.381-107 Boltzmann constant, k (J/K)
CrannaprHas armocdepa (I1a) 101325 Standard atmosphere (Pa)
MNocrosunas Credana-Bonbumana, o (Br/mM/K*) 5.670-10° Stefan-Boltzmann constant, o (W/m%/K*)
KoncranTa cmMemenns Buna, b (m°K) 0.002897 Wien’s displacement constant, b (m-K)
Jla6oparopras nymHa Bosabl Ha (A) 6563 Laboratory wavelength of Ha (A)
[Tokazarens npenomiuenus Boasl nmpu 20°C, n 1.334 Refractive index of water for 20°C, n
Tnomans chepsi S = 47R? Area of sphere
n 3.14159265 n
JlaHHbIe 0 HEKOTOpBIX 3Bé3AaX
Data of some stars
RA DEC ‘m SC
ApKTyp Arcturus a Boo 14® 15™ 40° 19° 10' 57" -0.05 K1
Bera Vega alLyr 18 36™ 56° 38°. 47" 01" 0.03 A0
Heneb Deneb a Cyg 20" 41" 26° 45° 16' 49" 1.25 A2
[NonsipHas Polaris a UMi 02* 31™ 51° 89715 51" 2.02 F7
Cupuyc Sirius o CMa 06" 45™ 09®  -16° 42' 58" -1.46 Al
Kurtait, Xaunuxoy 2009 Hanzhou, China
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Theoretical round. Sketches for solutions

Note for jury and team leaders. The proposed sketches are not full; the team leaders have to give more detailed
explanations for students. But the correct solutions in the students’ papers (enough for 8 pts) may be shorter.

Sirius. Sirius is the brightest star (in historical-classical meaning of a star) on the Earth’s sky. Therefore in
a first approximation it will be the brightest star in those districts on the Earth where it is visible, that is, at
least sometimes appears over horizon. As the declination of Sirius is 8 =-16°43', it will be visible in all
southern hemisphere, and also in northern hemisphere at latitudes not nearer 16°43' to the pole, that is, at
latitudes not higher 73°17' North. Theoretically, in the second approximation refraction may be taken into
account (35' at horizon). With the refraction Sirius can be above horizon at districts till latitudes of 73°52'
North. But refraction doesn’t matter for our goal. There is a talk about real (not theoretical) sky in the text.
In the third approximation light absorption should be taken into account. It is obvious that Vega or
Arcturus in high sky essentially are more bright than Sirius at horizon. Heights on which Sirius becomes
weaker than Vega or Arcturus may be roughly estimated as ~5+8°. Thus, Sirius is the brightest star in the
sky for districts to the south from the latitudes of 65°+ 69° North.

Note for jury: the solution without a correct mention of refraction (that is, without mentions that it not effected here)
should be estimated with a deduction of 0.5 paints. Values ~5+8° are approximate, it is important the understanding of
the effect and a correct order of this height.

af-2.

a-3.

Number of molecules. The pressure of an atmosphere is the total weight of all number (N) of its
molecules, distributed over the whole surface of a planet, that is,

P=Nmg/S,

where m is the mean value of mass of molecules in atmosphere. Taking into account that the surface of the
Earth is

S = 4nRg?
and mass of molecule is

m= H/N A
where N, is Avogadro number, we can write

N =NaP-4nRg? / pg

Since the Earth atmosphere consists mostly on N; (un2 =28 g/mol) and O; (poz =32 g/mol) in
approximate proportion 3:1, the mean value of u is 29 g/mol or in SI: 2.9-10? kg/mol. Calculations:

N = 6.022:102 mol™ 10°N-m%12.6:(6.37m10%? / 2.9-10? kg'mol ™ -9.81 Nkg" = 1.08:10" ~ 1.1-10%.

Efficiency of eye. For detecting a star the human retina should uninterruptedly remember the image of the
star. That is the eye should receive from this star at least 7 photons per second. Human eyepiece is about
d = 6 mm in the very dark, so the limit of illumination is:

7 photons / nd*/4 ~ 250 000 photons/m? (very roughly, of course)

It is about 10 000 000 000 / 250 000 = 40 000 less than the illumination from 0™ star. In stellar magnitudes
the difference is:
Am =2"51g 40000~ 11™5.

So the theoretical limit for human eye in the very dark is to see stars of 11™.5. Of course, it is quite far
from reality. Nobody reported about possibility to see stars fainter than 8™ even in the absolute dark.



So the theoretical limit for human eye in the very dark is to see stars of 11“’.5_. Of course, it is quite far
from reality. Nobody reported about possibility to see stars fainter than 8" even in the absolute dark.

. Eris. Let us at first answer for the question about the “Great opposition”. And what does it mean the word

“Great”? The Great oppositions appear for the situation when the distance to opposition planet is small.er
than during usual (mean) oppositions. In our case it is an opposition when the outer planet is near its
perihelion. Now Eris is near its aphelion point. From the value of the semiaxis of the Eris’ orbit it is
evident that its period is of order of centuries and we may talk about the period of the Great oppositions as
“years” (in comparison with “weeks” for the Great opposition of Mars) near after of half revolution of this
dwarf planet around the Sun.

The period of Eris can be taken from the table (days should be recalculated into years)

Tga = 204852 days / 365.25 days/year = 560.85 years ~ 560 years

or found from the the III Kepler law
(Tea/Te)* = (Axd/Ax)’,

(here and below A means the major semiaxis, T is period, e is eccentricity, @ is albedo, D are diameters of
the bodies, R are distances, and indexes E, Ed, Sa and S correspond to Earth, Eris, Saturn and Sun).

Tea = Te(Apa/Ap)*? = 1-(68.01)*” years ~ 560 years.
So the years of the “Great oppositions of Eris” will be after Tga / 2 ~ 280 years.

For the questions of the stellar magnitude there may be a few ways to solve this problem. The main two of
them is to compare Eris with some other planet (data can be given from the table) or to calculate it directly
using formulae of the total solar irradiation.

Let us use the first one and compare Eris and Saturn.
The following aspects should be taken into account:

1. Rg>. Distance from the Sun. The intensity of light coming to the bodies is reverse proportional to the
square of these distances.

2. D. Size (diameter) of the body. The intensity of light reflecting by the body is proportional to the to
the square of these sizes.

3. a.. Albedo. The intensity of light reflecting by the body is proportional to the albedos.

4. Rg>. Distance from the observer (i.e. from the Earth): 1.8 a.u. for the asteroid of the main belt (in
oppositions) and about 40 a.u. for asteroid of the Kuiper belt. The intensity of light coming to the
telescope is reverse proportional to the square of these distances.

The flux to Earth from Eris Fga L‘aEd'DEdz'(I/ RE-Ed)z'(I/RS-Ed)Z-
The flux to Earth from Saturn Fs, ~ Olga'Dsa2(1/Re.52)"(1/Rs.sa)".
The ratio of fluxes Fea/Fsa = (OLga/ OLSa)-(DEdZ/DSaz)'(RE-Sa'Rssg.)z/ (RE-Ed'RS-Ed)z-

For the current situation the following distances should be used:

Since Eris is near its aphelion, Rggg = (1+€)Agq, and Rggg = (1+egq)Ara = Ag , but, since we do not
know the real configuration of Earth, Sun and Eris (including we do not know the inclination of the Eris’
orbit), we should use the average value of Rg.gg = (1+egq)Agq as well.

The stellar magnitude for Saturn is given for the mean opposition, so we should not use eccentricity here,
Rs sa = Asa and Rg_ga = Ag, - Ak

Fra/Fsa = (0.86/0.68):(2600/120536)>(8.584-9.584)*/(1.434- 68 0n)*.
Fga/Fsa ~ 4.4:10°°,
So the difference in magnitudes between the current visible Eris and Saturn in mean opposition is
Am = -2".5-1g(Fga/Fsa) ~ 18".4,

and the magnitude of Eris
Mgg = Mg, + Am = 0™.7 + 18™.4 ~ 19" 1.

The real values that can be found in reports of Eris observations are 18"™.7 + 18™.8.



ap-4.

Fa/Fsa ~ 1.91:10°.
Am = -2™ 5-1g(Fgq/Fsa) ~ 14™ 3,
and the magnitude of Eris in the “Great opposition™ is
MEg=Mmsy + Am=0".7 + 14™3 2 15™.0.

And we should repeat that this way with comparing the Eris and Saturn it is not the only possible correct
way for solution.

Catastrophe. At first we should realise that “suddenly decreasing of solar mass to half its original value”
is a hypothetic process and many physical laws of conservation cannot be used to compare parameters
before and after since the system is not closed. Since no any other changing done, we should assume that
at the moment of the mass decreasing other parameters of the Sun and the Earth have not changed:
Positions of the Sun and the Earth, velocity of the Earth. Taking into account this postulate, a first
approximation, if mass of a central body is reduced to half its original value, the circular speed becomes
parabolic one. That is the Earth will move on a parabolic orbit and will never return. The answer to the
problem is meaningless (the period is equal to infinity).

Nevertheless, it is known, that on July 5 the Earth is near the aphelion of its orbit. Its speed in this case is
less than circular. Thus, in this case if mass of a central body to reduce twice, the speed of the Earth
already is less than parabolic, the Earth will be rotate around the Sun on a prolate elliptic orbit.

For the beginning let us find a relation between the speed of the Earth in aphelions Vgpp and circular speed
Vy for a motion on a circular orbit with the same semi-axis.

Using the II Kepler law one may write

Vper' Rper = Vapn'Rapi-» ;
using the law of conservation of energy
V2 per/2 — GM/R per = V2,p1/2 — GM/R g,
and also taking into account, that ,
Rper = a9 (1-€), Rapn = ap (1+€), GM = V>R,

it is possible to find

Vper = Vo {(1+e)/(1-€)} %,

Vapn = Vo {(1-e)/(1+e)}'?.

The orbit parameters of the Earth after that the mass of Sun has decreased to half its present value are
designate as:

ay — semi-axis of an orbit,

T — period of revolution,

eN — eccentricity,

Vi~ — speed for a motion on a circular orbit with a semi-axis an.

Let us write three additional equations:

distance Rapp., former distance in aphlion, became now the distance in perihelion

ap (1+€) = Rapn = Rper-~ = an-(1-en),
speed Vgpn., former speed in aphlion, will now become the speed in perihelion
Vaph = Vper-n = Ve {(1+en)/(1-en)} "7,

and the relation
VN - 271'3.\ / TN ;

By solving all equations together it is possible to receive a beautiful expression
ay = ag(1+e)/2e.

According to the general III Kepler law
Tx = To2"*(av/a0)*?,

one can find
Tx = To2"2((1+e)/2e)*?,



Tn = 2Y%(1.017/0.034)** ~ 230 years.

a-S. Mirror for a telescope. It is evident that the depth ‘x’ in the centre of the disc must be less than
b =40 mm. Let R be the curvature radius of the mirror. It means (from the Pythagorean theorem) that the
minimum R is defined by the equation:

b R?=D?%4 + (R-b)
/ 2Rb = b? + D¥/4
B g R = D¥/8b + b/2
: The relation between the focal length F and the curvature radius of
' e the mirrow is R = 2F, i.e. for zero thickness in the centre of the disc
- F=R/2=DY16b + b/4
e

F = 500%/(16-40) + 40/4 ~ 401 mm

So, theoretically the focal length may be in the interval from 401 mm to infinity. Nevertheless, the
thickness in the centre of the disc cannot be zero, let us take it at least 2 mm. In this case we should use
b* =38 mm instead b =40 mm

F =R/2 = D*16b* + b*/4
F =500%/(1638) + 38/4 ~ 421 mm

The focal length may be in the interval from about 420 mm to infinity.

B-5. Galaxy pair.

5.1. In April and September, the right ascension of the sun is about 0.5-2.5 h and 10.5-12.5 h respectively. And
the right ascension of the galaxy is RA ~ 147° ~ 10h. Thus, April is the better choice because in
September the visual position of the galaxies is too close to the sun. Answer: Apr.

According to the DECs of the two galaxies, it's easy to find that the upper one is IC564.

5.2. The wavelength of Ho emission line measured in figure 2 is approximately 6700 A.
I p

Taking into account (see table of constants) that the laboratory wavelength of Ha emission is 6563 A, the
redshift of the galaxy is:
z = (A-ho)/h = (6700-6563)/6563 = 0.02
! ip
5.3. Since z << 1, the recession velocity of the galaxy is:

v =cz = 6000 km/s
~ 1 p

We should choose the filter whose peak value of redshift is close to 6000 km/s. The suitable one is Ne C4.
- 1 p

5.4. According to Hubble's law, the distance to the galaxies is:
r = v/Hg = 6000 km/s / 70 (km/s)/Mpc = 85 Mpc, i.e. 85 000 000 parsec.

~ 1 p
The two galaxies are close to each other and the curvature of the celestial sphere can be neglected. The
angular distance of the centers of the galaxies is:

a =(ARA?+ ADEC?»"®
Where, ARA = (RA1-RA2) x cos(DEC) = 0.00303°, ADEC = (DEC1-DEC2) = 0.02579°. As a result,
a=0.02597°=93.5".

The distance between the two galaxies is:
d =r-a=85 000 000 - 93.5/3600/57.3 = 38.5 kpc

~ (.85 p
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