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International Astronomy and
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Important: Read all the information on this page carefully!

General Information

e We recommend to print out this problem sheet. Use another paper to draft the solutions to the
problems and write your final solution (with steps) on the provided space below the problems.

¢ You may use extra paper if necessary, however, the space under the problems is usually enough.
* Typing the solution on a computer is allowed but not recommended (no extra points).

» The10 problems are separated into three categories: 4x basic problems (A; four points), 4x advanced
problems (B; six points), 2x research problems (C; ten points). The research problems require you
to read a short scientific article each to answer the questions. There is a link to the PDF article.

* You receive points for the correct solution and for the performed steps. Example: You will not get
all points for a carrect value if the calculations are missing.

s Make sure to clearly mark your final solution values (e.g. underlining, red color, box).

e You can reach up to 60 points in total. You qualify for the final round if you reach at least 25 points
(junior, under 18 years) or 35 points (youth, over 18 years).

e Itisnotallowed to workin groups on the problems. Help from teachers, friends, family, or the inter-
net is prohibited. Cheating will result in disqualification! (Textbooks and calculators are allowed.)

Uploading Your Solution
* Please upload a file/pictures of (this sheet with) your written solutions: https://iaac.space/login

e Only upload one single PDF file! If you have multiple pictures, please compress them into one
single file. Do not upload your pictures in a different format (e.g, no Word and Zip files).

¢ The deadline for uploading your solution is Sunday 21. June 2020, 23:59 UTC+0.

e The results of the pre-final round will be announced on Monday 29. June 2020.

Good luck!

www.iaac.space 1/12



Problem A.1: Interstellar Mission (4 Points)

You are on an interstellar mission from the Earth to the 8.7 light-years distant star Sirius. Your
spaceship can travel with 70% the speed of light and has a cylindrical shape with a diameter of

6 m at the front surface and a length of 25 m. You have to cross the interstellar medium with an
approximated density of 1 hydrogen atom/m?.

(a) Calculate the time it takes your spaceship to reach Sirius.
(b) Determine the mass of interstellar gas that collides with your spaceship during the mission.

Note: Use 1.673 x 10~%" kg as proton mass.

(@) Using 4he concept of uniform liniear motion

g bt - .
Av = 25 _ 23 lgm-yer ¢ x 37 years = |1.42359 ‘jeart/
v F0 % Seed of g 03¢ /

(b) By ASSuming the Spaceship moves n o Stm?qht line, than the yplume
of trdjecory travele j¢ ¢

(3, ; W st A T
Eortih Spaceship

Y = 1r*g -
mx (3m)* x 87 ly x 9.46033 x 10" =

2.22%21 x o't w?

\

\

So, the wass of interstellar gos that colijdes with the <pocectip during
the missien T¢

= V
"’ {: hydrogen oXom Jmd X 2.32324 x 10" w
( asuming the Mass of hydrgen ~ the wass of protan )

1

-
-

2

Lt x 0™ Ky /md x Z.32% x " w

2.893 x b7 Ky /

\}
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Problem A.2: Time Dilation (4 Points)

Because you are moving with an enormous speed, your mission from the previous problem A.1
will be influenced by the effects of time dilation described by special relativity: Your spaceship
launches in June 2020 and returns back to Earth directly after arriving at Sirius.

(a) How many years will have passed from your perspective?
(b) At which Earth date (year and month) will you arrive back to Earth?

(&) By using the wnceet of theony of spedal relagivity , then the
tivme dtlamm Will be becur for woving observer Wiin Speeds noar
the QPQO\ 0’5‘ gt -

L 4959 pors 12 40357 s

= = = |3 45343
"-% \ I- i - B =7
¢ £F

for Sbserver ot the Eorth T

De = 2x 12.42353 yews = 24.8514 Yuan = 24 geart 103 wonthy
S, the Spacesiip Will artive back tv +ie Eorth at date
% = ‘l:o + At

= June 2pp + 24 Yews 10-2 woiehs

Apil 2045 //
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Problem A.3: Magnitude of Stars (4 Points)

The star Sirius has an apparent magnitude of -1.46 and appears 95-times brighter compared to
the more distant star Tau Ceti, which has an absolute magnitude of 5.69.

(a) Explain the terms apparent magnitude, absolute magnitude and bolometric magnitude
(b) Calculate the apparent magnitude of the star Tau Ceti.
(c) Find the distance between the Earth and Tau Ceti.

(o)« Apparent Wagviitude 3¢ the apparent brightuess of a ctar (o weowure of the
Uigho received orc Earth ) weacured by the Stellar wonnitude System .
Becpuse Stor are Ac different dittances from ue and the Twtercrellar vedium
has & Voriable absorption , apparent Mogpitude s wot @ reliable ey to
A Starc's real (Tweringic) \uquout(d

. Absolute wmagnitude T the Visual maghitude thae a car Would have a
¢eandard distance of [0 parsecs.

o Belomebric magnitude 15 the Measure of the total of all wave\ength amitbed]
by oF received from o ctar expressed on tie stellar mogntude Scale -

(b) Using tire Vogeon's equation relating the Wmogiitude of two objeds, W and Wy ,
Yo their bn@htme,gg , I, and 12

1 a0 Cati
M- M1 = -2,5 lO&J (}1':) Mg teti = -4,46 - 2,5 \Dq (9517““0&‘
I 1 _ iE
Miueeti - Mgigus = - 45 lw) 1::&?) = - 4L - 2.5 \oq (q:)

W‘Tnu(x.h = WMWMadus - 7 273~ km (IquQzﬂ _

T Sifus = % 4342/

() DBecause the apparett wowwitude omd absolute wognitude of Tou Ceti ctar

are keown, We can e the concepr of distance Wodulus - ( Assuming
the absorption of Tnberstellar W\edel 1 Tgvored.)
abolute

r-) Wagaitu de
mgnitude (_‘ 2 b YE ‘06 d — distance Tn parsecs

+5
4 - o~ (=5
O\Tau&t{ = o™ (%4‘54‘5-5594—9)

|

3, L3 parsees /
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Problem A.4: Emergency Landing (4 Points)

Because your spaceship has an engine failure, you crash-land with an emergency capsule at the
equator of a nearby planet. The planet is very small and the surface is a desert with some stones
and small rocks laying around. You need water to survive. However, water is only available at the
poles of the planet. You find the following items in your emergency capsule:

e Stopwatch

e Electronic scale
e 2m yardstick

e 1Litre oil

e Measuring cup

Describe an experiment to determine your distance to the poles by using the available items.

Hint: As the planet is very small, you can assume the same density everywhere.

The following 15 tue flow of the experiment v 1 will do with g A lable
koMt o determing the ditance from the equator to U peles of Hw planek -

1)\ will deop @1 Stove frow

A Weigns 1w and
Memsure ow long 1o
will S‘a“ to the valug
of gravitational ﬂc(.dnmﬁng

2) | will measure ¥he
welghte of the Stone
Wsing the electronic

Sodle , then estimate
e mags

3) 1 will pue the oil Yo
the waguring cup
then dip the stone
Mo o and See the
dAamjz W vdume to

- of tiae Volume Of Hire
one , | can calaulate,

density , 1 can estimate
the radiug of the planet

5 2 jLitne fmd out the Yolume
% T‘ML o J @ W-m:ﬂg of the swne -
2 . W :
? 1= Tt A q d‘m:m = Vstome
"’ weiqit - (=1 @ )
Stopuiach S——3 glectroniC scale | Sepud Measuivg tup
4) Aftor | know the wase [ 5) Afige | ko the panas| ©) Fmally . | @n deradie

the dictanee from tie
QQuator to the poles

s density - And Haic by wsing e relagonsiip Which 7 a quarter of
@n b assumed v WAh s gravitational the drounfrence of planit-
be. density of te plovtk | accelerntion - b d

because 4ing planek T8 6- M _ 5 %mﬁ{; 4= Lonr

- —-L ? =

Very swall and Viave Y T Hon
o e dmycuglen. o dncman= 2L | N T 2
% sten;: Petone = Pptanee L 4neP equayr
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Problem B.1: Temperature of Earth (6 Points)

Our Sun shines bright with a luminosity of 3.828 x 10% Watt. Her energy is responsible for many
processes and the habitable temperatures on the Earth that make our life possible.

(a) Calculate the amount of energy arriving on the Earth in a single day.

(b) To how many litres of heating oil (energy density: 37.3 x 10¢ J/litre) is this equivalent?

(c) The Earth reflects 30% of this energy: Determine the temperature on Earth’s surface.

(d) What other factors should be considered to get an even more precise temperature estimate?

Note: The Earth’s radius is 6370 km; the Sun’s radius is 696 x 10° km; 1 AU is 1.495 x 10* km.
(a) The flux energy recelved by the Earth fom the Swn g

o Lo _ 32.923xw0* )k — = Bl ) /s m?
4md> 41 x (1, 496x10" W)

So, the amount of enemy arriving on the Barh T A Single doy s .
136. 127 ) /s/ ot x bU -%—x 60-'—‘3—\' x 24 % = .73 x0" ) Jdy /w /

() The ampunt of Medted ol gy the enengy flux recived by e Earty T o day Ts
e B LI i/ g e

. 37.3 % 10% ) /litre

(c) By assume the Earth as & black bedy , tten :
L@ = 'F . '!;'_AQ . (|’30°/‘)
Bt luminosityy ) L tutn wrface Ares (only balt teo part overlooking te Gn)

Meg Te = F- +de. (1-20%)
Te 46 (1-2%)
e

{!sz.lm (1-03)
2X5.69x1p"3
— WIK = 296°C //

(d) There are otirer fattors Shoold be considered to gek an even More predcise
toipernture estimate , that s Greeninouse effece (the presence of atmosphere)
and Interml enemyy of the planes .

"

\!
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Problem B.2: Distance of the Planets (6 Points)

The table below lists the average distance R to the Sun and orbital period 7 of the first planets:

Distance | Orbital Period
Mercury | 0.39 AU 88 days
Venus | 0.72AU 225 days
Earth 1.00 AU 365 days
Mars 1.52 AU 687 days

(a) Calculate the average distance of Mercury, Venus and Mars to the Earth.
Which one of these planets is the closest to Earth on average?

(b) Calculate the average distance of Mercury, Venus and Earth to Mars.
Which one of these planets is the closest to Mars on average?

(c) What do you expect for the other planets?

Hint: Assume circular orbits and use symmetries to make the distance calculation easier. You can
approximate the average distance by using four well-chosen points on the planet’s orbit,

(@) » Avermge distance of Mercury to tue Barth T

psturg—EuruA = Reatin - RMM = 100 Au-0.34a40 = 0.6 AU/
. R\le.roqe dikance of Venus to the Earth 15 -

Rovenws- €arth = Reath - Ryemus = 00 AU -~ O-F2 AL = 0.28 AU/
® A\[Wag dTMVm D_f Mm to U/ll ea\'b(" M 5
RoMars - tath = Woman - Reath = 1,52 4u - L 00 AU =

0.%52 AU/

- The closest planet to e Tarth on “overdige 1 Veaus /
(b) « Avege diseavite of Mertury to Mart Il
pﬂw‘urw"\‘aﬂ = Rmag - RNerwnj = |.52 AU - 0.29 AU
» Avurmge disance of Vemws b Mars 1¢
p\\lww,— Marg = Rars - Bvenws = .62 AU - D F2 AU =
. Aveage st of Tt W Mars ¢
Rt Mas = R - Rean = 1:52 Au - LOD AU = 0.‘;2.#«\1/
The closesy planes to Mars on avenge 16 Earth 7

\i

(e AU/
- 30 AU/

o

' i , Wanus, anol Neptans , g
(€) The other planess , 1., Jupiter; Satwrnus , '
greater average distane R o e Swn anel loper orbiial period T
thn He four plavets above .
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Problem B.3: Mysterious Object (6 Points)

Your research team analysis the light of a mysterious object in space. By using a spectrometer,
you can observe the following spectrum of the object. The Ha line peak is clearly visible:

1.0 - -
Hot €—
0.8}
oy
fie
S
s 8.6}
L
3 Hp
w
g 0.4} HS HY <
-~
-
z 1
&
0-2 L—
G.G 1 i i 4 I 1 L i I s 4 3 3 4 n
500 550 600 650 760 750 860 850

Wavelength [nm]

(a) Mark the first four spectral lines of hydrogen (Ha, Hj3, Hv, Hd) in the spectrum.
(b) Determine the radial velocity and the direction of the object’s movement.

(c) Calculate the distance to the observed object.

(d) What possible type of object is your team observing?

(b) Position of the Ha line ot rese Is o
L~ 109633 x 107 ( - ) > N\ = 0.56463x1) Tm = 056. 463 nm

— = C v

2 T
So, the redcdif s
i AA _ Nobs ~ Ao _ 300 hm — GSb. 46T _ ) 7g(4

z = N G G A7 nm
Then, Tts radial velocity TS 5
v < (H_"')m"-x . (0:21864+)"—! 2:95392453 x 10" km & = 5. Tz xit
T2+ (0.21864+ )"+ o

(¢) Use the Hubble law
V = Hed , With Ho 15 the Hubble constant (~ 70 km/s/ Mpe)

-—

4 e/

d = U _ 535mxlo® km ~ 326 MPc
Ho 70 km/ /Mpe / ; LA

(d) The ogject 1s O galaxy, because it hag o Spectrum profile which a lpe of emicion lines.

P
—_—
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Problem B.4: Distribution of Dark Matter (6 Points)

The most mass of our Milky Way is contained in an inner region close to the core with radius R;.
Because the mass outside this inner region is almost constant, the density distribution can be
written as following (assume a flat Milky Way with height z):

_J p, TSRy
l)(r) B { 0, > Ro

(a) Derive an expression for the mass M (r) enclosed within the radius r.
(b) Derive the expected rotational velocity of the Milky Way v(r) at a radius r.

(c) Astronomical observations indicate that the rotational velocity follows a different behaviour:

5/2 5
Vobs (1) = v/ GTpozoRo (m = :I)

Draw the expected and observed rotational velocity into the plot below:

2.0
< ( dbserved velocity )
é -
‘é (h}tct‘\(-n,?! UUofiu,\l
% \_'{IJQ D 4 ark Z",‘iﬁx’_?_{‘)
S
3 T
. (expacted velooty)

0 1 2 3 3 5 3 7 8 ) 10
Radius from Center r [1]
(d) Scientists believe the reasons for the difference to be dark matter: Determine the rotational
velocity due to dark matter vy s(r) from R, and draw it into the plot above.

(e) Derive the dark matter mass M (r) enclosed in r and explain its distributed.
(f) Explain briefly three theories that provide explanations for dark matter,
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(extra page for problem B.4: Distribution of Dark Matter)
‘naer R £=0
—_—

e e T T
P s /
T A
A 2
°% AT S
e

(The aprearnnce. of e gataxy from the edge)

() M) = PO)V() = PoTr*2, , r < R
M(r) = {

Minnumjion = ‘?o\lo = 'Pona.:lo R Z RO

(b GoTIr™ 25 -
) vl = MO JIEE - TR < e
r ("'—"“1

(C) . \)obg(r) [ \/Gﬂ'?u'toﬂo ] = ( g_/qzrc%] - E‘) —y bbSUUQd U@‘Ddt‘lj
os 4 (uang black 1k on the plot )

VrIRT , v < R,
: U(r\ [Jenpzm 1= \/—r\ expetted Lelo
r{

=T 7 R, (using blue i o the ?{“()

BV

¢

(d) Yom(r/ r2R) = Vo (r, r2z) - VI(r, r2R)

, z ity 4
[Jerezk] 5 gy [1 - ot whin Qb
= |3 ¢ ARl 4 gL (utwy ey ke on the plt )
5 s\ _ Jrter )
(6)  dak wurtter wass (( |+e,{1;f‘“°1 J 7}) - Ve )
T ( Upm (f\)lx{

Monl) | g vV G

MI(r) (b)Y (W i . §
| Z (e~ 5) - i)
Viah 2
Gble watter wns( ( ’-'-_—[l,—z':l"> - Z =
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. Matter Halo ; Tt Sems & be roughly spherically distributed on hale aalax
(f) 2?\2!‘ accounts for about 90 % of the entire mags OF the ¢ lfi\x - Ths cauu?s w%
addition 0f e object Cpeesl suround the galaxy center {ex : 'ACT\Or) N
* | uminous Arc 1n Galoxy Clustes ; a Stikiny oxample of qmv:?wma msmaaic 9
Jormation of ac$ by Ught passing through a clustl:r of galaxies . O_m ek i
the cluster Abell 270 whith has A mas about 5X10™* Mo, avu)-w!ummog@ 0? m{,wx\o da.rl 2
This {plies MAss 4o-lige e at |2ase (00 Mo/ L0 indicthrg the presence oj Ay A ft :
+ Dark matter candidates are usually dvide Tro Mot Dart Watter which consice of M’tlc\eb{ mQ\mm
With relati Vicie Valocitizs (x s neutrino) and Cold Dark Matter whiich particle thok moves elowly (x: ;



Problem C.1: Detection of Gravitational Waves (10 Points)
This problem requires you to read the following recently published scientific article:
Observation of Gravitational Waves from a Binary Black Hole Merger.

B. P. Abbott et al., LIGO Scientific Collaboration and Virgo Collaboration
arXiv:1602.03837, (2016). Link: https://arxiv.org/pdf/1602.03837.pdf

Answer following questions related to this article:

(a) How was the existence of gravitational waves firSt SHOWNT s+~ s« semmrmis saasison s esss o o ama mnis s sram et o2 aas o
On Sptember 14, 2015 gr 09:t0: 4C UTC the 4wo detettors of Loer Wterfersmeber Braiizdional- Wave
Observatiry Stmultancousty observed A travient gravitational wowe Sigjnal. The Signat Swizep upwards W
Frequency of 3ty 20 He with a peak grovitational- wWave st of \.p x (072,

(b) Which detectors exist around the world? Why did only LIGO detect GW150914?-- -- - - -
Ohly the LIGD detectors Were observi
urade , and Gep oo Wowgh noe Clvt?f
bt not W oervaional wiode.

(c) Explain the components of the LIGO detectors. --- - - - - sees

* Cach arm watalns a resorant optical cavity , form
« A partially transwicsive powar- recycli

reggnant bilfelup .
o A bartially temsmiscive S natvméadmg mirror at the output ebtmitey ¢

he Aravitatioml -wave
st nal extration by droadeni t bandwithh of the armn aavities . 2
(d) Describe the different sources of noise. How was their impact reduced?- - - -- - - -

Thamal woise 15 minimali ted by Winy low- mechaniaal- loss material Tn the test wwsesvmol
thar suspensions . To mninide additional nofe Sowrce are woutted on Vibmrtion TSolation stmges

at the twie of G094, The Vings detector was keing ‘
iCienly Senfitive to derect thais event , was operaing

by its two best mirrory.
"9 mirmor At the Tnput provicles acditiongt

N ultmhigh vacuum. To reduce optidn) phaate. fluctuations coaunged by Ra leigh Seattertng ,
the pressurg 1 the 1.2m dram?mespwmig}m the arm @uity beams 15 moantaived beiow 1 APa-

(e) What indicates that the gravitational wave originated from the merger of a black hole?- - = -~ -~ - - --—- . - L ___.___.
The dececked waveform Matng tie prediction of geneml relativity for tie Tepival
of o pair of blackhules omd He ringdown of tiag resulong

UMdue ALS 1o the Ppropertres of space-tiwies n g strong field, Wigh -velocity resime anol
Confrrm ilrtalrcﬁom cfp quml relativity for the noin lmwrmd NAMICS hT?hlgd;?gtux blatek Woleg .

—am\- kuger
le black Wole - The plcervation

(f) Which are the methods used to search for gravitational wave signals in the detector data? - -- - -

GWS001A 1 confidently deteceed by two different tupes of searches . @ve aims 1 recover gignals
from the Comlescence of wmpack ofects: Wsing optimal mabched filberTng with waveformss predcead
by ?wm relativity - The other Seacch tamer o Groad "".:9‘ 0F generic transient Signals , With
miimal Asumptions abpue waveforms . These Searches Use inidependont methods .

(g) How were the source parameters (mass, distance, etc.) determined from the data?- --- - - -- s e e
The watchied - fitter seardn 1< optinited for cletechin Signal . but 7t provides nly approxininte estimtes
e seurce pardimesers. To refine them SCINEISES Use opnerl Felai ity -based , Some of Which incluele
Cpin brecession , ONA foi- each yvodel perform A Coverent ¥ayesians analysis o derive fosterior drstributions
of the souree paranmeters - The pamamerer vncertainties Ticlude Statistical errors from averaging e,
reguits of diffrent wavehrat: models. Uang 4 s tp numerioal simulations of binary bipgk Woles wemper,
Scientists prouide ectimotte of the mass and Spin of the final black bole .
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Problem C.2 : First Image of a Black Hole (10 Points)
This problem requires you to read the following recently published scientific article:

First M87 Event Horizon Telescope Resuits. I. The Shadow of the Supermassive Black Hole.
The Event Horizon Telescope Collaboration, arxiv:1906.11238, (2019). Link: https://arxiv.org/pdf/1906.11238.pdf

Answer following questions related to this article:

(a) Calculate the photon capture radius and the Schwarzschild radius of M87* (inAU).: « oveee

* M = (6.510.3) x1p? Mo » Phoion Guture rdius — Re = (27 Ty
= O

Re = VIF (645t 600 Ay = (373.4] 235.9) ALY
T = (9.999tl.o;4)x\0"'m o Swarischild mdug = Rs= 21
= (4. 16s £ 6.91) AU

Rs = 2(b4 lbs 1 b.9) AU = (n7.33 £ 332) Al
(b) Why was it not possible for previous telescopes to take such a picture of the black hole? - -« -+ oo v voo oo Taevves L 2,

Becouse the previows tel&wpe did et have thesretical drfracion - Unict recolution withh
Growgh ability to recolve thg LMl compack rdio s N brighe enission vy withh
diaviteter of 41 +2 fas cue to United baseline wverme .

() Describe the components and functionality of the event horizon telescope. - - -

The Buene Horiton Telescope e o Very Long Baeline lnerferometry toe dmct\g meosures
VIsibitities of tw o brightness divhibution on the sky- For the pbieniation o a woweleng it
of .2 WM , i BHT collaboration fieleled o alsbal Vigl

We gafiong suer Six il
Locations. Daseline Lenghs mwao. from 160 w1 1o 10,360 b, resuled w ol s
(d) Explain the two algorithms use

to reconstruct the image from the tel::g’cope dg'iﬁac.‘?l. dffm“ -ltmltmgplu o OXIZSWS

* Troditional CLEAN Olpproach uied 1 mdio; CLEAN TS an verse - Moddm@ ppronch Yok
deconyolved Hio Tuterferometes pomt- Spread function fom 4iag Fourier - boineowed visibilities .

s Reguiarized wonamam Ukelinood ; RML T¢ a forwardl - Wodeling aprronches that searchas for an
i tha 16 oy only ConsTstont with b obstrved daea bk alo favors ecifred Woge properties.

(e) What parameters were required for the GRMHD simulations to generate an image?. . «............. . Zn TS T
A typieal GRMHD qulafion 11 the Ubrary s chameterived by two pocwweters ¢t dimensiontess 5pin
0k = JC/GM"', whre J and M are m‘k{,ﬁ\d , the CPm Olnaular Momenkum aﬂd WS Ufﬂ'\e Ho\okhb\e,
and the e dimensionless Maghetic flux ouer tie evant horizon ¢ = &/ (M), where & and M
are iy wagnetic flux and wagg

fuux (or aceretion mke) accross e ortan rexpectively) .
(f) Explain the physical origins of the features in Figure 3 (central dark region, ring, shadow),- <« c-occ0 T

When Surrognded by a transparent emision regron, back oles are reveat a dark sadow n He
central region cauge 5&{ Arowitatiend. light' bending and plioton aapture ot g eveme Merizon -
The assymmeery 1n brightness W e eMisiion ring am e explained in torms o Yelaviche beami
Of the emission from a vmﬁmo\ totating Close ’cmm S

on

g/
ht \e .
(g) How can the image resolution be increased i futureobservat&é"of;--!frg--~-o@%d---o‘---b-lﬂds}@&---------------'-~~
Future gbiervations and further analysis will tesk thg Stability » Share, and depth of thy Shiadew
WMore Accwrately - One

of H ey features Is thak W shoulel remain largely constant with time o
the Wos of MTR* 1c ok expetted to chnge meouure bly on Wuman timescales . Higher resolution
Tmoge am be Adiaved gomy tv a Shorter Wavelengtla, 12, 0i3 mm (345 GHz) by
adolfng wory toletcopes and , In more distunt future , Wwith Space-bused |n'cer§eromm9.
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