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Please Note:
ePleasewriteyourolhumbernntopofhipaganthespaceprovided.

eBeforestarting pleaseensurethatyouhavereceivedacopyotthequestionpaper
containingtotaBpageq Bides).

eTherard¢otafjuestions. Maximunmarksréndicatedrfronofaclyuestion.

eFomlhjuestionstheprocesinvolvedmrrivingtthesolutionsnordmportant
tharthanswettself.Valichssumptionsapproximationareerfectlyacceptable.
Pleasewriteyourmethodclearlyexplicitlystatingallreasoning.

eBlanlspacesrerovidedithejuestiorpaperfotheaoughwork.Naoughwork
shouldbedoneontheanswer-sheet.

eNaomputationahidedikecalculatorsJogiablesslidauleetc.areallowed.

e The answer-sheet must be returned to the invigilator. Youcantakethis
questionbookletbackwithyou.

ePleasheadvisedthattentativadateforthemextstageareadollows:

—OrientationCamp(Junior):29 ™ Apriksr  *® May2015.
—OrientationCamp(Senior):2 nd Maytar " May2015.

—SelectionCamp(Jr.4Sr.):26 B Maytdh ' Jun€2015.
—Participationinbothparts(OrientationandSelection Jismandatoryforall
participants.

Useful Physical Constants

MasotthdEarth Mg =~ 6 .00 *kg
Radiunthdtarth Rp ~ 6 410 ®m
MassofJupiter M; =~ 2 .00 ?"kg
SpeedfLight c~3 .0 ®m/s
AstronomicalUnit 1AU. ~ 1 510 Mm
Solar,uminosity Lo =~ 3 .8&10 W
GravitationalConstant G~ 2x0 "m?kgts?
Avogadraconstant N, =~ 6 .040 2 mol™!
Chargeofarelectron e~1 .640 ~¥C
Permeabilityofreespace o ~ 4 wx10 “TNA 2

Stephan’{Constant o = % 10 B Wm2K1
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1. Insciencefictionnovel“TheEvitableConflict” IsaacAsimovsuggestedthat.ina (10)
futuristicworld allfooditemsmaybereplacedwithanutritiouspowdermadeof
wheatflour. Whatsizeofworldpopulationcanbesustainedwiththifoodstaple?

Youmayassumethattheaverageannualyieldofwheattobeabout3 .6 tonneper
hectare presentdayactualigure andthegeographyofthdbartltaemairsimilar
tathepresentworld.

Solution:

SurfaceAreaofthdbarth=4 m?=5 .20 " m?

Only30%ofitidand. Thus totalandnasssaboutl B0 4 m?.

Byroughestimate,ignoringmountains,deserts,aridregions,forests,towns/
citiesete. pnlyl 0%ofthdandiscultivable.

Thusgcultivabldandisonlyl 510 13 m? i.e.l.Bbilliorhectare.
[althidanduisedccultivatewheatthen annuakotalwheatproductiomwill
bel 510 ° x3600=5.4trillionkg.
Noweachpersononaverageneeds2000-3000caloriesperday,whichmaybe
obtainedbylessthanhalfkgofwheatflour. Onecanestimatedailyintakein
differentwaysbutthenumbermbtainedwouldberoughlysimilar.e.g.Onecan
arguethatatypicalhumaneatsabout25(gnmoffoodpemmealndyouneed3
mealsperday. Thustotalist50gm. However ,watercontentinalfooditems
ismorethanhalf. Thus actualweightoffoodisonlyhalfofthat. Oronecan
arguecachrotineedsabout25gmofflourandifyouarenoteatinganything
elsetheronamayendupeatingl 5-2(rotiperday.

Thus eachpersonwouldneecaboutdO(gnwheatflouperday.i.e.aboutl45
kgperyear.

i.e.sustainablepopulatiomwouldbed A<10  12/145=Ailliompeople.

Note:Aswithallestimationquestions theargumentspresentedandvalidityof
assumptiondsmordmportantthantheexactumbers.

2. Matchthefollowing(eachentryincolumnAmaymapwith zeroor oneor more (10)
entriesrcolumnBbuteachentryincolumnbhas exactly onematchingentryin
columnA).

Column A Column B
Satellite Whirlpool
Galaxy Sirius
Star Ceres
Starcluster(group) Pegasus
DwarfPlanet Pallas
Asteroid Puppis
Constellation Pluto
Planet Phobos
Pleiades
Pollux
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Solution:
SatellitePhobos GalaxyWhirlpool
StarSirius,Pollux ClusterPleiades
DwarfPlanetPluto Ceres AsteroidPallas
ConstellationPegasus Puppis Planet-

3. TwaddenticakatellitesAandBardaunchedirequatoriakirculaorbitsofperiod
4.8hours.SatelliteArotatesnthesenseofrotationoftheEarthwhilesatelliteB
rotatedntheppositesense. Theorbitareseparatedlightlytavoidollision.On
aparticularday,atl2noon,boththesatelliteswereseenexactlyoverheadbyan
observerthdlarth’equator. Whatigsheminimunduratiomofimeafterwhich
boththesesatelliteswilhgainbeseerexactlyoverheadfromthesameplace?

Solution:

Agheearth’srotationperiod4hourswehavetdindapparenttimeperiod
ofthesewasatelliteswithrespecttaanobserverthearth.

24
A 53) =6 hrs
Wwp =w ot g
. Tg 24 = hrs
(5H)

L.C.Moftheswoapparentperiodsisl 2hours. Thus thetwasatelliteswilbe
seenoverheadtogethemafterl Zhours.

4. Forachofthdollowingstatements statdfhestatementisrueorfalse andgive
ssingldingustificationforyouranswetireachcase.
1. Alktarsexceptpolestarisantheeastandsetinthewest.

2. TheEarth’saxisischangingitsdirectionslowlybecauseitsmagneticpoleis
notproperlyalignedwiththegeographigole.

3.Cosmiaaysarenotpartoklectromagneticspectrum.
4.Somesunspotsanbebiggetthanthelarth.
5.Jupitercarfitinthespacébetweenthdlarth’surfaceandthéMloon’sorbit.

6. ThathdtartidoenotfalintdhéSurnsdirectconsequencothdNewton’s
thirdLawofmotion.

7. TheimeakerbyMar{OrbitetMission Mangalyaan fronthenomentiteft
theEarth’orbittilitwascapturedbythegravityofMars jswveldetermined
bytheKepler’daws.
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8.Omnewmoondaythdtarth’shadowcovershanoonfully.
9. ThestarsvhichappeaibrightemrealsaclosettathdSun.
10.Polestanisvisibldromalbkhdocationdronthetarth.

Solution:

1.False. Asarexample severaktarsaroundpolestarwouldnevergabelow
horizon.

2.False.AlthoughtheEarth’saxissndeedprecessing thigshotrelatedto
magnetidieldofthearth.

3.True.Cosmiaaysstermusedforparticleshowers.

4. True. ThéSun’sradiudgsl Otimedhiggerthanthebarthandnanytimes
weseebigsunspotorthesoladisk. Asunspotwhichidbarelyfhesize
of heBarthwilhotbevisiblehroughsmallelescope.

5.True.Jupiteigustl 0-1%imeshiggetharthdbartlwhereadunawrbit
iBtimesdigger.

6.False.Actiommndeactiorforcesictordifferentbodiesandhencaeaction
forcaecannotbeseemagheonebalancingthegravitationaklorce.

7. True. ThepathtakenbyM O Maftedeavingthesphereofinfluenceothe
EarthwasessentiallypartofirellipticorbitaroundthéSun.

8.True. FromthetimeitlefttheEarth’sorbittillthetimetwascaptured
byMartiangravityjt'srajectorywagpartohireffectiveorbitaroundthe
Sun.

9.False. OnanewmoondaythemoonisbetweentheSunandtheEarth.
SatheBarth’shadowcannotfalbntheMoon.

10.False. Thevisiblebrightnessdependsondistanceofthestaraswelbhsts
intrinsicrightness.

11.False Polarigshotvisibldronsouthernhemisphere.

5. Abighallisl bmeterlong,1 Ometerwideandsmeterhigh. Twoantsareseated (7)
insidethishalhtoneofhaippercorners.Ontheedge diagonallyoppositetathe
antstherdssugarcubetheighthmetersabovehegroundsealiagram).One
oftheantsdecidesogadowrntheverticaledge acrosshefloordiagonal andthen
uptheoppositeverticalkdgetareachthesugarcube. Thesecondanttriestatake
shortestroutealongthewallswithouttouchingeithertheloowitheceiling. Both
thentanovevitlthsamainifornspeedandyorcamssumehatmdiméaspent
inchangingthedirectionatanypoint. Findconditiononksuchthatthefirstant
reacheghesugarcubdirst.
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Sugar ¢
15 k
10
Ants
5
Solution:
Thepathlengthforthdirstant=t- VI2 4w 24k
Thepathlengthforthesecondant= Vi )2H bk )?
Ourconditionis,

e VB 24k /o A Ik )2

S50 VIB2HO 24 J/(15H0) 2454k )2
(5 W V325< 6255k )2
squaring(5tk )2 4325 V325(5tk  K<625H5k )2
25H0 k- 7432510  VI3(5 625+ 2510 k+ K
10 VI3(5H  #20 k300
5VI3H2  V13)k<30

e V)
(2+ V13)
approximatelyf<2

6. Arayoflightentersanassemblyofplanemirrors fromleft ashowninthdigure

belowandundergoesreflectionatallthdoumirrors. Afterthdastreflection the
raytraveldmwwerticalirectiorandenterdntheletectingnstrument.Iitheigure,
thedottedinesarenormaldomrespectivamirrorsanddashedinesareexactlyver-
ticalbthorizontal. Thethirdmirrornsexactlyhorizontal. [tisknownthatangle)
iH0 °.Anglefisinknown.Findanglep

mirrror2 mirror4 Q

ey

mirror3

mﬂ
7 mirrorl

z .
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Solution:

Letangleofincidencesatthdoumirrorse 14 21 3 andi 4 respectively.

Atmirrorl,

(90° -0 W90  ° i ,
coi =B

Forayfrommirrorltanirroi2,

90° 464 1490 ° <4 5 -H80 ° —=360 °
‘9'|‘Z 1:i 2“'§b
S =2 Opo

Forayfrommirroidamirroi3,

90° < o 4l 5 =180 °

o o4 5 =90 °

H2 bpo W 5=00°
i3 =90 ° 42 6p2 &

Forayfrommirroryamirrord,

i3 =2 iy
520290 ° 42 02 ¢

Atmirrort,

90° 4 4 4¢=180  °
Coig =90 °
2i4 2 =180 °
90° 2 62 P2 =180 °
L2 690 °
=250  °-90 °
S °

7.Aspaceshipsendsaprotonbeamwithcross-sectionalareaofl 00 m 2 ataspeedof

0.01 aritheplanefhdiarth’snagnetiequator. Thelosestdistanceof hdeam
tdheenteofhearthsl 2810 5 km.Thenagnetidieldathanidpointofhe
distanceseparatingheprotorbeamandthecenterfheearthiszero.

(a) Findthenumbewfprotonemittedbythespaceshippesecond.
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(b) Aseerbythealiencontrollingheprotorbeanmfromthespaceship wouldthe
Earthbeonthdeftsideottherightside?

(¢) Itmassofthespaceshipisl 66 tonne howmuchwilbdtsecoilvelocitydue

tathiprotonbeam?
Note:Thestrengthofhdbarth’snagnetidieldhsneasuredonthdbarth’surface
atmagneticequatonsaboutix<10 ~5 Tesla.
Solution:
Let2 ry thehortestdistancdetweertherotorbeamandhdiarth.LetB E be
strengtlofhemagnetidieldatthdharth’surface witheffectivepolestrength
Mpg). LetB  or bethemagneticfieldatr o duetoearth’smagneticfieldand
Bop ighemagnetidieldduetol p-Aglosetathebarth’surfacethelbarth’s
magnetidieldactdikeadipole,
po Mg
B —
P ur R

o ME

Bog

a 4y a re
To =10 RE
1
Bop = Ho Lp
21Ty
B or B o |
I
0.001 By — Ho2P
T™To
0.001 BE To
Ar
~0.00p5<10 6 A0 T
B 210 7

. Ip=l 640 TA
Chargeongprotonisameashatomarelectron

IP =N
1.640 7

1.6a0 —1
=10 ?® protongpesecond

(b)Thdieldinedronthdbarth’snagnetidieldgdrom(geographic gouthern
hemispheretanorthernhemisphere. Tacancelthidield byvirtueofrighthand
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rule thespaceshipshouldbeplacedsuchthatforanobserverontheship the
Earthwouldbeseerontherightside.

(c)AsprotonsaresameasHydrogenions onecarsay/N A protonswouldweigh
aboutlg. Thus,

Mshipvship =M peamUbeam
X0 3N 0Olc
Na Mgpip
X0 a0 %3a0 6
610 23 x166040 3
Uship =0 .31m/s

Uship =

8. IndiaplangdaunchNcommunicatiormsatellites albfwhichareddregeosta-

tionaryorbitaroundheequator.Alkatellitesarearrangedequi-spacedinthesame
orbit.FindalthepossiblevaluesofNsuchthateachsatellitecarseealtheother
satellitesof heseriesatanyinstantofime.

Solution:
Fogeostationaryorbits,
5 GMgTE
472
% X0 M 60 21 x(86400) 2
40

a

=8 .64% x10 2!
et K0 "m
(Rth 42000 km

Firstofallif hemumbewtatellitesareevernthernforeverysatellite therewill
alwaysenothesatelliteatdiametricallyoppositeposition.Clearlyanysatel-
litecannotseethediametricallyoppositesatellite.Sancannotbeeven.
Ifvedrawtangentsthdiarth’surfacdromanysatellitd ashowrirthefig-
ure)jtbecomesleathatminimunmanglédetweenthéwaconsecutivesatellites
aseenfronthebarthwouldbe £BCD.

|

I
/

&

£BC D=2« £BAD




INAO - 2015

=2x £LABC

R
—sin 1 ——

46400

42000
4

~ = rad
Ascirclédhad mradians Ncantakeollowingyvalues:
N 3,5,7,9,11}
Note: ExactcalculationsshowthatNshouldbdessthanl 1. Thus,11willbe
takenasnarginakase.Solutionswithotwithoutl Iwillgetfulkredit.

9. Theivergraplisscatter-plobhléxoplanetdronthe Open Ezoplanet Catalogue,
includingthosediscoveredbythe Kepler mission. This Kepler missionisaspecial
spacebasedinstrument,whichhasbeencontinuouslyobservingsamesmallpartof
thekyfronthstarbftoperatiortaneasurenymalthangedrthdrightness
oftheindividualstarsinthatparticulardirection. Thescalesonthegraphareas
follows:

Top Hogwbrbitalperiodfheplanetinyears

Right Joginaswofheplanetassmultipleoinassofhearth
Bottom dogbrbitakadiusotheplanet

Left dogimassoftheplanetasimultipleofmasoflupiter

Forexample prthdeftside Owouldcorrespondtdog 10(m /M y)H.e.m=M J-
Asawaytosimplifytheproblem letusassumethatalltheparentstarsofthese
exoplanetshaveexactlysameanassasghatofheSun.

(a) Completethescaleforthelog 1wP(years)andlog 19m(Mp)axesbyproviding (4)
valuesontherespectiveaxes.
(b) Mercury’sdistancefromtheSunisaboutd0%thatoftheEarthanditsmass (4)

ismbout20timessmaller. Neptune’sorbitakadiusgs3timedargerthanthe
Earth’sorbitalradiusandNeptuneisl timesmoremassivethantheEarth.
MarktheapproximatepositionsofMercuryandNeptuneorthegraph.

Wdurthemssumehatlthgarentstaremisamdotaknergypesecond called
Luminosity ashéSumandalkxoplanetorbitsarecircular.

(c) Ifplanetamsustaidiquidvateoritsurfaceiisaiddérthé‘habitable (5)
zone’aroundtheparentstar Markapproximatedgesofhéabitablezonen
thegraph.Stateclearlytheassumptionsmaddntheprocess.
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One way of detecting
exoplanetsiscalledthe

Transit method (green m
-

dotsinthegraph). If

Star

aplanetcrosses (tran-

sits)infrontofitspar- £ ‘ Light curve
entstar’sliskaseen i Time
fromtheearth,thentheobservedvisualbrightnessofthestardropsbyasmall
amountbecauseheplanetblocksomefhdight Mostofheexoplanetsletected
bythisnethodwerediscoveredbythe Kepler missionwhichwilkompletdt’sixth
yeawbperationnafewmonthsime. Toconfirmadetection jtisnecessarythat
afleastthredransitofheiverexoplaneshouldhavdeembservedithe Kepler
mission.

(d) Assumehattheaveragedensityoftheexoplanetisalmostthesameaghatof
thehoststar Itiknowrthatthe Kepler missiorcamdetectabout).01%varia-
tioninthdighttomingronthetar.Using hisnformationdrawtwstraight
linedndicatingletectiodimitfothdransitmethodyKeplespacecraft.Give
briefjustificationofyouranswer.

Anothewayicalledthe Radial Velocity method
(blualots) Herewenotehatthéhoststamnd
theexoplanetarébothorbitingaroundthecom-
moncentreofmass(C.M. )andhencethehost
starshowsperiodiavariationiitsvelocityto-
wardsorawayfromtheobserver(us). Asthe

planet
mass m

Velocity of star
towards observer

planetimotemittinganylight wgustmeasure (Radial vlocity)
thevelocityofhdhoststamsinghddopplert-

fect. Thiorbitakelocityofhdhosstamround Opserver drecton
theommorrentremassarhelpsletermine

massoftheexoplanet.

(e) Supposethesmallestchangeinradialvelocitypossibletodetectbyacertain
spectrographis /8m/s. Ifivedrawastraightlinconthegraphshowingthis
limit whatwouldbetheslopeofhidine?Drawthidineonthegraph.Look-
ingattheexoplanetsplottedonthegraph,canweconcludethatthereexist
sometheinstrumentshatcouldletectsmallechangednthaadiakelocity?
Justify.

Note: Althoughthesetwomethodsaccountformostoftheexoplanetsdiscovered,
fewoftheexoplanetq alsshowninthigplot arediscoveredbyothemmethoddike
directimagingmicrolensingandtiminganalysis.
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log,op (y)
L e e B b L e e e

s ®
L] -
o Ou,.-. * .. T ]
B .
S0 T
e o 3 ]
..‘ .
p
° -
- . :
= -
E- ’ 1
& E
k=) S
18
3k,
[/ YT BT BT R |
2 -1 2 3

0 logypa (AU)l

Solution:

(aJTherbitaladiuofhdtartlisA Uandtsorbitaperiodslyear. Thus,
forthearth,

logyg a(AUHog 1o p(year =0

Usinghioneamputmarksonthedopscale. Notedhatthenarkingsareloser
thanbottonscaleag 2 oa 3.
m
Forrightsidescale wenotethat - =300.Thusthenarkapproximatelyat
mg
thesameeveladlonthdeftscalecorrespondstoratioof300. Usingthiswe

makemarksontherightscale.

(bUs¢herbitatadiuandnasgatioaluesuthesplanetstppropriate
places.

(c)Letusassumetheplanetisinthermalequilibrium. Thus,amountofheat
absorbedwouldbesameastheamountheatemitted.

L®7T7’2 2 4
1l = nreol

1 L,

47?2\ 7o

Wenoticethatthisequationisindependentofplanetparameters. Thus,the
boundariesvilbeverticalines.Atinnebboundarythequilibriuntemperature

10
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shouldb&73Kandatoutetboundaryitshouldbe373K.

yo 1 410 20
M (270) 2\ 2 x a0 s
. b0 @
47 .31%% 1540 V17
“oaq a5 AU
iy = 10 ~) 6AU.

24413 5

Onlyapproximateestimationisexpectedhere.

(d)Astheobserver(us Jisveryveryfarfromthestar thephysicalseparation
betweenplanetandthestarisnegligibleandthedropinintensityofstarlight
duringgplanettransitdependsonlyontheratioofcross-sectionalarea. Thus,
oneshoulddrawshorizontaline.

Ay (B
Ast Rst
(V)
A\ Wy
M\ 3
0001 P
o (49
M

3 l
0.00012 = P
(Mst)

My =<0 M, =0 .001 M,

Thus,oneshoulddrawhorizontallinewherelog wm(My)=— 3. Further,as
mentionedinthebeginning KeplethasheeriroperationfomearlyGyearsand
itrequiresatleast¥ransitsdlagadetection. Thus typicabrbitalperiodfor
exoplanetsdiscoveredbyKepleshouldbéyearsorsmaller. Drawcorrespond-
ingverticaline.

(e)Agheorbiticircularpy o =0 guandnomentsabouttheentreoimassare
balanced.

MgtQgp =N p1Qpl

MprQpl
Vst =0 st= —— W
Mt
mprQp; 2T
= — X —
s T
2 2 2
9 MMyl 4
Vg = X 5
Mt T Mt

11
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byKepler'shirdaw,
2 2
2 M Gy G
Vgt & 3
2
_ Gy
Mgy Qpl

Thus foranygivenvelocitydetectionlimit,

24)2

G
W = mstvgt o
' GME 2 ¢ 2
ap (AU J= (1AU.) mgvd o ()
1 Bl GM?
.. [logyo mpui= 5 [logg ap}t- 9 logy ((1AU) fnstvgt):|
. B 2040 ' (60
=3 [log,o ap} 5 logyo 11
I M .50 X210
1 1 _
=5 logy ap}- B logyg (10 3)}
: i
=3 logy apfl .5

Thisisequationofastraightlineintheformy=ma+te. Thus,onthegiven

plot wehavdadrawestraightlinewitlslopd)

5. Furtherpointg

(3, 3areorthdine.Oncewedrawthdine werealisethatadotobluepoints
ardelowthidine. Thuspresentdetectionimitshouldbdowertharthisralue.

30 ><( \/g)z

—2,0.5hnd

)

12
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log,ym (M)}
—

log,;m (M)

-2 3 . Neptune
=0
3 Kf_pler limit
Hab. - -1
zone
Mercury @@
—4 | | IIIIIII | | 1 | | IIII | 1 IIIIIII | | 1 IIIIIII | | 1 IIlIII-
-2 -1 0 1 2 3

log,ya (AU]

13
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Notes for Junior Group

e Do not solve question 7(a).Assumethattheanswerforquestion?(a)isl0
photonsgpeisecond.

eQuestiomwilhave2Omarks.
eQuestion? (bandr(c)wilhaveimarkseach.
eQuestiod(c)wilhaveimarks.
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preparedusingl, ATEX2,



