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Tartu, EcBovia — Tpitn, 17 louAiov 2012

H dudorela g e&étaong etvar 5 woes. Atvovtar 3
ngoPpAfuata. mov  PaduoAoyovvtat pe 30 povadeg
ouvvoAka. Ilagakadw onuewwote 0t T Oépata dev
eival pabuodoyikd loodvvapa.

Aev meémel va avoifete To pAakeAO Ue TIG EKPWVTTELS
mEW To oNua évagéng tng e&étaong (Toia ovvTopa
NXNTIKA ONUATA).

Aev eutpénetal va eykataldeipete T Oéon e&étaong
Xwoic adewa. Av xoewroteite PonPewn (xaAaopévog
LTOAOYLOTNG  TOEMNG, avdykn emiokeyng omnv
TOLAAETH, K.ATL), TIAQAKAAE(OTE VA ONKWOETE TNV
katdAANAN onuata “HELP” 1) “TOILET” mov Oa Boeite
ot B€om oag), katd TEOTO wote va e£€xel amd Tovg
TolXovg ToL TeQkAelovv ) B€on egyaoiag oag, kKat va
mv keatoete HéXOL va €0el KATOLOG aTO TOUG
dloQyavwTég.

OL anavtroelg oag mEEMEL v  ekPEACTOVV
OUVAQTIOEL TWV MOCOTHTWV Tov eudavifovral pe
XQWUATIKN EMOT|UAVOT OTNV eKPwvNoT] Kot UToQel
va  megAapBavouy  OepeAldels Ltabepéc, edooov
xoewdletal ‘Etol, av 1 ekpwvnon avadépet «to vPog
TOL KOUTIOV elval a4 kat To MAATOS b», T0 a pTogel va
xonowomomOel otV anavinomn, aAAa oxL to b (ektog
av €Xel XQWMUATIKY ETIONUOVOT KATov aAdov uéoa
otV exdwvnon, PA. maQaKATw). Av VTTAQEXOLV HeY£0T)
LLE ETUOT|HAVOT] O€ KATOL0 VTIOEQWTNHA, TOTE UTTOQOVV
va xenowonomBodv yux TNV amavinon avtoy Tov
vnogowTpatos. Ta peyédn mov epdaviCovral e
ETILOTHAVOT] OTO ELOAYWYIKO KELEVO EVOS TIROPALATOG
(1) oe Tupa evog mEoPArjpatog), dNA. ektdc epféAeiag
OTIOLOLONTOTE VTIOEQWTIHATOG, HToQovv va
xonowomomBbovv  0oTE amavt)oes  OAwv
EQWTNOEWV TOL OULYKeKQIUEVOL TEOPBANUATOC (1] TOU
Tunuatoc).

TWV

¢ Xonowomowjote pOvVo TNV eUmEOS OYn twv PUAAWV

Amavtroewv.

INa wabe TlooPAnua  dwxtiBeviar edkd DUAAa
Anavtioewv  (deite Vv kedpaAda  yix  TIC
Aemtopégeleg). Toadrte tic amavtioels oag  OTO

katdAAnAo PVAA0 Amavtioewv. T kaBe TTpdBANUa,
@  OVAAa  Amavtioewv oplOunpéva.
Xonowonowmote taa POAAx Pdoer e aplBpnong.
®gpovtiote mMAvia va onuelwvete Eexabaga TO
Tunua tov IlgopAnpartog kat tnv Epwrtnon otnv
omoia avadépetal 1) anavtnor oas. Aviyodyte
teAwkd anoeAéouata ota KatdAANAa mAalowr Twv
PUAwV Anavtroewv. AatiOevtau entiong ITIgoxetoa
GUAAa.  XoNOWHomomoTe T YIX VO ONHELOETE
noaypata mov de OéAete va PabupoAoynBovv. Av
voapete ota DPUOAAa Amaviioewv KATL TOL  dEV
erubvpelte va  PaBpoAoynOel  (0Twg
anoteAéopata 1) AavOaoéves anavtroels), poovtiote
va to dypdpete.

Av  xoewrotelte meQuOOOTEQR  PUAAX Yt  KATOLO
MEOPANUa onkwote ) onpaia “HELP” kat avadégete
oto Alogyavwt] tov aplOpd Tov mEOPATIaTos. Oa oog
00000V dVo emmAéov PUAAa (av OHWC  XOElXOTEL,
UTTOQELTE Vo emavaA&Pete TN dladikaoior).

ITegropioTe TO KEIPEVO OTO AMOAVTWS ATIAQALTNTO:
npooTaldnote va eEnNynoete TIc AVOELS 0ag KAt Baon
XONOLHOTOWOVTAG €EL0WOELS, aQlOpovs, ovuPoAa ot
dlrypappata.

Otav to voAotmo tov xpovou e&étaonc eivat 30 min,
Ba akovotel évag anAdg 1xoc. Otav to vmoéAowno tov
x00vov e&étaonc etvat 5 min, Ba akovotel évag dImAGS
nNxos Kata m Anén g e&étaong Ba axovotel évag
TomAGG  1)x0og, omote Oa mEémel  apéows  va
otapartroete. TonoOetrjote OAa ta PVAAx 0TO0 PkeAo
mov Oa vmaEyel 0To Yoadelo oag. Agv emiTEémeTal va
koatnoete  kavéva and  ta  GUAAa  mov
XONOLUOTO0NTE KAl va To magete palli oag
devyovtag. Av teAewdoete MO TNV 0AOKAIQWOT TOL
X0OVOU, TIRAKAAEIOTE VA OTKWOETE TN OTJUALX 0aG.

slvat

aOXIKA
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NpoBAnua T1. Eotidote ota oxfuata (13 povadeg)
Mépog A. BoAég (4.5 povadeg)
Mwx odalpa mov exkToLevETAL HE AQXIKT] ToXVTTA UETQOU
vy, KLVElTaL o€ ouoYyevEéG BaQuTikd Tedlo 0To eminmedo x—z,
OToV 0 dEovag x elvat 0QLWLOVTIOS, KAL O Z KATAKOQUPOG, He
O dtevBuvon kat avtiBetn Good amd TNV ETUTAXVVOT] TNG
Baovtnrag g. H avtiotaon tov aépa Oeweltat apeAnTéa.
i. (0.8 povadeg) MetafdAloviac n ywvia eKTOEEVONG UG
odpaipag mov Eexwvael pe TaxvTTa otadeQov UETQOL Vg
amo TNV agxn Tov LLoTHHATOS AVAPOQAS, O YEWHETQUKOS
TOTOG TV ONHElWV-0TOXWV OTa OToix  UTOoQEl  va
kataAn&eln odaioa divetat amd tn oxéon

z < zg —kx?
Ocwoceiote T oxéon dedouévn xwels va v amodeilete.
YmoAoyiote Tic otaB@eQég zo ko k.

ii. (1.2 povadeg) Eotw twea o1t to onueio

extofevong umogel va emideyel eAevOeoa 13; >
oto emimedo tov edadouvg z=0, kat OtL 1 & _\Q;S
Yovia extéEevong umogel va toomoromOel <@l Ut z

Katd PovAnomn, pe okomd N odaipa vo

dtaoel 010 LYPNAOTEQO OMpelo evog odalgkov KTnlov
aktivag R (PA. 0).) HE TO HIKQOTEQO DLVATO LETQO AQXIKTIG
TaXVTNTAG Vo (KAl XWEIG avamndNoels otV eTUPAVELX TOV
Kktnelov e TV &PLEn 0To 0TOX0). LXEDLAOTE TOLOTIKA TO
oxfiuoe g BéATioTng  TEOXWAG NG odaigog
(xonowomowmote TO OXETKO TAaioww Ttov  PVAAOL
Anavtoewv). ZHMEIQYH: Movo to oxnua mov Oa
dualete Pabporoyeltat.

iii. (2.5 povadeg) ITowo etval 10 eAGXIOTO HETQO Umin TNG
TaxvTNTag ektdlevons, wote 1 odalga va XTUTOEL OTO
PnAoTeQO onpeio Tov odagkov ktnelov aktivag R;

La Géode, Parc de la Villette, Mapiol. Dwrtoypadia:
katchooo/flickr.com
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Mépog B. Porj aépa yUpw amo ntepuylo (4 povadeg)
I'a 1o Mépoc avtd, ot axoAovBec mAnQodopiec Ba oog
davovv yonoiues. Kata tn gor] evéc vypov 1) aeplov oe éva
OWATIVA, KOTA UNKOG LG YOXLUNG QOT]G loXVeL p + ogh +
12002 = 0taBe0, pe TV oL o OTL 1] TAX VTN TAL L Elvat
TMOAV  HuEdTEQN amd v Taxvtnta v mxov. To o
ovpfoAiCet v mukvotta, 0 h t0 Vog, 10 g TNV
ETUTAXLVOT TG PaglTNTaC KAl TO P TNV LOQOOTATLKN
ntieot). Q¢ «yQappég Qong» 0pllovTat oL TEOXLEG TwV HOQIwV
tov QEevotov  (Bewpwviag OtL oL yoapuéc Qorng O
peTaPairovial pe o xoovo). LNUELwoTe OTL 0 0QOG Yhou?
nagotdvel tnv Ilieon mov aokel 1o evoTd AdYw TG
kivnong Twv poplwv tov.

L1o oxfjpua mov akoAovOel divetat 1) Tour| €vog TtTeQuyiov
agQOTAAYVOL pall pe TIS YOOaUHEG QOTIG TOV aéa YURW Ao
avto, omws datvoviar oto Xvotnua AvadpoQds Tov
nreguylov. YmoOéote ot (a) 1 Qo] Tov afoa Elval
dlodkotatn (dnNA. ta davvopata TaxLTNTAG TWV HOoRLWY
oL aépa PolokovTal 0To eMITEdO TNG eKOVAC), (3) 1 Hood
TWV YOAHUWV QONG elval aveEaotntn and v taxvInta
oL aeQOMAAVOV, (V) de duvoael aveplog, (D) 11 Aggoduvaiikn
ITteon etvar mMOAV pudteon amd TNV ATHOODALQLKT)
po=1.0x10°Pa. Mmogeite va XQNOIHOTOWTETE XAQAKA VLot
V& TAQETE HETONOELS 0NV elkOvVa ov Oa Poeite oto PVAAO
Anavtrjoewv.

.

\
v

i. (0.8 povadeg) Av 1 TaxVTNTA TOL AEQOTAAVOL WG TIEOG TO
édadog etvar vp=100 m/s, moéoN elval 1 TAXVTNTA Vp TOL
aépa oto onpuelo P (BA. 0x.) wg og to édadog;

ii. (1.2 povadeg) Ltnv megimtwon vPnAng IxeTikng
Yyoaolag, kaBwg N TaxVTNTA TOL AEQOTTAAVOL WG TIQOG TO
édadog EemeQvd A KQIOWUN TN Tai, €VO QLU
otayovdiwv vepov oxnuartiletatl miow amd To mTeEQUYLO.
Ta otayovidwx eppaviCovatr oe éva OUYKEKQLUEVO OTUELD
Q. Boeite ™ Béom tov Q KAl ONUEWDOTE TI OTO OXHUA TOV
DVAAOV Amavtiioewv. EEnynote molotikd (xonoLomowv-
TG EELOWOELS KAl TO EAAXLOTO dUVATO KEIUEVO) TOV TQOTIO
Tiov EoodLoRloate TN B€om Tov anueiov Q.

iii. (2.0 povadeg) Extuniote 1o HETOO Vuir NG KQLOLUTMG
TaAXVTNTAG PACIOUEVOL 0T arkOAOLO dedopéva: 1) OXeTIKY
vyoaoia tov aéoa eivar r=90%, n €W OeguoTnTA TOL
aéoa vé otaBepn) mieon ¢ =1.00x10%]J/kg-K, n mieon twv
KOQETHEVWY VIQATUWV elval ps =2.31 kPa oe Oeppokpaoia
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tov adatagaktov aéoa T=293 K war pep=2.46 kPa oe
Tp=294 K. AvaAoya pe n néBodo mov Ba xenoomouoete
loweg xoewoteite v e Oeouotnta TOL Aépa LVTIO
ota0ep0d 6yko 1 omoia etvat cy= 0.717x103J/kg-K. Enuewcvote
0Tt weg Iyxetkn Yyoaola ogiCovpe to mnAiko tng Taong
(ITteonc) Atpwv moog v Taon (Ilieon) Kopeouévawv
Atuv oe dedopévn Oegpokpaoia. Qg Tdomn (Ilieon)
Kogeopévwv Atuwv ogiCovpe eketvn v Ilieon Atuwv,
OTIoL oL ATplol .00QQOTIOVV e To YyQo.

Mépog I. Mayvntikd «kaAopakio» (4.5 uovadec)
Qecwonote éva KLAWVOQIKO  CwANvVa .ﬁ
dtiaypévo amd vmeQaywyo LAwo. To
HUKOG TOL CWATVa elvat | KoL 1] E0WTEQLKN

[

A2

tov axtiva r, pe I>r. To kévipo Ttov

ve

x
OWANVOEWOUG CUUTITTEL [LE TNV AQXT] TOV 4

Zvotjpatog Avadods kat o aEovag tov
tavtiCetar pe tov dfova z. AmMO v
KEVTQLKY] OlXTOMT] TOL OwArvar (OnA. vy
z=0, x2+12<72) diégxetar Mayvnuikery Pory T
®. Ot Ymepaywyol elvat VAIKA TTOU HOVWVOLV OTTOLOd TTOTE
HayvnTKo medio, dNA. To HayvnTikd Tedlo 0TO €0WTEQLKO
TouG elvat Undév.

i. (0.8 povadeg) Lxedldote TMEVTE HAYVNTIKEG DUVOAUIKEG
Yoapuéc 0to ewo mAaloo tov PVAAOV Amavtiioewv ot
omoleg OLépxoviar amd T TEVTE KOKKLVAL Onuela Tov
OTHELOVOVTAL OTNV aEO0VIKT] DIATOLT) TOL CWANVAL.

ii. (1.2 povadeg) YmoAoylote ) z-ovviotwoa g Taong T
oto péoo tov owAnva (dnA. tn dvvaun aAAnAemidpaonc
TV 0VOo powv, z>0 kot z<0, Tov CwATVaY).

superconductingcylidrical wall
i ®vertical cross-section|for drawing fieldlines |

iii. (2.5 povadeg) Ocwonote TWEA Eva
devTEQO OWAN VA OHOLO KAl TTAQAAANAO pe
tov mowto. O devteQog OCwWANVag €xel
Mayvntko Iledlo avtiBetng Popdc, eva
t0 Kkévigo Tov Poloketar ot Oéon
y=1,x=2z=0 (é10L WOTE OL dDVO CWATVES vVt
QAVTIOTOLXOUV OTIG ATEVAVTL TAEVQEC EVOG TETQAYWVOU).
ITooodloplote to pétEo e dvvaune F mov meprypddet
HayvnTuet) aAAnAemtidoaon petalt twv dV0 CWATVWV.
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The 43" International Physics Olympiad — July 2012
Grading scheme: Theory

General rules This grading scheme describes the number of
points allotted for each term entering a useful formula. These
terms don’t need to be separately described: if a formula is
written correctly, full marks (the sum of the marks of all the
terms of that formula) are given. If a formula is not written
explicitly, but it is clear that individual terms are written bear-
ing the equation in mind (eg. indicated on a diagram), marks
for these terms will be given. Some points are allotted for
mathematical calculations.

If a certain term of a useful formula is written incor-
rectly, 0.1 is subtracted for a minor mistake (eg. missing non-
dimensional factor); no mark is given if the mistake is major
(with non-matching dimensionality). The same rule is applied
to the marking of mathematical calculations: each minor mis-
take leads to a subtraction of 0.1 pts (as long as the remaining

score for that particular calculation remains positive), and no
marks are given in the case of dimensional mistakes.

No penalty is applied in these cases when a mistake is clearly
just a rewriting typo (i.e. when there is no mistake in the draft).

If formula is written without deriving: if it is simple
enough to be derived in head, full marks, otherwise zero
marks.

If there two solutions on Solution sheets, one correct and
another incorrect: only the one wich corresponds to the An-
swer Sheets is taken into account. What is crossed out is
never considered.

No penalty is applied for propagating errors unless the cal-
culations are significantly simplified (in which case mathemat-
ical calculations are credited partially, according to the degree
of simplification, with marking granularity of 0.1 pts).
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PROBLEM

Problem 1 IPhO
Problem T1. Focus on sketches (13 pOintS) (full 0.6 pts if equivalent eq. is obtained for non-shifted origin)
Part A. Ballistics (4.5 points) Discriminant equals 0 — 0.2 pts

i. (0.8 pts) If the parameters are derived using the particular from where 02 = 0.5gR — 0.1 pts

cases of throwing up and throwing horizontally:
hence vy, = V/4.5gR — 0.1 pts

for throwing up, zg = v3/2 — 0.2 pts;
from where zy = v3/2g — 0.1 pts;

If alternative solution is followed:

ticing that for horizontally th ball,
HOLICing Bhat fob hotzontatly thrown ba ) Shifting the origin to the sphere’s top for simplicity — 0.1 pts
the trajectory has th h = —kxz* — 0.2 pts;

¢ Hrajectoty fas The same shape as < * P Noting that the touching point vel. is L to launching vel.— 0.6 pts

finding this trajectory, z = —gx?/2v3 — 0.2 pts;

Angle from centre to touching pt P = launching angle — 0.6 pt;
Concluding k = g/2v3 — 0.1 pts;

Cond. that P belongs to the trajectory — 0.6 pt;
If, instead of studying the trajectory of a horizontally From this cond., final answer obtained — 0.6 pt:

thrown ball (for which 0.5 pts were allocated), a trajectory

For a brute force approach:
of a ball thrown at 45 degrees is studied:

Obtaining 4*" order equation

distance is max. when the angle is 45° — 0.2 for intersection points x (or y) — 0.5 pts
Finding this maximal distance v?/g — 0.2 which is reduced to cubic(divided by =) — 0.1 pts
Obtaining k£ — 0.1 Mentioning that it has exactly one pos. root — 0.2 pts

(equivalently, an extrememum coincides with a root or there
If the parameters are derived using condition that the quad- are exactly two distinct real roots.)
ratic equation for the tangent of the throwing angle has exactly

one real solution:
Obtaining quadratic eq. for z-coord. of extrema — 0.2 pts

Requiring z = vcosat — 0.1 pts; Finding the roots of it — 0.2 pts

. o 2 )
Requiring » = vsinat — gt°/2 — 0.2 pts; Selecting the larger root z, of it — 0.2 pts

o L 2,2 2 .
Eliminating ¢: z = ztana — ga®/v” cos” v — 0.1 pts; Requiring that z, is the root of the cubic eq — 0.2 pts

. 2/ 2 2 N _ )
Obtaining z — ztana + gz~ /v°(1 + tan“a) = 0 — 0.1 pts; Obtaining the speed as a function of o — 0.2 pts

Requiring that the discriminant is 0 — 0.2 pts;
Obtaining zo = v /2g, k = gx*/2v3 — 0.1 pts;
(If one of the two is incorrect — 0 pts for the last line)

Finding the minimum of that function — 0.7 pts

Part B. Air flow around a wing (4 points)
i. (0.8 pts)

Using the wing’s frame of reference — 0.1 pts

ii. (1.2 pts) taking streamline distance measurment at P — 0.2 pts
(if off by 1 mm or more, 0.1 pts)
Trajectory hits the sphere when descending — 0.7 pts

i turbed st line dist — 0.1 pt
(if the top of the parabola is higher than gR — 0.5 pts); ( [CastIng WHPEFLHIDEC SHEAine distance P

if off by 1 mm or more, 0 pts)

Trajectory touches the sphere when ascending — 0.5 pts. at P, streamlines are horiz. = scalar adding — 0.1 pts

Trajectory touches the sphere at its top or
is clearly non-parabolic or starts inside the sphere
or intersects the sphere: total — 0 pts. Finding final answer — 0.1 pts
(if the speed in wing's frame is given as final anser, points
iii. (2.5 pts) If the analysis is based on a trajectory which is are lost for 4th and 6th line)

Writing continuity condition — 0.2 pts

wrong in principle, 0 pts.

For minimal speed, z = zy — kz? touches the sphere — 1.5 pts ii. (1.2 pts)

Shifting the origin to the sphere’s top for simplicity — 0.1 pts Writing down continuity condition — 0.2 pts
v ga? (or stating: smaller streamline distance = larger speed)
Thenz:—o——2f0.2pts .. .
29 2w Writing Bernoulli’s law — 0.4 pts

and 22 + 22+ 22R=0 — 0.2 pts 0 pts out of 0.4 if the Bernoulli law includes pgh

2 R 2 2 (or stating that larger speed = smaller pressure)
ot () +22 (3-2)+ (£+R)L =0 01pts

Yo

Writing adiabatic law — 0.4 pts
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PROBLEM

Problem 1

(or stating that smaller pressure = lower temperature)

Finding @ as in the figure in the solutions — 0.2 pts
(if @ marked below the wing’s tip — 0.1 pts)

iii. (2 pts)
Finding the dew point: idea of linearization — 0.2 pts

Expression and/or numerical value for dew point — 0.2 pts
Deriving 3pv? 4 ¢, T = const:

1 mole of gas carries kin. en. uv? — 0.2 pts
1 mole of gas carries heat en. CyyT — 0.2 pts

work done on 1 mole of gas: p1 V1 — p2Vo — 0.4 pts

en.: $pu(v3 —vf) + Cy(To — Ty) = p1Vi — p2Vo — 0.2 pts

using ideal gas law obtaining %vz + ¢,T" = const — 0.2 pts
Alternative approximate approach:

Bernoulli’s law %pv2 + p = const — 0.3 pts
0 pts out of 0.3 if the Bernoulli law includes pgh
Adiabatic law pV7 = const — 0.3 pts
= p!= 7T = const — 0.2 pts
Approximation Ap = ﬁ%AT — 0.2 pts
Leading to 3v* + %cpc_—Pch = const — 0.1 pts

Leading to %02 + ¢,T" = const — 0.1 pts

And further (for either approach):

Bringing it to A% = %Ufﬁt(‘;—j —1) = ¢, AT — 0.1 pts

Measuring a and ¢ — 0.2 pts

2¢, AT
Obtaining v = ¢ asp_ = ~23m/s — 0.1 pts
Part C. Magnetic straws (4.5 points)
i. (0.8 pts)

Lines straight and parallel inside — 0.6 pts
(if not drawn over the entire length, subtract 0.2)
(can be slightly curved close the tube’s end)
Lines curve outwards slightly after the exit — 0.2 pts

(if so curved that more than one closed loop on both sides is
depicted in Fig, 0 pts out of 0.2)

ii. (1.2 pts)
Expressing induction as B = ®/7r? — 0.2 pts
Stating that w = % — 0.2 pts
Idea of using virtual lengthening — 0.2 pts

IPhO

Estonia 2012

(Introducing a lengthening Al is enough)

Expressing AW = %WT2AZ — 0.2 pts

(Same marks if W expressed for entire tube)
Equating AW = TAl — 0.2 pts
0.2 pts

2uomr?”

Expressing T' =

iii. (2.5 pts)

Idea of using analogy with el. charges — 1 pt
(Sketch with a quadrupole conf. of el. charges is enough)

Finding the force between two magn. charges via matching el.
and magn. quantities is worth 1 pts in total, split down as
follows:

Expressing el. stat. force via en. density — 0.5 pts

Using the obtained Eq. to obtain F' = L2 05 pts

dmpo a?
Any other matching scheme is graded analogously; e.g. find-
ing such a @ which has the same en. density as ® — 0.5 pts;
expressing the force between magn. charges (®) as the force
between the matching el. charges (QQ) — 0.5 pts. Declaring
matching pairs Q <> ® and —— < —

4meq 47 o
motivation gives only 0.5 pts.

without energy-based-

Noting that || to tubes comp. of force =0 — 0.2 pts
When expressing F' = 2(F; — Fy): for factor “2” — 0.1 pts
and for finding F, — 0.2 pts

(if wrong sign for Fy, subtract 0.1)

If alternative solution is followed

Plan to express inter. energy as a function of a
intending to find F' as a derivative — 0.2 pts
Calculating Bjj(z) — 0.8 pts
If estimated without dependance on z, 0.4
considering a tube as an array of dipoles — 0.3 pts
expressing dm = Sjdx — 0.3 pts
relating j to ® — 0.2 pts
Expressing U = [ B(z)dm — 0.4 pts
If estimated as B.Sjl, 0.2
Finding F' = dU/da — 0.2 pts
Taking into account the factor “ 27— 0.1 pts
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PROBLEM

Problem 1

Problem T1. Focus on sketches (13 points)
Part A. Ballistics (4.5 points)
i. (0.8 pts) When the stone is thrown vertically upwards, it
can reach the point = 0, z = v3/2g (as it follows from the
energy conservation law). Comparing this with the inequality
z < zg — ka? we conclude that
20 = v3/2g. [0.3 pts]

Let us consider the asymptotics z — —o0o; the trajectory of
the stone is a parabola, and at this limit, the horizontal dis-
placement (for the given z) is very sensitive with respect to the
curvature of the parabola: the flatter the parabola, the larger
the displacement. The parabola has the flattest shape when
the stone is thrown horizontally, x = vot and z = —gt?/2, i.e.
its trajectory is given by z = —ga?/2v2. Now, let us recall
that 2 < zg — ka?, ie. —ga?/20¢ < 20 — ka? = k < g/203.
Note that k < g/2v2 would imply that there is a gap between
the parabolic region z < zy — kx? and the given trajectory
2z = —gx?/2v%. This trajectory is supposed to be optimal for
hitting targets far below (z — —o0), so there should be no such
a gap, and hence, we can exclude the option k < g/2v3. This
leaves us with

k= g/2v3. [0.5 pts]

ii. (1.2 pts) Let us note that the
stone trajectory is reversible and due
to the energy conservation law, one
can equivalently ask, what is the min-
imal initial speed needed for a stone
to be thrown from the topmost point
of the spherical building down to the

ground without hitting the roof, and what is the respective tra-
jectory. It is easy to understand that the trajectory either needs
to touch the roof, or start horizontally from the topmost point
with the curvature radius equal to R. Indeed, if neither were
the case, it would be possible to keep the same throwing angle
and just reduce the speed a little bit — the stone would still
reach the ground without hitting the roof. Further, if it were
tangent at the topmost point, the trajectory wouldn’t touch
nor intersect the roof anywhere else, because the curvature of
the parabola has maximum at its topmost point. Then, it
would be possible to keep the initial speed constant, and in-
crease slightly the throwing angle (from horizontal to slightly
upwards): the new trajectory wouldn’t be neither tangent at
the top nor touch the roof at any other point; now we can re-
duce the initial speed as we argued previously. So we conclude
that the optimal trajectory needs to touch the roof somewhere,
as shown in Fig.

iii. (2.5 pts) The brute force approach would be writing down
the condition that the optimal trajectory intersects with the
building at two points and touches at one. This would be de-
scribed by a fourth order algebraic equation and therefore, it is
not realistic to accomplish such a solution within a reasonable
time frame.
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Note that the interior of the building needs to lie inside the
region where the targets can be hit with a stone thrown from
the top with initial speed vyi,. Indeed, if we can throw over
the building, we can hit anything inside by lowering the throw-
ing angle. On the other hand, the boundary of the targetable
region needs to touch the building. Indeed, if there were a
gap, it would be possible to hit a target just above the point
where the optimal trajectory touches the building; the traject-
ory through that target wouldn’t touch the building anywhere,
hence we arrive at a contradiction.

So, with vy corresponding to the optimal trajectory, the tar-
getable region touches the building; due to symmetry, overall
there are two touching points (for smaller speeds, there would
be four, and for larger speeds, there would be none). With the
origin at the top of the building, the intersection points are
defined by the following system of equations:

2

) g.’IJ2

2 2 _ _
4+ 24+ 22R=0, 2—%—2—08.

Upon eliminating z, this becomes a biquadratic equation for x:

2
1 R 2 2
L) v (s -5 )+ (L R) 2
2ug 2 g 4g g

Hence the speed by which the real-valued solutions disappear
can be found from the condition that the discriminant vanishes:

=0.

1 gR\> 1 gR R
(__g_2> :_+g_2:>g—2:2.
2 g 4 v UG

Bearing in mind that due to the energy conservation law, at
the ground level the squared speed is increased by 4gR. Thus
we finally obtain

R
Umin = \/vg—l—élgR:?m/g?.

Alternative solution using the fact that if a ball is thrown
from a point A to a point B (possibly at different heights)
with the minimal required launching speed, the initial and
terminal velocities are equal. This fact may be known to
some of the contestants, but it can be also easily derived. In-
deed, suppose that when starting with velocity ¥y at point A,
the ball will hit after time 7 the point B, and || is the min-
imal speed by which hitting is possible. Now, let us rotate the
vector vy slightly by adding to it a perpendicular small vector
@ L Ty (|d] < |to]). With the launching velocity @ = ¥y + 4,
the trajectory of the ball will still go almost through point B:
near the pont B, the displacement of the trajectory cannot
change linearly with |@|. Indeed, a linear in |@| displacement
would mean that with essentially the same speed |0;| & |0p], it
would be possible to throw over point B, which is in a contra-
diction with the optimality of the original trajectory. Hence,
the displacement vector 7 (7)— 71 (7) needs to be parallel to the
trajectory, i.e. to the velocity v of the ball at point B. Here,
7o(t) [F1(t)] is the radius vector of the ball as a function of time
when it was launched with velocity @y [01]. In a free-falling sys-
tem of reference one can easily see that 7o(t) — 7 (t) = (0o —¥1)t.
So, (U —01)T =tur | ¥ = U || U = ¥y L Up.
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We start again throwing a ball from the point O at the top
of the building, and notice that for the optimal trajctory, at
the point P, where it touches the building, the velocity is per-
pendicular both to the radius vector QP (where @) denotes the
building’s centre), and to the launching velocity. Hence, QP
and the launching velocity are parallel. Let O be the origin,
and let us denote ZOQP = «. Then the trajectory is given by

ga?

z=xcota — o2 snZa’
Point P with coordinates z = Rsina and z = R(cosa — 1) be-
longs to this parabola, hence R = %, from where we obtain
the previous result.

Part B. Mist (4 points)

i. (0.8 pts) In the plane’s reference frame, along the channel
between two streamlines the volume flux of air (volume flow
rate) is constant due to continuity. The volume flux is the
product of speed and channel’s cross-section area, which, due
to the two-dimensional geometry, is proportional to the channel
width and can be measured from the Fig. Due to the absence of
wind, the unperturbed air’s speed in the plane’s frame is just vg.
So, upon measuring the dimensions ¢ = 10 mm and b = 13 mm
(see Fig), we can write voa = ub and hence u = vg§. Since at
point P, the streamlines are horizontal where all the velocities
are parallel, the vector addition is reduced to the scalar addi-
tion: the air’s ground speed vp = vo —u = vo(1 — §) = 23m/s.
ii. (1.2 pts) Although the dynamic pressure % pv? is relatively
small, it gives rise to some adiabatic expansion and compres-
sion. In expanding regions the temperature will drop and hence,
the pressure of saturated vapours will also drop. If the dew
point is reached, a stream of droplets will appear. This process
will start in a point where the adiabatic expansion is maximal,
i.e. where the hydrostatic pressure is minimal and consequently,
as it follows from the Bernoulli’s law p + % pv? = const, the dy-
namic pressure is maximal: in the place where the air speed in
wing’s frame is maximal and the streamline distance minimal.
Such a point @ is marked in Fig.

iii. (2 pts) First we need to calculate the dew point for the air
of given water content (since the relative pressure change will
be small, we can ignore the dependence of the dew point on
pressure). The water vapour pressure is p,, = psor = 2.08 kPa.
The relative change of the pressure of the saturated vapour is
small, so we can linearize its temperature dependence:

Psa — Pw
T,.-T

:psb_psa — Ta_T:(Tb_Ta

) (1 - T)psa .
Ty, — T,

DPsb — Psa ’
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numerically T' ~ 291.5K. Further we need to relate the air
speed to the temperature. To this end we need to use the en-
ergy conservation law. A convenient ready-to-use form of it is
provided by the Bernoulli’s law. Applying this law will give
a good approximation of the reality, but strictly speaking, it
needs to be modified to take into account the compressibility
of air and the associated expansion/contraction work. Con-
sider one mole of air, which has the mass p and the volume
V = RT/p. Apparently the process is fast and the air par-
cels are large, so that heat transfer across the air parcels is
negligible. Additionally, the process is subsonic; all together
we can conclude that the process is adiabatic. Consider a seg-
ment of a tube formed by the streamlines. Let us denote the
physical quantities at its one end by index 1, and at the other
end — by index 2. Then, while one mole of gas flows into
the tube at one end, as much flows out at the other end. The
inflow carries in kinetic energy % wuv?, and the outflow carries
out %uv% . The inflowing gas receives work due to the pushing
gas equal to p1V; = RT3, the outflowing gas performs work
p2Vo = RT5. Let’s define molar heat capacities Cy = pcy and
Cp = pcp. The inflow carries in heat energy Cy R4, and the
outflow carries out Cy RT,. All together, the energy balance
can be written as %qu + CpT = const. From this we can

2 (a2 — 1) = ¢, AT, where c is the

crit\ ¢2
streamline distance at the point @, and further

2
. ve 1
easily express A% = Zv

2¢,AT
a2 _ 2

Verit = C ~23m/s,

where we have used ¢ =~ 4.5mm and AT = 1.5K. Note that
in reality, the required speed is probably somewhat higher, be-
cause for a fast condensation, a considerable over-saturation is
needed. However, within an order of magnitude, this estimate
remains valid.

Part C. Magnetic straws (4.5 points)

i. (0.8 pts) Due to the superconduct- \ /\
ing walls, the magnetic field lines cannot
cross the walls, so the flux is constant
along the tube. For a closed contour in-
side the tube, there should be no circu-
lation of the magnetic field, hence the
field lines cannot be curved, and the field i
needs to be homogeneous. The field lines \_/ b
close from outside the tube, similarly to a solenoid.

ii. (1.2 pts) Let us consider the change of the magnetic energy
when the tube is stretched (virtually) by a small amount Al.
Note that the magnetic flux trough the tube is conserved: any
change of flux would imply a non-zero electromotive force %,
and for a zero resistivity, an infinite current. So, the induc-
tion B = -2;. The energy density of the magnetic field is %.

w2’
Thus, the change of the magnetic energy is calculated as

B2 b2
AW = — 72 Al = Al.
240 240772

This energy increase is achieved owing to the work done by the
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stretching force, AW = T Al. Hence, the force

(1)2
T=——.
2ugmr?

iii. (2.5 pts) Let us analyse, what would be the change of
the magnetic energy when one of the straws is displaced to a
small distance. The magnetic field inside the tubes will remain
constant due to the conservation of magnetic flux, but outside,
the magnetic field will be changed. The magnetic field out-
side the straws is defined by the following condition: there is
no circulation of B (because there are no currents outside the
straws); there are no sources of the field lines, other than the
endpoints of the straws; each of the endpoints of the straws is
a source of streamlines with a fixed magnetic flux +®. These
are exactly the same condition as those which define the elec-
tric field of four charges Q. We know that if the distance
between charges is much larger than the geometrical size of
a charge, the charges can be considered as point charges (the
electric field near the charges remains almost constant, so that
the respective contribution to the change of the overall electric
field energy is negligible). Therefore we can conclude that the
endpoints of the straws can be considered as magnetic point
charges. In order to calculate the force between two magnetic
charges (magnetic monopoles), we need to establish the corres-
pondence between magnetic and electric quantities.

For two electric charges ) separated by a distance a, the
Flso 2—22, and at the position of one charge, the elec-
tric field of the other charge has energy density w = m a—j;
hence we can write F' = 87wa?. This is a universal expression
for the force (for the case when the field lines have the same

forceis F' =

shape as in the case of two opposite and equal by modulus elec-
tric charges) relying only on the energy density, and not related
to the nature of the field; so we can apply it to the magnetic
field.
the full field energy with respect to a virtual displacement of

Indeed, the force can be calculated as a derivative of

a field line source (electric or magnetic charge); if the energy
densities of two fields are respectively equal at one point, they
are equal everywhere, and so are equal the full field energies.
As it follows from the Gauss law, for a point source of a fixed

magnetic flux ® at a distance a, the induction B = ﬁ%. So,
. 2 2
the energy density w = QBW = m%, hence
1 o2
- dwpg a2’

For the two straws, we have four magnetic charges. The lon-
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gitudinal (along a straw axis) forces cancel out (the diagonally
positioned pairs of same-sign-charges push in opposite direc-
tions). The normal force is a superposition of the attraction

due to the two pairs of opposite charges, F; = ﬁ%z, and
the repulsive forces of diagonal pairs, Fp = 8ﬁ0 %. The net

attractive force will be

4— /2 2

F=2F —F)= T

Alternative solution based on dipole energy calculation.
It is known that the axial component of the magnetic induction
created by a solenoidal current of surface density j is propor-
tional to the solid angle 2 under which the current is seen from
the given point:
B = pojQ/4m;

this can be easily derived from the Biot-Savart law. Let the
distance between the tubes be a (we’ll take derivative over a),
and let us consider a first tube’s point which has a coordinate
x (with 0 < z <[) from where the direction to the one end-
point of the other tube forms an angle a = arctana/z with
the tube’s axis. From that point, the open circular face of the
other tube forms a solid angle Q2 = 772 sin? & cos a/a?, so that
its contribution to the axial magnetic field at the point z

® sin? « cos «
4ma?

B pojr? sin? a cos a
Il 4q2

The solenoidal current at that point forms a magnetic dipole
dm = mr?jdx = ®dx/ o,
which has potential energy
dU = Bjdm = sin® o cos a®*dx /4mpoa®.

When integrating over z, « varies from arctana/l to 0, so that

U, = /dU :/sin2acosa<1>2d:v :/coswb?da'
AT ppa

4 poa?
Bearing in mind that the other end-circle of the other tube con-

tributes the same amount to the magnetic interaction energy,
we find

o2 /1 1
U=201=— |- — — ).
YT 2pg <a \/a2+12)
Upon taking derivative over a and using a = [ we obtain the
same result for F' as previously.
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