EuPhO 2024 (Georgia) I2iwfE&E BEG #19%, TZT. 7T=R/oop TH 2, 77 7DFRVFERRT v D
R 2 RS

T1: 83/\v 7 v, wr

Ny ZBEZIR-oTHIK 8 &, BEWIITHHTEN L EBEHL v ’
TGN, 2 0DTIE L BRI L TEREDj &, Sy 7 LEE v %
DB DEERESIT, BiEE Sy 2 OEFHHREEZ, B&EIZ Sy 7 %
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g >m FTHDB, pur < Ind OHFE, HOTSY ZIEE%R
AV FLTED, BMHEEEX v, = vgexp(—pur) &R 52, —FH
pe <o FThDB, pr>Ind OBE, HOT Ny ZI3HEET
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suggestions for marking scheme

Part T1.a): Scores Pts.
realizing that puck is sliding initially 0.3
realizing that puck may roll without sliding | 0.3
stating that sliding ends when roll condition | 0.3
v=rw is met

equating the normal force with mv?/R 0.3
using Fy = uN for the friction force 0.3
equation of motion (eom) for translation (-0.2 | 0.4
for wrong sign)

giving integral expression for translational | 0.5
eom with correct initial conditions

giving expression for v as function of time or | 1.0
angle as in eq. (2) or (6)

equation of motion (eom) for rotation 04
using I = mr?/2 as moment of inertia 0.3
giving integral expression for rotational eom | 0.5
with correct initial conditions

giving expression for re as function of time | 1.0
or angle as in eq. (3) or (7)

getting time 5 or angle In(3)/u for transi- | 0.5
tion to rolling without sliding

obtaining critical coefficient of friction y. = | 0.5
In(3/2)/r

finding final velocity Zv, for rolling without | 0.4
sliding

finding velocity v. if puck slides the whole | 1.0
time

Total on T1.a) 8.0




Part T1.b): Scores Pts.
graph has suitably labelled axis 0.2
initial speed v, indicated in graph 0.2
graph shows v, decreasing with g initially 0.3

initial exponential decrease of v, with y indi- | 0.3
cated in graph
critical point exists and is indicated in graph | 0.4

constant speed after the critical point 0.4
obviously not smooth function at critical | 0.2
point

Total on T1.b) 2.0

General rules for marking in T1:

The grain size for marking is 0.1 Pts.
Partial marks can be awarded for most aspects.

For each mistake in calculation (algebraic or numeric) 0.2
Pts. are deducted.

If a mistake leads to a dimensionally incorrect expression

no marks are given for the result.

Propagating errors are not punished again unless they
are dimensionally wrong or entail oversimplified/ wrong

physics (e.g. neglecting friction effects

T2: FHR

BRARIBRE - 7 U2, A7 X7 b ek b IEENT 2 BER
%, THhZHA, B, GrT5, £/

1
= V1—v2/c?
RE LRI,

a) (i)

REL . xFEHERIZBIZ200X 7 FOREAE I, 35, G
3F 7 b OEIEEER DT,

lA - lG/vay lB - lG/'}/'UB

THb, ZIT, vp l3FEERB & G OMNEE T, MG
HEDERHIL D,

u+v 35

vB = 1+uv/c? 7€ ®)

ThHb, mEDRKXT, u = %c, v = %c ROz, 14 = vAt
BDT, b LD,

Y 16
You 37

I = vAtg Atge

A Do

A2 FIP1IDOHEL, ROXT7 F2DFEEL VWS 2D
DARY M REZ LS, a—LUYEHIC X B, HDHEERIC
BOTHEARY FDEEDNt, 2 THolz T 2L, MHIHEE
u CTHI BIDOPERERIZBT 2 Z DA R b DREEFEIE,

t' = (t - Z—Qx) Yu, @ = (z—ut)y,

THZ N3, FEERARKBWT, IhHDA N> b ORI
(tl,Aaxl,A) = (0,0) ﬁio‘ (toA,xQ’A) = (Ato,()) VC\‘%%O B oD
ATHF 2HEEN —u DT, BIZBWTIZ IS DR,

(ti,B,21,8) = (0,0), (t2,B,%2,B) = (Atoyu, ultoyy)

TH 2%,

JERER B ICBW T to p TOFX 7 b 1 OfiEZ KD 2 5
BH5, GOBITHTHHEMNEE vp 13X (8) THEALNZD
T, H#%J tQ’B “C@f\f7 M1 ODﬁZIELi xl,B(tQ,B) = UBt2,B TZB
%, EWVWIOIDIIT, BIERBIZEBITZ2200F 7 O

16
Ip = x1,B(t2,B) — v2,B(t2,B) = (vB — u) Aty = 37 Atoc

TH 2,



BRIE3 ¢ IRREIREIRE Aty = Atga 137V RABERICBIT 2 EH
R (7 ) A&7 ) REEERCTH UGN 6 X 7 b EFREL T
W3), RTPEERIZBWT u TENT WS, R7FEERICEBT
5ZNoDA XY ORI Ato p = VuAtoa TH 2, ¥
7 POFEETVARToa=v=>2cT, RTHRTEA (8) T
5Z% v TH B, R7RTIEINRHMERR Atgp T2ODF 7 NI
RSN TS, ZORMIC, 7V ROFHMIE ulty p 720
@J L. ﬁﬁ&:% LN7F 7 M ’UBAtO,B f:&)‘@@ﬂ?’é@f\ 2D
DX 7 + ORI AR TR T

16
lB = (’UB — U)AtoyB = ﬁ CAt()

TH5,
sending gift #1
in Bob's frame at ¢ =0

Alice's ship < gift #1

sending gift #2
in Bob's frame at
t = Aty p

Alice's ship < gift #2 o gift #1

’uAto_B lB

vpAty

L4 HL. (i) 2RI, RIDLHD2OD
X7 MEEEERT, 7V RAEER CERERERER A ¥ 7Y RRIC
BUI2RT7OX7 bOEEOMTEZ N5, ZAUIMHEN R
HEDOAKHITH (8) THZHNZDT,

16

5 16
lB = UBAtl = ﬁCgAto = ﬁCAtO

&b,

) (i)

Rl . (i) RV T2 e, KRR

Iz 16
At =B = 2 At
Y=g 35000

ThHEzoh3,

Problem 2.(a): Using Solution 1 pts
Formula for relativistic addition of velocities | 0.5
each mistake -0.3

Speed v of Alice’s gift in B (35/37 = 0.945) 0.5
must have correct formula

Find 14 0.5
y formula 0.3
each mistake -0.2

l; = I/y only true in rest frame 0.7
Boost 14 to G frame 0.3
each mistake -0.1

Boost from G frame to I 0.2
each mistake -0.1

Collect expressions for Iz 0.5
correct numerical result (16/37 = 0.432) 0.5
must have correct formula

At1 = lB / Vg 0.5
correct numerical result (16/35 =~ 0.457) 0.5
must have correct formula

Total for 2.(a) 5.0
Problem 2.(a): Using Solution 2 or 3 pts

Formula for relativistic addition of velocities | 0.5
each mistake -0.3

Speed vg of Alice’s gift in B (35/37 = 0.945) 0.5
must have correct formula
y formula 0.3

each mistake -0.2
because two subsequent gifts are sent from | 0.7
the same place in Alice’s frame
Atop = yulrty 0.3
each mistake -0.1
In Bob’s frame, second gift at position uAtyg | 0.7
while first gift at vgAtgs
each mistake -0.2

Collect expressions for I 0.5
correct numerical result (16/37 = 0.432) 0.5
must have correct formula

Aty = lg/vp 0.5
correct numerical result (16/35 ~ 0.457) 0.5
must have correct formula

Total for 2.(a) 5.0

Important Notes for marking Problem 2

Correct final answers without justification can receive full
marks; incorrect final answers without justification will re-
ceive no marks, even if the answer is “close ” or if it can

be guessed what the error was.

The statement “ must have correct formula ” means that
the any immediately preceeding symbolic formula to the
numerical number must be correct to receive any points

for a numerical answer.

Correct numerical result is dependent only on the imme-

diate formula from which it is computed.
A dimensionally incorrect formula gets zero marks.

Student can define ¢ = 1 explicitly without penalty, but
inconsistencies are treated as errors.

Follow on errors normally only have penalty at point of

error



Numerical results that are follow on errors are not penal-

ized twice

must have recognized light time correction need at least

once to get points for ratio formula AND result
Transcription errors are errors

If Part a) is solved without the explicit use of special rel-

ativity, then the maximum possible for part a) is 0.5 pts.

If Part b) is solved without the explicit use of special rel-

ativity, then no points are awarded.

For final answer on Part b), must have correct formula;

non integer numbers that round to 18 get only +0.2 pts.

Any other mistakes or errors not explicity covered in the
marking schemes should be treated a fully wrong for the
category; so if a category is listed as 0.6, and the student
work is incorrect, and no other disclaimer applies, then the

score would be 0.

If a student could only reasonably have correctly com-
pleted some task by correctly doing the previous tasks,
then the previous tasks should be fully awarded, even if
not explicitly written. However, if the tasks are written,
and have errors, the student will get the appropriate de-

ductions.

If it can be argued that a student could only reasonably
have completed some task by correctly doing the previ-
ous tasks, but the answer to the shown task is incorrect,
then the previous tasks should receive zero marks if not

explicitly shown.

b)

AL ¢ Rl to 4 IBWT, 7V RIIER 7 OF A EERE
dp DL ZAHIXWVWB LRI T2, RITMHT VY RETH
DMERET 2 DITH 0 B RN ¢, = dp/c T2 DT, 15341 toa DT
VA6 R 7 OFHME TOEBOHERIZ. 7V ARITBWT
L:dB_UdB/CVC\\%éo

T3, AXAT0AHTOLF 7 FORBEFEL LS, 7V AN
HELEFXFT7 ME. ZADRTOFHMCEE L - L EZRTE
2FET, HATW2, Bxd Ml tg a0, RTREFE L
MRETELFXF 7 2EZ LS, ZHUE. RATWASX7 boHT
ROEWVHDE, bLZOXF 7 B ZDOX IR TOFHMMEE
DEETHZETIUR, ZORZDOF 7 ME, EBIIX dp + oty
WZhbd, I, RAZATVWARHEVWF 77V R DRICH
X7 o

Nyt = dp + vt _ dp(1+v/c)

la vAtg

TH2,

BURR D dp/lald. R —t, CBIU 3 RATVWARLEVF 7 b
ET7VRADHDF 7 bOETH B, ZDHRD t, DNt/ Ato 8
DX 7 +ZEIZED DT, Git Now = dp/(vAty) +dp/(cAty)
A

RIZ, RoTKEFXF T FDIBRITVEHDDHEEFIHEL
E9, MOBIILWVWE T b5 & 5 ¥R TOFHMM» HFEINT-
DE, 7VRFRLE T3, ZORDZDXF 7 b TOEEOH
X, 7V RPERERT dp —vpty = dp(1 —vp/c) TH 3, o
TL 32X 7 bOROEML 15 T, 24Uk a) TTTIEIE L,
YWVIDBITT, RoTLEFT7IFDIBRITVSH DO

N, = 8 —vp/c) _ dp(l—vp/c) 37

lB AtoC E
TH 5,
SIS
Nows _ (1+v/c)e 16 18
Ny, (1 —wp/c)v 37
2195,
A2 7VRERTEFEFELEOIRF7 bEEDEV, £

NEOHMNHE S EWVIZWO BRI UZDT, a5 DIcE
MR D 2, RITBRZZANSLZITMAFXF 7 FOBIEXTV A
NREZZIWMBF 7 PO FAUT, ALIePREELK
FTRMIOWTHE RS, EWVWIDIIT. SEFIRITDEIEL
TWVWAEBFERTHE R X9,

F9. RTPRZIMBF 7 ERTAS, K77V RDM
W, TTRTZVRADLSREEINTVWENRIDVZITE->TY
BOF T SHHFET B,

L2L. A7REZENSTRTARZR DI TR, 2w
IDIF. HDELDF 7 F2HDMIARTWCEFLEEEL TV



RO STHb, RIDVBREZIENTELIRDIELDF T MHA
DLt =0 (R7EEERT) KR ICAD» > THEXIN, AT
WBENERZ t R T2, TOLE, ZOXT7 M vpt, 72
I TIBEILTEY, ZhADREINZt=0CF 7 205
XN ety FIRIE L., o, 1CH xS ERTWEET 3,
RN > THRET % 2 O0BEHEDXF 7 + ORI DA
vpAt; TH2 (FHEL a) (1) 2B, ZOK. KR7IZMAD -
TLBFXF 7 DS5BRTICRZ 2D DO,

(c —vp)te
Nasp=—"7"— (9)
VB Atl
TH %,
gift #A was sent
inBob's frame at = 0 vty
gift #A
Bob : < < < < < < < < < L4 @ Alice
< < < < < <

visible gifts traveling towards Bob
(where they are in his frame at 7, ' vpti
not where Bob sees them)

KIS, RIWBT7 VY AZESFT7 b eEZ 5, R7WZE, H
PP ESTXF 7 D55, BEILAZ 2127 ) RIZEELTY
BROBDIFTNTHRZ, ZHUIMA T, TTI7 Y ADPZITE -
TWABH, ZOERPELRTIEIEL TV RZVWIDD, KR
FHERE LTRR %2, BAlt=0%. R7DEo7F 7 b
H#BBT7VRZBEWERZE LE S, ZORE, 7V 205 0MH
RAWZHAEDo TEE L. B ¢, 1I2F 7 b7 Y 2B VW0
IIERMRTICEGET 3, ZDLE, RAEF 7 M#B HZHEX
N eZH5, At =005t ORD. R7FZEHICFE
7 MEED KT, ZTOME, FBRICFET LD ZLDF T b
PIEFICH B X512, RTWERZ %, ¥7 M #BIE3TTII2mM
ENHED, RITPZEDZLICKILETTYAEREDEET
RO vt TToTLES L LTEHET 2, A7k d e
LTRZ%X7 b0E.

c+ )ty
NBHA==£4444* 10
’UAtO ( )
ERDBZZENTE S,
gift #B was receivi ed
Bob's frame at t — 0 Y )
h gitt #8
Bob ° ° © ° o & ° ° < < o= Alic
gift #B
o o ° ° £3 3 ° ° < 3 ° ° o <

cty | vty

Thb, TIT, TTIRDLBFRNK Aty = AL, vp = e,
BIttv=tc MW,

Problem 2.(b) pts
Identify a distance to Bob dp 0.3
Light time to Bob ¢ 0.5
Recognize need to correct for light time 0.5
dac=dg +t;v 0.9
each mistake -0.3

Ngp =dac/La 0.2
Recognize need to correct for light time 0.5
dpge =dg — tjvg 0.9
each mistake -0.3

Np_q = dBG/LB 0.2
symbolic ratio 0.5
each mistake -0.2

correct numerical result (18) 0.5
must have correct formula

Total for 2.(b) 5.0

FRfEE © B

visible gifts traveling away from Bob
(where they are in his frame at 7y,
not where Bob sees them)

—
gitts, already received by Alice, but still
visible to Bob (Bob sees gift #B at
position of Alices's ship at 1=0)

RITDEERT, 7V RERA t = 01CF 7 b#A BRTA
#ED, FRFCE CREZIE CHATC. R0 56 X 7 M 4B 2%
B2, ZUTRIERL t, 2P EBHLTW2F 7 hREH

T 5,
RIPHHETOIF 7 b, RTRZMANR->TL 2F 7 O
D
Np.a (c+uo)ty vpAt (c+v)vpAty 18 (11)
Nasp  vAtg (c—wvp)ty  vAtglc—v)
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DUROfRETIE, « WEFICEEICH - 727 v b EE R
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SV %2, Zhzthe<0,0<z <L, BXrz>L 355,
DD, 22 TERBEIIEVE T35, ZOREFRRIC
HELRWL,
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a) L—¥—t—22F10HIER-7 AT, HO—
DR LT —F =M o>TRED, D ITE#E L T 2HOHED
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TRIREND D,
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R EEEOBEREDOETH, TheFIURIE, KE. &
HHRO—DODIEFKRE LTRINDZ I THb, T,
B IO I 2B 2 HOELOIE. ERRREHVWS LU
DI >RETHLDLINS !

FEI I E(z,t) = Aeilke—wt),
FEI IT: E(z,t) = Beilkz—wt) 4 C’ei(_’”—m)’
TR IIT: E(x,t) = Deilka=wb),

FER L Tl R k. AIREE w. IRIE A © 2 DIED AN EST
T RIRDIFET B0 REHED TN WS Sefhna o5, FEIBR 11135
FHINACTE T 2 IDBTEE LR\ FEIE I OFESE, W5 DM
WEHET 2 2005k, ZOEKRREEZ B C L
720 BIRIC, FEIR I 12U 2 DIED S ENAEE T 2 L7 L,
ZOHEFERIEE D 3%,

Z DFE ORI T 2 KEHRE r LB @Rt #EAL X 5,
IO DFRBUI—BNCTHEHBET, BEFHOT 289 XX TH
%, AT OBERIE  ASHEOERIRIBEO LD r T, FE#HEOD
BEEIRE e AFHROBERIEL Ot TH B, KL lZESEKr
Yt OMAHZECEOD D B,

FHlogmoks GEEI D OEXIESEELTWENEZ
&5, MEBIIICBIT 2R0ET 2. fEER T O AFHEDER L
7. fE I THRIBT 3RS LB 5, FRH.

(12)

DD LD, ARk, EER T I2B W THRIBIRIITFAE LR WD T,
ASHES RS Uik e . fER I O%BIE SR Lot

B=tA+rC

DIz SRIFNER S
0=rA+rC. (13)

HIZ, 2O L THRBICEZT, 2 = LICBITL2HEZR
EIEZRDB Z 1L D,
DeikL _ tBeikL7

CefikL _ rBeikL

(14)
(15)

2%, NFHEOIRIBA L e dbicr et D5z T 5L,
R (12)—(15) &, B, C, D, BXU kL D, 4 D2DORHEE & A
TW3, Zhb kD,

e—ZikL _ T2 _ t2 (16)

BZ5, ZOMBRRNIERK ? — 2 DRMAD —2kL TH B Z
LERLTVWS, RIS, ZOEZEBOHIHMEN 1 TH 2
e,

|r? —*| =1 (17)
ERLTWS, 2L, BEDREICBWTTHE 5 O S
DL D702, r & t B2 I RITIUIR S VWRIETH B,

RO OWEIIH L TR, b 5 —0BMOKMAZH S ki)
NFRSHV, ¥B5h—ODFIHKNAG LIz &, AHHH
FEIX R GTERIE BRI OFNCE L  RITNUER SRV, 2D
MEEICBWTHDEZ I TRTHEL DT, HDOEEIXZ DR
ED 2%, THhbOL, BRERBOKIED 2 FztkfilL T3,
B2, TH3LF—DIRED B,

Ir|? + |t =1 (18)
DK D LR THER SR, R (17) & (18) & . r & t1dY
HHHEMTEDY 2T, FiEK e REEOBIIZAMHES 7 b
DT Bz,

b) R (17) & (18) & h. ¢ DREXIZI0° THB Z e hRIh
5, URTIE, ZOZe®2@EYDHETRT,
FB1OHETIE, INODFERE2FLTELTRS L,
|7"2 _ t2|2 _ \r|4 + |t|4 22 242
(12 +182)* = Ir[* + [t + 20r 2|2 = 1
= 2|7‘|2‘t|2 — 7"2t*2 + T*2t2
AR5, TIT, BENIESRREZRT, Zhdnd (rtr+rt)? =
0. 3kbbH
ror*

a—_- 18.1
PR (18.1)

BELND, T r/t PFIERTHZ2ZERLTED, rk
t DIRADFEZ £90° THRITHUIZ 520,

MOFETIE, a =r? BEUEb =12 tBwT, XA (17) &
(18) %
la —bl =1
la| + o] =1
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EXW12EH®KT 2, H2DRIX0A ¥ OBOEXDMA 1T
HHZEERT S, $hbb, HO, A BLUEBIIERICIE
—EREICHEATED, 013 A & BOBICRITUIRS KW,
at bDRAZK. TAFRr Lt DRAD2MERZDT, rtd
fRAE £90° 721 Bz & 1 Ui & 720,

c) L—¥-—DritIsns. L—F—»mr55H1DFIEN
FGET 2D Tz o 728, AP R 5,
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Part T3.a): Using sinusoidal waves Pts.
understanding that some light is initially re- | 0.3
flected without entering the interferometer
understanding that light bounces back and | 0.3
forth between the mirrors

using one or two travelling waves in eachre- | 0.4
gion

writing equations relating amplitudes via r | 0.5
and t

solving to obtain (16) 0.6
using [r?+[tP=10rR+T=1 0.5
stating that this is a consequence of conser- | 0.2
vation of energy

indicating that the solutions r and ¢t should be | 0.2
complex

Total on T3.a) 3.0
Part T3.a): Summing geometric series Pts.
understanding that some light is initially re- | 0.3
flected without entering the interferometer
understanding that light bounces back and | 0.3
forth between the mirrors

idea of superposition of complex amplitudes | 0.2
correctly including the effect on the ampli- | 0.5
tudes of reflection, transmission and propa-
gation

summing up complex amplitudes as a geo- | 0.4
metric series

obtaining (16) 0.4
using [r+[tF=10rR+T =1 0.5
stating that this is a consequence of conser- | 0.2
vation of energy

understanding that the solutions r and t | 0.2
should be complex

Total on T3.a) 3.0
Part T3.a): Assuming 1+r=t Pts.
understanding that some light is initially re- | 0.3
flected without entering the interferometer
understanding that light bounces back and | 0.3
forth between the mirrors

using 1+r=t 0.7
justification using continuity of electric field | 0.8
or thin-mirror arguments

using [rZ+[tf=10rR+T =1 05
stating that this is a consequence of conser- | 0.2
vation of energy

understanding that the solutions r and ¢t | 0.2
should be complex

Total on T3.a) 3.0
Part T3.b: Algebraic method Pis.
writing 90° 0.5
taking modulus of (16) to get a condition in- | 0.7
volving r and ¢ only

Solving with r, ¢, r* and ¢* to find that ris an | 0.8
imaginary number times t

Total on T3.b 2.0
Part T3.b: Geometric method Pts.
writing 90° 0.5
taking modulus of (16) to get a condition in- | 0.7
volving r and t only

using a geometric argument to show that r | 0.8
and t must make a right angle

Total on T3.b 2.0

11

Part T3.c: Destructive interference Pts.
|B| and |C| are the same if |t| <« |r| 0.5
Applying symmetry to show 2E=U 1.0
Finding relation between P’ and P 1.5
Correct value for U 0.5
Correct value for E 0.5
Total on T3.c 1.0
Part T3.c: Geometric series Pis.

Showing, perhaps just by reasoning, that the | 1.5
power propagating out through the first mir-
ror decreases by a factor R? every At

Multiplying by At to convert power or inten- | 0.5
sity to energy
Summing a geometric series to find the total | 1.5

energy E

Correct value for E 0.5

Total on T3.c 4.0
Part d

Part T3.d: Removing waves Pis.

Stated that energy reduces by factor R? each | 0.2
time a wave is removed
Using the fact that this reduction occurs at | 0.4
intervals At
Some valid mathematical argument from | 0.4
here that obtains the correct T when 1-R « 1

Total on T3.d 1.0
Part T3.d: Exponential decay m Pis.
Stated the decay is roughly exponential 0.2
State the outwards energy flux 04
Use this to determine decay constant 04

Total on T3.d 1.0

Notes on T3.d): no marks for dimensional analysis to obtain
the combination Lc. The numerical prefactor is irrelevant pro-
vided it is order unity (e.g. In2 for half-life). Any equivalent

form, assuming 1 — R < 1, is acceptable.



