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Marking Scheme Q1 (10 points)

Part A (3.0 pt) If the final answer is written then the complete point will be achieved

A-1 Rg

2
So=0Ts. (7) (0.4pt),

[Realizing energy conservation (0.1pt)]

Numerical value of S, = 1.35 X 103 W/m? (0.2pt)

[more than 4 significant figures (0.1pt)]

A-2 1 0.6 pt
— (30)\+ — |Rs
T = (32) = [ Ts 0400,

[realizing energy balance (0.1pt)]
Numerical value of Tg = 278 K (0.2pt)
[more than 4 significant figures (0.1pt)]
A3 | f(x)=5(1—e™™) —x 0.4 pt
A-4 | xp, = {4.96,4.97} (0.3 pt), 0.4 pt
[more than 4 significant figures (0.2pt)]

Numerical value of b = [2.89,2.90] X 10° nm.K (0.1 pt)
[more than 4 significant figures (0.1pt)]

A-5 | ASun — 501, 5.02] X 102 nm(0.1 pt), 0.2 pt
)lfna{;h = 1.04 x 10* nm(0.1 pt)

[more than 4 significant figures (0.1pt)]

0.6 pt

M=) < () = (5) x () osen, o
[realizing iig = (%)2 s (1)(0.3p1)]

Numerical value of y = [1.20,1.21] X 1072 (0.2 pt)
[more than 4 significant figures (0.1pt)]

Part B (7.0 pt)

B-1 1 1.0 pt
(<>—> ?
TA =

Two correct expressions (0.8 pt)

[One correct expression (0.6 pt)]

[no correct expression: for each energy balance relation (0.2pt)]
Numerical value of Ty = 2.58 X 102 K (0.1 pt)

Numerical value of Tz = 3.07 X 102 K (0.1 pt)

[more than 4 significant figures (0.1pt)]

a=rp+ —(11__?:::}3 (1.4pt) 1.6pt

[S0=7aSo (0.1 pt)
S1 =1 —1rp)%1ESy =

B-2

(1-714)%
ra

155 (0.3 pt)
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¢ Sn— ~ 4=
Sn = 1—1“: Targ X (1 —14) = 1a758n-1 = (rar5)"'S; (0.5pt)

§=Ynz05n = S0+ S Eaza(rare)™™ (0.3 pt)]

Numerical value of @ = 3.13 x 10~ (0.2pt)

[more than 4 significant figures (0.1pt)]

B-3 : 1.0 pt
e = 3050 S| (0-6p0) i

Numerical value of € = [8.07,8.11] x 1071 (0.4pt)

[wrong numerical value: correct expression for € (0.2pt)]

[more than 4 significant figures (0.3pt)]

B-4 _ 1 0.8 pt

daLeE = i[ii(:ﬁ?r (Zie) (0.6 pt),

Numerical value of §Tg = [4.87,4.92] x 10~! K (0.2pt)

[more than 4 significant figures (0.1pt)]

B-5 oTE—(1-a)>2 1.6 pt
EEGEE

_ (eri-r)x[oT-(1-)%2 |
— (TE-THX(Te=Ta)
[Correct relations for balance of energy (0.3+0.3 pt)]
Numerical value of € = [8.47,8.52] X 1071 (0.2pt)
Numerical value of k = [3.57,3.66] X 10~1 W/m?K (0.2pt)
[more than 4 significant figures for each one (0.1pt)]
B-6 | (a)(0.4+0.4) 1.0 pt
1 4T3 \dr 8T3 1 lar
G[TE_TA ZTXETé]d_: =1+ e[zr,‘i—ATé TE—TA]d_EA
(0.6 pt)

(0.6pt)

3 3 3
4T 401 dT 4T dTa

44 — 4 4t
E—TA aT‘é—(l—a)%’ de Tg—Ta de

(b) 6Tg = [5.21,5.28] x 10~1K (0.2pt)
[more than 4 significant figures for each one (0.1pt)]
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Marking Scheme Q2 (10 points)

Part A (5.6 pt)

A-1

(a) = — -Ax A -y A N
E(x,y,2) e T ar? + WYL (1.0 pt)

[z-component (0.5 pt), x- and y- components (0.5 pt), wrong 1.5 pt

coefficient for each component (-0.1 pt), wrong sign for each

component (-0.2 pt)]

(b) [ QA
Wy = Wy = pySy-ym (0.5 pt)

A2 |g=—2 _ 2py

2€9R2mQ2

0.4 pt

k= [—%_ (0.2pt)

ZfoRzm

G = paQ? cos Qt (1.0 pt)

[each of the 3 approximations (0.3 pt), the final equation (0.1pt)]

q = —pacos Ot (0.8 pt) 1.8 pt

[general solution (0.4 pt), fixing the free parameters in the general
solution each (0.2 pt)]

A B = (k2 =55)p 0.2

[Correct approach (0.6 pt), Correct result (0.6 pt)]

1.5 pt
Q>\/_§ (0.3 pt) P

A-5 | k =2 x10°rad/s (0.2 pt)

0.4 pt
Qmin = 7 X 10° rad/s (0.2 pt) P

[ inappropriate number of significant figures (-0.1 pt)]

Part B (4.4 pt)

B1 |r= %(0.5 ot)
[Answers with different numerical coefficients should be considered as 0.5pt
correct answers]
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B-2 Sy = SL + a{a)LE (05 pt)

S_ =S5, — aa)LE (0.5 pt)

[correct Doppler shift each (0.3 pt), final answer each (0.2 pt)]

1.7 pt
T[+ = S+ X (_hk_l_) (0.1 pt)
m_ = s_ X (+hk_) (0.1 pt)
F = —(2ahk?)v (0.5 pt)
B-3 p=0
p = +2hk; (0> PY
[one correct answer (0.3 pt)] 1.0 pt
P, ="K (0.5 pt
in = —— (0.5p1)
B-4 | P, = —2ahkiv? (0.3 pt)
02 =
Ve = %%m (0.3 pt)
T Zakn (0.2 pt)

[Answers with different numerical coefficients should be considered as
correct answers]

B-5 |T=2x10"*K (0.4pt)

[according to the coefficient used in the part B.4, the resulting temperature 0.4 pt
might be different.]
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Marking Scheme Q3 (10 points)

Part A (5.0 pt)

o(ry) = GM, Z ~ GM, Z ~ %G(Mla:- M) 1 7)
A-1 \[(x-l-(MlI:I-ZMz)a) vt \/(x_(Mll:I-le)a) +t 1.0 pt
[Gravitational part (0.5 pt)]
[Centrifugal part (0.5 pt)]

[Correct behavior at infinity (0.1 pt)]
[Three maximums (0.3 pt)]

[Two vertical asymptotes (0.3 pt)]
A-2 0.7 pt

= =036
A-3 | [In case of obtaining correct equation but not solving it (0.2 pt)] 0.5 pt
[Obtaining the numerical result with one decimal figure (0.3 pt)]
§ = 1 _ 1t

a=—2fa (M1 Mz) (0.3 pt)

a3 1 1
A4 | P=—6m |2 p (M—1 - M—Z) (0.3 pt) 0.6 pt

[Only correct approach (conservation of momentum) (0.2 pt)]

1
7= (GMLB )Z
8mor3
[Correct approach (Energy relation) (0.5 pt)]
[Correct solution (0.5 pt)]

1.0 pt

1
[PZG(MS +MNS)]§
a =
412

(0.3 pt)

A-6 — (_500mMNsB )4 0.5 pt
T (aPZ(MS+MNs)) (0.1pY) P

T =9x10% K(0.1pt)
[If the final answer for T is correct the complete pt will be given]

E'=Zp'v'? - <0 (0.2pY

, 2G6(M]+M.
Umax = «’ ( Lll 2) (0.2 pt)
A-7 0.7 pt

v'=v (0.2pt)

GM1M,
a

’ M{—M
Mlmin = % (0.1 pt)
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Part B (5.0 pt)
B1 | g= —4”63& 0.2 pt
hi(p,7) =12p¥~2
B-2 _ 4mGr? 0.6 pt
hy(r) = Ky P
[F = D2 A Ar — apA = 0 (0.3pY)]
1 1
B-3 ro=G 2p§p§1 0.4 pt
Ay (u,x) = x?u¥=2
B-4 4rx? 0.3 pt
Ay(x) =
The answer would be correct up to a constant coefficient
B.5 fx)=4 sin(\/an) + Bcos(\/an) (0.3 pt) 0.6
- .6 pt
A=—=(02pt) & B=0(0.1pY P
1/ (0) = 0(0.1 pt)
lim % = 4"(0) (0.4 pt)
X0 % am
B-6 | Y= "3ui (0.2 pt) 0.8 pt
y~1.66 (0.1pt)
p =p(1—3¢)(0.6pt)
[p = p(1+€)%(0.4pt)]
B-7 | . 0.9 pt
g =g(1-2€)(0.3p) P
[g = g(1 +€)"%(0.2pt)]
. p
» = § — FY—2 _
B-g | T =9 kv 0.6 pt
€= —‘”TG"C By —4)e  (0.4pt)
4
Ymin = 3 (0.1 pt)
B-9 0.6 pt
w= ’MTGPC(S)/ —4) (0.1pt)
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Problem E1- Solution

Heat Conduction in a Copper Rod (10 points)

0|1(2|3|4|5|6|7|8]9
0|1(2|3|4|5|6|7|8]9
Part A: The short copper rod (3.9 points)
A.1(0.2 pt)
R —R,
R.,, =110.11£0.01Q 0., = Roa
0., = 25.87 +0.03°C
A.2 (0.5 pt)
n R(Q) t(s)
7 110.11 1
2 110.11 10
3 110.15 20
4 110.18 30
5 110.26 40
6 110.4 50
7 110.53 60
8 110.66 70
9 110.82 80
10 110.96 90
11 111.12 100
12 111.25 110
13 111.41 120
14 111.57 130
15 111.73 140
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A.3 (0.8 pt)
112
111.8 y=0.0147x + 109.65
111.6 R?=0.9991
111.4
— 111.2
£
3 111
& 110.8
110.6
110.4
110.2
[ ] o 1 ¢
110
0 20 40 60 t(S) 80 100 120 140 160
AR /At 0.0147 Q/s A6 1 AR
AG /At 0.03761°C/s At Roa At
Cs 5242 /°C C=p 06 ~cD
— 1
At
A.4 (0.5pt)
R(Q) t(s) (R —R.n)(Q)
1 119.98 40 9.82
2 119.17 175 9.01
3 118.39 300 8.23
4 117.29 500 7.13
5 116.58 650 6.42
6 115.91 800 5.75
7 115.15 1000 4.99
8 114.51 1200 4.35
9 113.91 1400 3.75
10 113.40 1600 3.24
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A.5 (0.7 pt)

y = 10.163473¢-0-000710x
R®=0.999847

R-Renv (ohm)

0 200 400 600 800 1000 1200 1400 1600
t(s)

y = (710 £3) x 1076 571

A.6 (0.5 pt)

1/1
n R(Q) Ro() T(k) - <_)

T \k
7 8528 110.78 300.733 0.003325
2 7020 112.81 305.9272 0.003269
3 4005 117.83 318.772 0.003137
4 3601 119.13 322.0984 0.003105
5 3014 120.96 326.7808 0.00306
6 2658 122.27 330.1328 0.003029
7 1803 126.42 340.7515 0.002935
8 1547 128.09 345.0245 0.002898
9 1296 130.00 349.9117 0.002858
10 1246 130.45 351.0631 0.002848
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A.7 (0.7 pt)
16384
8192
4096
2048
1024
512
E 256
S 128
g 64 y = 001 227e4,051.75746x
32 R*=0.99926
16
8
4
2
1
0.0028 0.0029 0.003 0.0031 0.0032 0.0033 0.0034
1T (1/K)
E, = 0.698 + 0.007 eV
Part B: The long copper rod (4.1 points)
B.1 and B.5
6, = 24.41°C
B.1 (0.4pt) B.5 (0.4pt)
n |x(cm) | 6,(°C) 0 — 6, (°C) BMeAVx(o() 6y — 0,(°C)
7 0 44.61 17.23 0.27 16.96
2 7 39.37 11.99 0.37 11.62
3 14 35.92 8.54 0.51 8.03
4 21 33.58 6.20 0.72 5.48
5 28 31.98 4.60 1.00 3.60
6 35 31.02 3.64 1.39 2.25
7 42 30.68 3.30 1.93 1.37
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B.2 (0.4 pt)
100
y = 16.86704¢70:04715%
o R®=0.99858
é 10
E
1
0 10 20 0 " .
X (cm)
B.3 (0.6 pt)
A(O) = 16.87 °C B.4 (0.4 pt)
A© = 0047 + 0.005 (L) B — g266°C
cm

B.6 (1.0 pt)

A =17.91°C

1
A =0.059 + 0.002 ()
cm
100.00
y =17.91¢70.05%
o R*=0.9976
e
< 10.00
L
)
1.00
0 5 10 15 20 25 30 35 40 45
X (cm)
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B.7 (0.9 pt)
__ (42.5cm d _ 2mrha Iy
Py = | g sem 2TTh(0; — Op)dx  or [ 2mrh(0, — Op)dx = (1 — e~24d)
=" _2hop
- 2nrA(1-e—244) ’ k= 127’ P,=45W
2=0053+ 0.008 (L), h=00037 + 000032 k=39 + 03 =
cm kcm kcm
C.1(0.4 pt)
6, = 27.38°C
n| x(em) | 6,(°C) | (6x —6,)(°C) B-1 C-B | Reversed
order
1 0 46.02 18.64 17.23 | 1.41 973
2 7 40.99 13.61 11.99 | 1.62 6.69
3| 14 38.04 10.66 8.54 212 458
4| 21 36.67 9.29 6.2 3.09 3.09
5| 28 36.56 9.18 4.6 458 > 12
6| 35 | 3N 10.33 3.64 | 6.69 1.62
7| 42 40.41 13.03 3.3 9.73 141
C.2 (0.6 pt)
20
18 y=0.015x%-0.7562x+ 18.441
R*=0.9973
16
14
S
<12
=10
><I
@ 8
6
4
2
0
5 10 15 20 25 30 35 40 45
X(CM)

(The blue plots are not necessary to draw)
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C.3 (1.0 pt)

a0 20

1) P3 _ dx x=sa2cm_AX x=42cm _ 67—65

— df — A6 - _

dx x=ocm DX x=o0cm
a0 .

2) E _ dx x=42cm __ Slnh(l(42—x0))

p, d_@ Sinh()lxo)

dx x=o0cm

3) calculation by integral method or sigma in several parts

4) Slope ((C-B) _B)

12

10
y=0.6015x - 0.5922

R®=0.9998

C-B

B-1

P, =0.60 P, +0.01 P,
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Problem E2- Solution

A.l
number | m | 0p, (degrees) | \/n2 —sin26,, — cos @,
1 1 9.00 0.5142
2 2 13.00 0.5188
3 3 15.75 0.5229
4 4 18.00 0.5270
5 5 20.50 0.5322
6 6 22.25 0.5362
7 7 24.00 0.5406
8 9 27.00 0.5491
9 11 29.75 0.5579
10 13 32.25 0.5668
11 16 35.50 0.5798
12 19 38.50 0.5931
13 21 40.25 0.6015
14 23 42.00 0.6105
15 26 44.25 0.6228
16 29 46.75 0.6375
17 31 48.00 0.6453
18 36 51.25 0.6671
19 41 54.25 0.6891
20 46 57.00 0.7110
21 51 59.50 0.7325
22 56 62.00 0.7555
23 61 64.00 0.7750
24 66 66.25 0.7982
25 71 68.25 0.8200
26 75 69.75 0.8371

S2-2
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A.2
80
-®
70 y=229.10x - 116.84 o«
2_-0009929 e
60 R? = 0.999982 .
el
50 °
c'....
40 -
£ ..
30 .'....o-
20 ...."
..
10 ..-.'.
0 o"‘.
0.5000 0.5500 0.6000 0.6500 0.7000 X 0.7500 0.8000 0.8500 0.9000
A.3
B=229.1
A=-116.8

A4

h=(1489 % 0.1) um
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B.1
number | m 0,, (degrees) |6,,? (rad?)
1 1 2.50 0.00190
2 2 4.25 0.00550
3 3 5.50 0.00921
4 4 6.50 0.01287
5 5 7.25 0.01601
6 6 8.25 0.02073
7 8 9.50 0.02749
8 10 10.75 0.03520
9 12 11.75 0.04206
10 15 13.25 0.05348
11 18 14.50 0.06405
12 20 15.25 0.07084
13 22 16.00 0.07798
14 25 17.00 0.08803
15 29 18.50 0.10426
16 31 19.00 0.10997
17 33 19.75 0.11882
B.2
H 1 )
m=57(1-7)on
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35
30
25
20
15

10

0.00000

B.3

y=275.7x+0.43

RZ = 0.99982
.‘."'
X
.
o
o
.'..'
0.02000 0.04000 0.06000 0.08000

02 (rad?)

B.4

B=275.7
A=0.43

B.5

H=(1.061 + 0.004)mm

S2-4

© © 0 0 00 0000005 60 0000500000 S 00 000 0 000000 S0 0600000000000 0000000000006 0000000000000000

0.14000



IPRO S2-5

HAlh

International Physics Olympiad

Isfahan Iran 2024 « o o o o o ¢ o 6 o 0 6 o 6 6666006060666 006006 0660606600606 06060606000060060660e060606060606060e6000e600e60c6s0s0s0sscsosscsosssss

C.1
number m 0,, (degree) 0,,° (rad?)
1 1 5.75 0.01007
2 2 7.75 0.01830
3 3 9.50 0.02749
4 4 10.75 0.03520
5 5 12.00 0.04386
6 6 13.00 0.05148
7 7 14.00 0.05971
8 8 14.75 0.06627
9 9 15.75 0.07556
10 10 16.50 0.08293
11 11 17.25 0.09064
12 12 18.00 0.09870
13 13 18.50 0.10426
14 14 19.25 0.11288
15 15 19.75 0.11882
C.2
2
m = n (N - N—) 9m2
21 n
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16

14 L

y =128.0x - 0.50

12
R?=0.99895

0.0(560 0.02000 0.04000 0.06000 0.08000 0.10000 0.12000 0.14000

B 02 (rad?)

C4

B=128.0
A=-0.50

C.5

N =1.332 + 0.002
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D.1 D.3
number m 0,, (degree) u w
1 1 13.25 0.00436 0.24795
2 2 19.00 0.00873 0.24265
3 3 23.00 0.01309 0.24981
4 4 26.00 0.01746 0.26200
5 5 29.00 0.02182 0.26474
6 6 31.50 0.02619 0.27069
7 7 33.75 0.03055 0.27653
8 8 35.75 0.03492 0.28307
9 10 39.25 0.04365 0.29637
10 12 42.25 0.05238 0.30973
11 15 46.25 0.06547 0.32743
12 18 50.00 0.07857 0.34076
13 20 52.00 0.08730 0.35289
14 22 53.75 0.09603 0.36608
15 25 56.25 0.10912 0.38415
16 28 58.50 0.12222 0.40213
17 30 60.00 0.13095 0.41261
18 32 61.25 0.13968 0.42517
19 35 63.25 0.15277 0.44072
20 38 65.00 0.16587 0.45761
21 40 66.00 0.17460 0.47008
22 42 67.00 0.18333 0.48193
23 44 68.00 0.19205 0.49320
24 46 68.75 0.20078 0.50715
25 48 69.75 0.20951 0.51739
D.2
b= i Gl 9
h 1—-cosby,
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0.55000

0.50000

y=1.337x+0.2372

0.45000 R?=0.99975

0.40000
3

Linear region
0.35000

0.30000
0.25000 @_®

0.20000
0.00000 0.05000 0.10000 u 0.15000 0.20000 0.25000

By removing the first 3 points

D.5

B=1.337
A=0.2372

D.6

Ng =1.3371£0.005
Na=1.3319 £ 0.0005
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Theoretical calculations:

B.2 & C.2:
H H
m= 7(\/712 — NZ2sin?6,, — Ncosem) - E(n - N)
. O
O0n<1: sinf,, = 6, ; cosf, = 1— >
H N2p2 02 H
=— 1- —N{l——||—-—=("—N
=7 ”«/ n? ( 2 PR
H N202, (X3 H
= (o1 258) (15 2o
=By (1-Y)og
™= 22 "
N=1 —H(1 1)92
D.2:

h h
m= I(\/nz — N2sin?6,, — Ncos@m) - I(n —N)

mi
W +n— N(1 — cosb,) = \/n? — N2sin26,,

’ mA 2 2 2 mA 2 2ain2
+ Zn(T) +n“+ N“(1 —cosb,,)* —2N(1 — cos@m)(T +n) =n*— N“sin“0,,

(%)
h
mA\° mA ) mA
(T) +2n (T) + N“(2 — 2cos6,,) — 2Nn(1 — cosb,,) — 2N(1 — cos@m)(T) =0
mA ( mA
-— (n + )

h 2h
1 — cos@,

+N2—Nn—N(m—l)=0
h

W (n+ 57)

1 — cosf,,

mA
=Nn—-N)+ (T)N

w=Nmn-—N)+uN
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Error calculations:

Linear equation slope and intercept uncertainties:

1 1 2 2
AB =B m(r—z—l ) AA =AB |x + oy

C.5:

D.6:
n 1 2
Nan—Np) = A= N, =+ (5) -4

A negative sign is unacceptable in this equation.

2

NA=g+ (g) — A= AN, =

o

Of course, this is calculated by ignoring the error of u and w. Since there is an h
value in u and w, the h error causes an error in this quantity that is not included.
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