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Pan Pearl River Delta Physics Olympiad 2009
2009 5 [P £ VIR ERPLURFT R
Part-1 (Total 5 Problems) %-1 (H ;I
(9:00 am — 12:00 pm, 02-04-2009)

Math hints §7E-H=.: [x"dx = le”” +C; jﬂ =lnx+C.
n+ x

Q.1 (8 points) 1 (87 )
Two large parallel square conductor plates C; and C, of side length a are separated by two
types of media. The cross section is shown in the figure. The distance between the plates is d.

Medium-2 is a rectangular insulator slab with dielectric constant &, thickness /2, and side
lengths a and a/2, respectively. The rest of the space between the
plates is filled with medium-1 with conductivity o; and dielectric
constant &. Find the resistance and capacitance between the two
plates.

PP = G a U172 mﬁ%’? Ci I Co V[l 7 /7
B E fé&p lf/[‘ﬁﬁ“"’%‘ ﬁ;l%’;&? FURHEELS d o /1 B2 £G— R,
G d2 > BRI a A a/z FORIRRER YRS - H R 6 o RS LRI ERAY
FE,Jijldf{T'ﬂ AL s EL S Fqﬁ Berh & o %ﬁi} Ehop © Tj\[nﬁiﬁ’? VH EJ B”ﬂl FL

Q.2 (10 points) fF 2 (1057 )

A galaxy is made of many stars revolving around its center on circular orbits. One way

scientists study galaxies is to measure the relation between the revolving speed v of a star in

the galaxy and its distance » from the center. Expressing the relation as v oc 7", scientists pay

special attention to the exponential power 7.
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(a) If'the gravity force on the star under investigation is mainly from a massive black hole
at the galaxy center, derive the value of n. (4 points)
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(b)  Suppose there is no black hole at the center and the stars in the galaxy are evenly
distributed such that the mass of the galaxy is evenly distributed in a flat disk. Consider
a star in the disk at distance » from the center. The total gravity force on the star from
the stars enclosed by its circular orbit can be treated as if they are concentrated at the
center. The total gravity force on the star from the stars outside the orbit is zero. (This
is like the case of a uniform density sphere.) Derive the value of . (4 points)
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(c) What scientists found from real galaxies is that for most of them, # is larger than 1.
Give your brief explanation to this scientific puzzle. (2 points)
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Q.3 (10 points) FF 3 (1057 )

As shown, a block of mass m, is connected to a spring of force constant £ on the smooth
slope (inclination angle @) of a wedge of mass m, placed on a smooth floor. Given a small
disturbance to the block and the system starts to oscillate.

During the oscillation motion the block keeps in touch with my

the slope, and the wedge maintains contact with the floor. Find
the oscillation frequency, and check your answer for two
special cases of 8 =0 and 8 =90°. , .
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Q.4 (10 points) g 4 (1057 )
An electromagnetic (EM) wave is propagating along the Z, direction in a non-magnetic

conducting medium with conductivity o and dielectric constant . Both constants are real
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numbers. Its electric field is E(z,¢) = Eofoe , where E( and w are real constants while
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(a) Find the magnetic field of the EM wave. (2 points)
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(b) Find the time-averaged (over one period) Poynting’s vector <§ > =—<(ExB)>. (2

Hy
points)
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(c) The quantity g =— d<5> describes the loss of EM wave energy to a unit volume of

the medium. Calculate g. (2 points)
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(d) Find the power consumed by a unit volume of the medium by directly calculating the

q:

Joule Heat averaged over one period of the wave < JLE >, where J is the current
density. (2 points)
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(e) Compare the answers in (¢) and (d) and explain why they are equal or not equal. (2
points)
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Q.5 (12 points) & 5 (12 55)
Consider a non-ideal gas with internal energy U given byU =3PV, where P and V are the
pressure and volume of the gas, respectively.
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(a) Find the relation between P and V in an adiabatic process. (2 points)
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Experiments show that the temperature 7 of the gas depends only on P, irrespective of its
volume. The scale of the temperature can be fixed by setting 7= 1 when P = 1. Consider the
following Carnot Process
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(B.7) = (R12) = (B) = (BV) - (RV)
(Isothermal = =7 ; Adiabatic = #81£5 )

(b) Calculate the heat O, absorbed by the gas in the first isothermal process. (1 point)
TEY- (WS ) PR O (157)

(c) Calculate the heat O, absorbed by the gas in the second isothermal process. (1 point)
SETT SRS e SRR O o (157)

(d) The temperature T can be defined as L = 9 . Find the P ~ T relation. (4 points)
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(e) Find the heat capacity at constant volume of the gas. (2 points)

PPl & i?ﬂ%mﬁ o (25)
(f) Find the entropy S of the gas in terms of P and V, given that S = 0 when 7= 0. (2 points)
SOV S liE T= 0 b5 o SR fpoy > AN PAIVEE - (29))

THE END 3%
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Pan Pearl River Delta Physics Olympiad 2009
2009 1= FR IR HRPIHRAT (0B
Part-2 (Total 3 Problems) -2 (H 3 )
(2:30 pm — 5:30 pm, 02-04-2009)

Math hints §7E-H=.: [x"dx = le”” +C; j@ =lnx+C.
n+ x

Q1 Solar System in the Early Days (16 points) fF 1 'Y\ (16 57)
In the early days of our solar system when the planets were not yet formed, the sun was
surrounded by a big ball of gas at rest. The mass of the sun is M. Assume for simplicity that
the gas is ideal and is made of single type of molecules of molecular mass m, and the total
mass of the gas is much less than M, you are to find the distribution of the gas at a distance r
(>> diameter of the sun) from the sun.
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(a) Suppose the gas is all at the same temperature 7). The mass density distribution of the
gas can be expressed as p = p,e”’" . Find a. (3 points)
@?i&ﬁgﬁfﬁﬂ@ B To £ 5 RIS =Y %’F‘%EWE’T FEOT R RES p= poe”” o
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(b) There is a major flaw in the mass density expression in (a). Point out the flaw. (2 points)
L_%‘?ﬂ]f[ﬂgﬁ_ﬁ_lﬂ HJ EFE - B UIEI e o (277)

(¢) Inan improved model, suppose the sun emlts Jo amount of thermal energy per second,
and there is no energy loss when the thermal energy flows from the sun out to the gas
via thermal conduction, find the energy current density (energy through a unit area per
second) at a distance » from the sun. (3 points)
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(d)  The thermal energy current density /(7) in (c) is proportional to the temperature
gradient. That is, /(r) = —JZ—T , where o is a positive constant called heat conductivity.
r

The minus sign comes from the fact that heat always flows from high 7 region to low T
region. Find the temperature at distance » from the sun. (3 points)
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(¢)  The pressure can now be expressed as P = P, (r /r, )_ﬂ . Find S and the mass density
distribution. (3 points)
SEPVE AR P= By (r /1) o SRBI R ETEIER S o (35)
(f) From (d) one can see that beyond certain distance r( from the sun the temperature is

below the ice temperature. Estimate 7 in terms of the radius of a planet orbit of the
present solar system. (2 points)
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Q2 Spin Torque (16 points) & 2 1551 (16 57)

An electron has permanent angular momentum called spin ( §) that is fixed in amplitude

h /4 , where h is the Planck Constant, while its direction can be changed by external
interactions. Consider a thin wire with electric current /, the lower half of which is made of a
magnetized conductor and the upper half non-magnetic conductor. Due to quantum
mechanics, the electron spins can only point to one of the two directions, namely in

the electric current direction or opposite to it. In the magnetized section of the wire

there are a (> 50%) portion of the electrons with spins in the current direction, while ~ f

in the non-magnetic section there are equal numbers of electrons with spins in the

two directions. The extra number of electrons with spins in the current direction in

the magnetic section will instantly flip to the opposite direction once they cross the

boundary and enter the non-magnetic section. As a result, a net torque is exerted on the wire.
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(a) Find the torque in terms of 4, I, e, and electron charge e. (4 points)
PIh L o IS R e SR (457)
(b) To measure the torque, a conducting side wing is attached rigidly to the wire but is
electrically insulated from it, as shown in the figure. The wire is suspended between
two fixed points A and B. Under constant current A
the spin torque will twist the entire wire along the AB
axis up to a small angle &), until it is balanced by the
elastic restoring torque 7, = —x¢,, where x is a Top View
positive constant, at the two fixed points. Given that
the moment of inertia of the entire structure with
respect to the AB axis is J, and there is also a friction

v
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do . "
torque of —777 , Where 77 is a positive constant, find
t

Front View

the angle #as a function of time ¢ after the current is -3
suddenly turned off at # = 0. (6 points)
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(¢)  When an alternating electric current / =/ e

it

is applied, the wire will twist back and

forth. The side wing of length L at a distance d from the wire follows the twisting
motion of the wire. A magnetic field B is applied perpendicular to the side wing, as
shown by the solid arrow in the figure. The field will not change the spins. Find the
electromotive potential between the two ends of the side wing. (6 points)
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Q3 Nuclear Magnetic Resonance (18 points) g 3 fJ&H $= (18 53)

Like the electrons, most nuclei have permanent angular momentum called spins (S) that are
fixed in amplitude while their directions can be changed by an external torque. Associated
with the spins are the magnetic moments that make them as individual magnetic dipoles

= uS , where u is a constant. Here we will study the spin dynamics using classical
mechanics
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(a) A nucleus with spin S is placed in a static magnetic field Bz, ina B3
laboratory, as shown in the figure. Find the motion of the spin of the o
nucleus as seen in the laboratory reference frame. (4 points)
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(b) Ina rotatmg reference frame with angular velocity @, the nucleus spin

appears stationary. Find such reference frame. (2 points)
= ) RS @, BRI AL T R 5L
Ao (257)

(¢) The correct answer to (b) indicates that in a rotating reference frame with angular
velocity @ there is an additional magnetic field Ew seen by the spin. Find the
additional magnetic field. (2 points)
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(d) Backin the laboratory reference frame a second magnetic field is applied. The second
field with strength B, is always perpendicular to Z, but its direction rotates in the XY
plane at constant angular speed —@, . Switching to the reference frame that rotates with
the second magnetic field, find the total magnetic field seen by the nucleus. (3 points)
?‘j%/’ﬁ“?ﬁfg 125 2% [’FEJJJ[[ bl iR - ?ﬁ\jﬁgﬁ VR EL By o E “ij [ﬂfﬁi-’ EI y J
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(¢) Whenwo, =@, find the minimum time it takes to flip the spin from +Z, to—Zz,. (This
situation is called the Nuclear Magnetic Resonance) (4 points)

Ji o = @ SR e, =2, ST - GRS
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() Whenw, # o,, find the motion of the spin observed in the rotating frame. (3 points)
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THE END 3



