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TATA INSTITUTE OF FUNDAMENTAL RESEARCH
Written Test in PHYSICS - December 9, 2012
Instructionsfor all candidates appearing for Ph.D. or Integrated Ph.D. Programmein
Physics

PLEASE READ THESE INSTRUCTIONS CAREFULLY BEFORE YOU ATTEMPT
THE QUESTIONS

1. Please fill in details about name, reference code etc. on the question paper and answer sheet.
The Answer Sheet is machine-readable. Use only black/blue ball point pen to fill in the answer
sheet.

2. This test consists of three parts, Section A, Section B and Section C. You must answer

guestions according to the program you are applying for:

Candidates Applying For Must Answer Should Not Attempt
Integrated Ph.D. Section A and Section B Section C
Ph.D. Section A and Section C Section B

Section A contains 25 questions, Section B and Section C contain 15 questions each. Note that
the test contains multiple-choice questions as well as numerical-type questions (36-40 in
section B and 51-55 in section C) where you have to fill in numbers in the answer-sheet.

4. Indicate your ANSWER ON THE ANSWER SHEET by filling in the appropriate circle or circles
completely for each question.

For multiple-choice questions, only ONE of the options given at the end of each question is
correct. Do not mark more than one circle for any multiple choice question : this will be treated
as a wrong answer.

For number-type questions, the answers should be indicated on the answer sheet by filling in
circles for appropriate numbers. All three circles for each answer should be filled to get the

credit. Detailed instructions are given inside the question paper.
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5. The marking shall be as follows:

Multiple-choice Numerical
If the answer is correct: +3 +5
If the answer is incorrect: -1 0
If the answer is not attempted: 0 0
If more than one circle is marked (only for multiple-choice): 0 Not applicable

Note that there is neqgative marking for multiple-choice questions, but not for the numerical-

type Questions
6. We advise you to first mark the correct answers on the QUESTION PAPER and then to

TRANSFER these to the ANSWER SHEET only when you are sure of your choice.

7. Rough work may be done on blank pages of the question paper. If needed, you may ask for
extra rough sheets from an Invigilator.

8. Use of calculators is permitted. Calculator which plots graphs is NOT allowed. Multiple-use
devices such as cell phones, smartphones etc., CANNOT be used for this purpose.

9. Do NOT ask for clarifications from the invigilators regarding the questions. They have been
instructed not to respond to any such inquiries from candidates. In case a
correction/clarification is deemed necessary, the invigilator(s) will announce it publicly.

10. List of useful physical constants is given on the next page. Make sure to use only these

values while answering the questions.
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USEFUL CONSTANTS

Symbol  MName/Definition Value
e speed of light in vacuum 3% 10% m s
i reduced Planck constant (= &/2m) 104x 107 Js
&,,  gravitational constant 66T x 107 mikgls?
Mg  solar mass 1989 x 10°° kg
- permittivity of free apace BHAS x 107* Fm?
permeahility of free space dr x 10" N A2
& electron charge (magnitude) 16 x 107 C
m,  electron mass 91 x 107 kg
= 0.5 MeV /2
g,  Bohr radius 0.51 A
wonisation potential of H atom 13.6 eV
N,  Avogadro number 6.023 % 1022 mol:
kn Boltzmann constant 138 = 102 JK-!
=86173 % 107% eV K!
R = N,kgy gas constant f31J mol! K1
¥ = Cpla'lfl_, ratio of apecific heats: monatomic gas 1.67
diatomic gas 1.40
o Stefan-Boltzmann constant EA7 x 1072 W m2 K+
'} fine structure constant (= e/ 4mweykc) 17137
a acceleration due to gravity OE8ms?
R radius of the Earth 6.4 x 10% Km
R radius of the Sun 7 x 10 Km
i, proton mass (= 2000 m,) 1.7 %107 kg
= 0382 MeV/c2
m,  neutron mass (= 2000 m,) 1.7 % 10727 kg

= 9396 MeV/c2
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Ql.

Q2.

SECTION A
(For both Int. Ph.D. and Ph.D. candidates)
This section consists of 25 questions. All are of multiple-choice type. Mark only one option on
the online interface provided to you. If more than one option is marked, it will be assumed that
the question has not been attempted. A correct answer will get +3 marks, an incorrect answer
will get =1 mark.

The value of the integral
I dboc® exp(— x2) s
0

(a) 20160 (b) 24 (c) 18 (d) 12

A two-dimensional vector A(t) is given by
Alt)=TIsin2t + j cos3t
Which of the following graphs best describes the locus of the tip of the vector, as t is varied

fromOto2p ?

. | | | | | 1_| T T T |_
- . b
(a) 0) ool |
0.5} .
(o] % a
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- 0.5 — -
_1_ ] J _1_| ] 1 1 |_
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The differential equation

2
% - 2% +y=0

has the complete solution, in terms of arbitrary constants A and B,

(a) A exp x + B exp (-x) (b) A exp x + Bx exp (-x)

(c) x{A exp x + B exp (-x)} (d) A exp x + Bx exp x

A stone is dropped vertically from the top of a tower of height 40m. At the same time a gun is
aimed directly at the stone from the ground at a horizontal distance 30m from the base of the
tower and fired. If the bullet from the gun is to hit the stone before it reaches the ground, the

minimum velocity of the bullet must be approximately.

(a)57.4ms* (b) 27.7 ms™ (c) 17.7 ms™ (d) 7.4 ms™
Consider the uniform solid right cone depicted in the
figure on the right. This cone has mass M and a circular W

base of radius r. If the moment of inertia of the cone about
an axis passing through the centre of mass Ocwm.
(see figure) is given by

8%M(4r2+h2) !

then the moment of inertia about another axis parallel to

the X axis, but passing through the point O, (see figure), is

3 2 2 1 2 2
(a)%M(4r +h?) (b)Z—OM(ZBr +2h?)

3 2 2 1 2 2
(c)4—OM(2r +h?) (d)%M(15r +4h?)
Two planets A and B move around the Sun in elliptic orbits with time periods T, and Tp
respectively. If the eccentricity of the orbit of B is € and its distance of closest approach to the
Sun is R, then the maximum possible distance between the planets is
B I’.min

I
[Eccentricity of an ellipse: e = ™
+Tr

rmax min
1+e?(, TY? 1+e?(, T2®
(a) 1—e2[1+T:3’2 R (b) Y 1+T;;,3 R

3 2/3
() 1+—e[n T—AJR (d) 1+—e(u Ta ]R

1-el T2
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Q7.

Qs.

Q9.

Q1o0.

A spaceship S blasts off from the Earth. After some time, Earth station informs the crew that
they have settled into a constant velocity 0.28c radially outwards from the Earth, but
unfortunately they are on a head-on collision course with an asteroid A at a distance of 15 light-

minutes coming in towards the Earth along the same radius (see figure below)

Earth C———— d-———————=>
S —>5 &
L_J )
h L

u \Y
Instruments on-board the spaceship immediately estimate the speed of the asteroid to have a
constant value 0.24c. It follows that the maximum time (in minutes) available to the crew to
evacuate the ship before the collision is

(a) 29 (b) 30 (c) 60 (d) 63

A point charge g sits at a corner of a cube of side g, as shown in the figure on the

right. The flux of the electric field vector through the shaded side (region A) is A

9 9 a 9
(a) 26, (b) 16e, () e, (d) e,

A parallel plate capacitor of circular cross section with radius r >> d, where d is the spacing

between the plates, is charged to a potential V and then disconnected from the charging circuit.
If, now, the plates are slowly pulled apart (keeping them parallel) so that their separation is

increased from d to d', the work done will be

@ P18 o PV )
2d d' 2d d

© pe,r?Ve d' (d) pe,riV: d
2d d 2d d'

In the laboratory frame two electrons are shot at each other with equal and opposite velocities

U, and U, respectively, but not along the same straight line, as shown below.

Each electron will be acted on by the Coulomb repulsion due to the other, as well as the Lorentz
force due to its own motion in the magnetic field created by the other. Which of the diagrams

given below best describes the final velocities V, and V, of these electrons?

[You may assume that the electrons are distinguishable.]
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Q11.

Q12.

Q1s.

(a)

(c)

z
Y
2
5
o X
Vl
[
_A|Z
1
X

2

(b)

(d)

z
V.
)
[ D X
v,
: z
v @
1
X
®V,
°

A certain amount of fluid with heat capacity Cr Joules/°C is initially at a temperature 0° C. It is
then brought into contact with a heat bath at a temperature of  100° C, and the system is
allowed to come into equilibrium. In this process, the entropy (in Joules/°C) of the Universe
changes by
(a) 100 C¢ (b) 0.044 C¢ (c) 0.055 C¢ (d)o

A monatomic gas is described by the equation of state

p(V —bn)=nRT
where b and R are constants and other quantities have their usual meanings. The maximum

density (in moles per unit volume) to which this gas can be compressed is

1 1 e
(a) B (b) b (c) E (d) infinity

In a quantum mechanical system, an observable A is represented by an operator A If |u> is a

state of the system, but not an eigenstate of A, then the quantity

= [ Au)” - (u|A%u)

satisfies the relation

(a)r>0 (b)r=0 (c)r<o0 (d)r<o0
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Q14.

Q15.

Q1le.

Q17.

Consider a quantum mechanical system with three linear operators A, éand é,which are

related by
AB-C=1
where | is he unit operator. If A:di and B= X, then C must be
X
d d d
a) zero b) — c) X— d) —Xx—
(a) (b) o (c) ™ (d) ™

A particle of energy E moves in one dimension under the influence of a potential V(x). If £> V(x)
for some range of x, which of the following graphs can represent a bound state wave function

of the particle?

Y Y

(a) \\ (c)
_\ «
(b) (d)

Aaanfll .
AVAVEVATA

In a Davisson—Germer experiment, a collimated beam of electrons of energy 54 eV, at normal
incidence on a given crystal, shows a peak at a reflection angle of 40°. If the electron beam is
replaced by a neutron beam, and the peak appears at the same value of reflection angle, then
the energy of the neutrons must be

(a) 33 eV (b) 0.03 eV (c) 0.3 eV (d) 330 eV

The velocity of an electron in the ground state of a hydrogen atom isv,, . If v, be the velocity of

an electron in the ground state of positronium, then

(a) v, =V, b) v, =2v, (v, :"7“ (d) v, =~/2v,
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Qis.

Q1i9.

Consider an ensemble of microscopic quantum mechanical systems with two energy levels E,
and E,, where E <E,. Which of the following graphs best describes the temperature
dependence of the average energy (E) of the system?

E E
(E) 1 (E)
(b)

(a)

(@) (E)

A ray of light is incident on the surface of a thin prism
at a small angle ¥; with the normal, as shown in the
figure on the right. The material of the prism has
refractive index n and you may assume the outside
refractive index to be unity. If the (small) apex angle of
the prism is a, the deviation angle § (angle between

the incident and exited ray; see figure) is given by

(a) a (b) an (c) a(n—1) (d) a(n + 1)
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Q20.

Q21.

Q22.

Q23.

A parallel beam of light of wavelength A is incident on a Grating
transmission grating with groove spacing d, at an angle ¥, as
shown in the figure. The plane of incidence is normal to the
grooves. After diffraction, the transmitted beam is seen to be

at an angle a relative to the normal. Which of the following

conditions must be satisfied for this to happen?

(a) d(sing, +sina)=nl (b) d(sing, —sina ) =nl
(c) 2dsin(g; —a)=nl (d) 2dsin(g; +a)=nl
Let Ey be the energy released when one mole of pure ***U undergoes controlled fission, and E¢
be the energy released when one mole of pure carbon undergoes complete combustion. The
ratio Ey /Ec will have the order of magnitude
(a) 20 (b) 10° (c) 10° (d) 10°
The entropy S of a black hole is known to be of the form

S = akgA
where A is the surface area of the black hole and a is a constant, which can be written in terms
of ¢ (velocity of light in vacuum), h (reduced Plank’s constant) and Gy (Newton’s constant of
gravitation). Taking the radius of the black hole as

_2G M

C2

R

it follows that the entropy Sis [A is a numerical constant]

G2M %k, (o) 1K " GZM 2k, G, M 2k,

a
@ | (hc)* | GyM | hc* | hc

The circuit depicted on the right has been made with a silicon
n-p-n transistor.

Assuming that there will be a 0.7 V drop across a forward-
biased silicon p-n junction, the power dissipated across the
transistor will be, approximately,

(a) 53 mwW

(b) 94 mW

(c) 17 mW
(d) 67 mW
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Q24. An input of 1.0 V DC is given to the ideal Op-Amp circuit depicted below. What will be the
output voltage?

L=1mH

C=1nF

R =90kQ

R'=10kQ
¢ >%>>
+

V. Vou

n

(a)10.0Vv (b)1.0V (c)ov (d)—-9.0Vv

Q25. The circuit below uses only NAND gates. Find the final output.

L
1 -
— 1)

(a) AXORB (b) AORB (c)AAND B (d) ANOR B

Section B

To be attempted only by candidates for Integrated Ph.D. programme.

(Candidate for Ph.D. programme will get no credit for attempting this section.)

Q26. Consider the surface corresponding to the equation
A +y* +2=0

A possible unit tangent to this surface at the point (1, 2, -8) is

1~ 3. 4~ 1~ 4-

(@) ———i +—]-——k (b) =] ——k
NG 5175
4~ 8~ 1~ 1 - 2 -

() =i—=j+=k (d) =i ——=
9' 979 J5 JEJ
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Q27.

Q2s.

Q29.

A particle with time-varying mass

mit)=m,(1- |

t

where mg and 1 are positive constants, moves along the x-axis under the action of a constant

positive force F for 0 < t < t. If the particle is at rest at time t =0, then at time  t=t, its velocity

v will be
(a) —Elog(l—lj (b) —Elogl
m, t m ot
(c) ﬂ(l—lj_ (d) E(l—lj
My t My t

A ball of mass m slides under gravity without friction
inside a semicircular depression of radius a inside

a fixed block placed on a horizontal surface, as shown

in the figure. The equation of motion of the ball in the

x-direction will be

2 2
(a) x=2x |1- 2 (b) x=-2x1-2
a a a a

() x=-3x d) x=9x
a a

A particle P, of rest mass M and energy E, suddenly decays into two particles A and B of rest
masses m, and mjp respectively, and both particles move along the straight line in which P was

moving. A possible energy E4 of the particle A will be

E m, —m; )’ E m; —mz ’

E m, +mg \* E m; —mz
‘C’ E{l[TJ} @ 2{“ Tm }

Q30. Consider two charges +Q and —Q placed at the points (a, 0)
and (-a, 0) in a place, as shown in the figure on the right. *(X,Y)
If the origin is moved to the point (X, Y), the magnitude of -Q +Q
the dipole moment of the given charge distribution with (_ &;,0) (;’0)
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Q31.

Q32.

Q33.

respect to this origin will be

(a) QY(a= X +y?> —Q(a+ X +vy? (b) 2Qa
(c) Qla- X)-Q(-a+ X) (d) 2Qav/ X? +Y?

A plane electromagnetic wave traveling in a vacuum is characterized by the electric and
magnetic fields
E = 1'(30p Vm™ )expi(wt + kz)
H = ] (Ho Am )expi(wt + kz)
If w, k>0, the value of Hy must be
(a)0.25 (b) 0.67 (c) 0.94 (d)2nmr
Which of the following classic experiments provides unambiguous proof that the Earth is a non-
inertial frame of reference with respect to the fixed stars?
(a) Fizeau’s rotating wheel experiment (b) Michelson-Morley experiment
(c) Foucault’s pendulum experiment (d) Newton’s coin-and-feather experiment
A cross-shaped opening is illuminated by a parallel beam of white light. A thin plano-convex

cylindrical glass lens is placed 20 cm in front of it, as shown in the figure below.

5 y% I
—S
—S
—S
| I Screen

20cm
The radius of curvature of the curved surface of the lens is 5 cm and 1.5 is the refractive index

of glass. On a screen placed as shown at the plane where a real image forms on the other side

of the lens, the image of the opening will appear as

| | .
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Q34.

Q35.

Q36.

(c) (d)
+

A classical ideal gas, consisting of N particle (N = <o) is confined in a box of volume V at

temperature T and pressure p. The probability that, at any instant of time, a small sub-volume
Vo becomes totally void (i.e. no particles inside), due to a spontaneous statistical fluctuation, is

- - N
(a) exp( Q’j (b) ZLT (©) Vvexp(NLTV] (d) exp(— ij

The pV diagram for a Carnot cycle executed by an ideal gas with Co/Cy, =y > 1 is shown below.

Note that 1, 2, 3 and 4 label the change over points in the cycle

p
1
2
4
3
\Y
If, for this cycle,
X
T, _ (g]
Ty Ps
then X =
1 1
(@) 1-— (b)O ()1 (d) ——
g g

A harmonic oscillator has the wave function,
17, . .
y (=23 o(x)- 23, (x0)+ 247 4 (x1)

where | n(x,t) is the eigenfunction belonging to the n'" energy eigenvalue (n+%)hw. The

expectation value <E> of energy for the state u(x,t) is
(a) 1.58 hw (b) 0.46 hw (c) hw (d) 1.46 hw
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Q37. An energy eigenstate of the Hydrogen atom has the wave function

y ném(r’q’j ):i(iJsmdnq COosq exp _(L+|J J
81/p | & 3a,

where ag is the Bohr radius. The principal (n), azimuthal (£ ) and magnetic (m) quantum

numbers corresponding to this wave function are

(ayn=3,6=2,m=1 (b)n=2,6=1,m=1
(c)n=3,€=2,m=-1 (dn=2,€=1,m=%1

Q38. The Curie temperature of a single f——"T T
crystal of PrGe is known to be 41 K. - T =18K
The magnetization data of this 2k H //[00]] ]
sample is measured at 1.8 K for the &: PrGe
magnetic field applied parallel to the ‘z I |
[001] direction is shown in the figure % 0 —
on the right. At a temperature of g’_ I |
38 K, the hysteresis loop in the figure § -2 N
will - 1

I TS R SR

(a) increase in width Fidd(kOe)

(b) decrease in width
(c) have the same width
(d) shrink to a line
Q39. Consider two energies of a free electron gas in a metal at an absolute temperature T, viz.,
E.=ErtA
where Er is the Fermi level. If the corresponding electron populations n(E.) satisfy the relation
n(E) / n(E,) =2, thenA =

k,T

(a) ksT (b) kgTIn 2 (c) >

(d) 2 kgT
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Q40. The figure below shows the current voltage characteristics of a diode over a range of voltage

Q41.

Q42.

Q43.

and current where it is safe to operate the diode.

40 T T T T T T T T T T
200Q
— B i —VVWWWA
E 20
= 15V €1
5 o = A e
5
O
— 20 4
—40 I |/ | N N
-10-9-8-7 1 2 3 4
Voltage (V)

When this diode is used in the circuit on the extreme right, the approximate current, in mA,
through the diode will be
(a) 8.3 (b) 16.7

(c) 25 (d)0

Section C

To be attempted only by candidates for Ph.D. programme.

(Candidate for Integrated Ph.D. programme will get no credit for attempting this section.)

The integral
J: dxd (x? —p 2 Jcosx

evaluates to

(a) -1 (b) 0 0 -+ @ L
p p

If z=x+iythen function

f(x,y)= 1+ x+ y)1+ x— y)+a(x* - y? )1+ 2iy(1- x - ax)
where a is a real parameter, is analytic in the complex z plane if a =
(@) -1 (b) +1 (c)0 (d)i

A particle of mass m moves in one dimension under the influence of a potential energy

X\ x)*
Vix)=—a —| +b —
0-7) +47)
where a and b are positive constants and € is a characteristic length. The frequency of small

oscillations about a point of stable equilibrium is

1 |b a’ 2b [ 1
(a) —\/: — (c) —\/:
2ptym mb p¢ \ ma

1 /a
(d)&—

1
(b) bt -
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Q4a.

Q45.

Q46.

Q47.

If a central force acting on a particle of mass m is given by

where r is the distance of the particle from the origin and k is a positive constant, the

Hamiltonian for the system, in spherical polar coordinates, will have the form
1 . R k
(a) Em(r2 +1°9° +r?sin®qj 2)+—
r

1

pw— (rzpr2 + pq2 + pj2 +2mkr)

(b)

2 2 .2 CSCZ
(c) D+ p“2+pJ 2q+E
2m  2mr 2mr r

2 2 2

(d)
2m ?2m 2m r

The magnetic vector potential A(F) corresponding to a uniform magnetic field B is taken in

the form

A=-BxT

N

where T is the position vector. If the electric field has the time-dependent form E = EO(F)eth,

where w is a constant, the gauge choice corresponding to this potential is a

(a) non-linear gauge (b) Lorenz gauge

(c) time-varying gauge (d) Coulomb gauge

A binary star is observed to consist of a blue star B (peak wavelength 400 nm) and a red star R
(peak wavelength 800 nm) orbiting each other. As observed from the Earth, B and R appear
equally bright. Assuming that the stars radiate as perfect blackbodies, it follows that the ratio of
volumes V; / Vi of the two stars is

(a) 64 (b) 1/64 (c) 16 (d) 1/16

An system at temperature T has three energy states 0, * €. The entropy of the system in the low
temperature (T = 0) and high temperature (T = =2) limits are, respectively,

(a) Stso=0and Sty =kgIn 3

(b) St50=Sr3-=kgIn 3

(c) Sts0=0and St = kg exp(-3)

(d) St0=0and Stse = 3kg /2
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Q4s.

Q49.

Q50.

The state |u> of a quantum mechanical system, in a certain basis, is represented by the column

vector

1/+/2
uy=| o
1/+/2
The operator A corresponding to a dynamical variable A, is given, in the same basis, by the

matrix

>

Il
PR e
RN R
N PR

If, now a measurement of the variable A is made on the system in the state|u>, the probability

that the result will be +1 is
1
J2

A spin % particle A decays to two other particles B and C. If B and C are of spin % and spin-1

1 1
(a) 2 (b) (c) 3 (d)1

respectively, then a complete list of the possible values of the orbital angular momentum of the
final state (i.e. B+ C) is

13
(a) Or 1 (b) AV A (C) Or 11 2 (d) OI t1

2 2
When a pure element is vaporized and placed in a uniform magnetic field By, it is seen that a
particular spectral line of wavelength A, corresponding to a J =1 = J = 0 transition, gets split

into three components A, A £AA. It follows that the Lande g-factor for the transitionJ=1->J/=0

is given by
hc Al 2 hc Al
(@) g= (b) g= —
mB, | m;B, |
hc 12 hc |
= _— d =
© 0= @) 9=
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Q51.

Q52.

The rate of deposition of a dielectric thin film on a thick dielectric substrate was monitored by

the following experiment: a laser beam AQr T
of wavelength A = 633 nm, at near- R ]
normal incidence ¥, was reflected § 301 i
from the thin film (see figure), and the :g E E
reflection coefficient R was measured. rg 20__ i i
As the film thickness increased R varied é - i i ]
with time as shown in the figure. The % 10__ : . i
refractive index of the film is 3.07 and « E Su*kggnrge E
is less than that of the substrate. Using O_"""'""'""'""'""'"""""""""""_
the graph, the approximate thickness 0 5101520 2530 35 40 4550
of the film at the end of 25 seconds Time(s)

can be estimated to be

(a) 0.017 um (b) 0.51 um (c) 0.26 um (d) 2.2 um

The negative image on the right represents a very small portion

of the night sky at a very high resolution. Notice the broken po—
ring(s) around the central bright object in the middle of the ?; %r'g._:zj{ '
picture. These are most likely to be due to "‘%ﬁ::"- .;-'

(a) gravitational lensing of a distant object by the central ) o

massive object

(b) gas clouds forming the remnant of a supernova explosion

(c) debris from a smaller object torn apart by tidal forces

(d) ice collected on the lens used for taking the picture
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Q53.

Q54.

The magnetic susceptibility x of three sample A, B and C, is measured as a function of their

absolute temperature T, leading to the graphs shown below.

A

T

From these graphs, the magnetic nature of the samples can be inferred to be

(a) A: anti-ferromagnet B: diamagnet C: paramagnet
(b) A: diamagnet B: paramagnet C: anti-ferromagnet
(c) A: paramagnet B: anti-ferromagnet C: ferromagnet
(d) A: anti-ferromagnet B: paramagnet C: ferromagnet

A gold foil, having N(0) number of *’Au nuclides per cm?, is irradiated by a beam of thermal
neutrons with a flux of F neutrons-cm™-s™. As a result, the nuclide **®Au, with a half life t of
several years, is produced by the reaction

Yau+n->"au+ Vv
which has a cross section of o cm?® Assuming that the gold foil has 100% abundancy of *’Au
nuclides, the maximum number of *®Au nuclides that can accumulate at any time in the foil is

proportional to

sk 1 t
(@) =—N() (b) ——N(0) () -=N() (d) stFN(0)
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Q55. The process of electron capture
p+e >n+n,

takes place at the quark level through the Feynman diagram

d Ne u e
(a) (b)
W W
u e d n,
u e u e
(c) (d)
W Z
N d d n
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