Problem 1. Equations of motion

(a) From the Euler-Lagrange equations, determine the partial differential equation of mo-
tion resulting from the following action:

S = /dt dx%u(@qf - g(aZ’Q)Q —Vi(q)

where V(q) = Ag*. Also determine the canonical stress tensor for this action.

(b) By varying the action, determine the partial differential equation of motion resulting
from the following action:

5 = [t de @0 - 50,07 - acdly

(c) By varying the action, determine the partial differential equation of motion resulting
from the following action:

5= [ dtdn;u@0? - 500" - aldia)

Compare to part (b) and comment on similarities and differences.



Solution:

(a) The equation of motion from the Euler lagrange equation is

oL oL
G (a@q)) T "

(1)

where we use the index notation from class class 0,q = (9;q,0.q). The Euler-Lagrange

equations read
- at(,uatQ) + ax<TaxQ> - Vl(Q) =0

To write down the canonical stress tensor we use

oL
2(0,q)

T — — B,q + L5,

The energy density

1 T
e=—-T% = 5#(8&)2 + =(0:9)*> + V(q)

5 (
The energy flux is
S = —T7% = —T(9:9)(9q)

The momentum is
9o = T° = —11(0,q)(029)
The momentum flux is

T
T7, = = 5(9:4) = 5(99)* + V(9)

(b) To find the equation of motion in these cases we vary the action sending
q—q+dq

Then substituting ¢ + d¢ into the action and expanding to first order we have:

Slq+dq] = Sq] + / dtdz [1(0:q)(9:0q) — T(9.9)(9:0q) — adqdq — aqdydq) .

Now we integrate by parts as many times as necessary so that dq is by itself

Taa:q axfsq — [_8I(TGIQ)] 5q )
aq0idq — [oza;lq} 0q,

yielding
Sl +dq] = S[q] + / dtdx 5q(t, ) [~0i(10rq) + 0u(TDrq) — 200,q] -

Thus the equation of motion is

[—0:(10:q) + 0:(Tuq) — 2a02q] =0
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(3)



(c) We notice that the after integrating by parts twice in the action
a(03q)(03q) = aqdsq, (14)

The action is then identical with the previous item (b). It therefore gives the same EOM.



Problem 2. Group velocity

(a)

(Optional — Warm up) This is lecture material, you can just copy the derivation, or skip
it. Find the eigen-frequencies and normal modes of N particles which are connected by
springs and which can move along a circle, i.e periodic boundary conditions gn/o(t) =
q-ny2(t). All particles have mass m and are separated by a distance a; the spring
constants of all of the springs are the same and equal ~.

Express a general real solution ¢,(t) with £ = 1... N as a linear superposition of the
eigen-modes.

Explain why the work done per time by the j — 1th mass on the j-th mass is

aw ) .
o 49 + 7431

Show that if the motion is that of a wave traveling along the circle ¢; = Aethe—wk)t,
the time averaged energy flux (i.e. the time average of the work in (b)) equals the
product of the (time averaged) energy per site and the group velocity of the system.

Here are some intermediate steps:

(i) (Optional, but recommended.) For computing the averages, prove the following
result: if A(t) = Re[A,e”™!] and B(t) = Re[B,e '] then

AWB) =  (AB: + ALB.) = SRe[ALB] (15)

l(Awe—iwt + A:}e—i-iwt).

Prove this result for yourself, by writing A(t) as 3

We will use this below where A, = Ae?** or something similar.

(ii)) Show that the time averaged kinetic energy per site and the time averaged po-
tential energy per site are

T :imwz(k)]AF _ iﬂAP(zsm(m/z))? (16)
U :i’y\AP@ sin(ka/2))? (17)

(iii) Complete task (c) described above.



Solution:

(a) The equation of motion is the same as derived in class

mi; + k(g1 — q;) + —rlg —¢1) = 0. (18)

force F, force F_

The two terms have a simple interpretation. The first term is the force by the j + 1 particle
on the j-th particle. The second term is the force by the j — 1 particle on the j-th. The
equilibrium position of the particles (as measured along the circumference) is z; = ja with
j=0...N — 1. The spacing a between the particles is a« = 2rR/N.

Then we substitute into the EOM ¢;(t) = e**=%* to find the dispersion curve w(k) as
was done in class

w(k) = wpsin(ka/2), (19)

where wy = 24/k/m. Since the particles are on a circle the N-th particle is identified with
the 0-th yielding a boundary condition which ultimately quantizes k

N () = qo(t), (20)

This boundary condition leads to the requirement that

eikNa — eiO (21)
Thus k£ N a should be a multiple of 27
by = 2T — int (22)
m= N m = integer

However, as discussed in class, not all m lead to a distinct eigenvectors since

qj eikmja _ 6imj(271')/N ) (23)
Thus when m = N this is the same as m = 0, since
eI =1 (24)

When m = N + 1 this is the same as m = 1 since

ei(N+1)j(271')/N — 6ij(27r)/N (25)
Thus the distinct values of m are
m 21
kp = — — =0,1,...N -1 26
N o m (26)

(b) The force by the j—1 mass on the j-th is
Fo=—k(g; — gj-1) (27)
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Then the work done per time is

dWw .
— = k(g — gj-1)
(c) The group velocity is
d
Vg = d_C/: = % cos(ka/2)

The energy per mode is

1 . 1
Ir+U= Z §mq]2- + §ff(%’+1 —q;)°
J

leading us to evaluate ¢; and g;11 — g;. If ¢;(t, x) = Ae'k¢=“D then

Qj _ _iwAei(kjafwt)
where w is given by Eq. (19). The difference in displacements is

:Aei(k(j+l)a7wt) . Aei(kjafwt)

:Aei(kja—wt) (eika . 1) '

qij+1 — 4;

Now we need to recall the averaging procedure over time for harmonic quantities. If A(t) =

Re[A,e ™' and B(t) = Re[B,e ™!], then
— 1
A(t)B(t) = 3 Re[AB*|

In this way

1 1
§qu2 = meQ(k:).A2 :

And, using that |e?** — 1|> = (2sin?(ka/2))? we see that

1 1 :
§H(Qj+1 — Qj)2 = Z—l/iAZ(Q 51n(k(1/2))2 .
Using the dispersion relation in Eq. (19)
WA (k) = %(2Sin(ka/2))2,

the total average energy density is

TT0 = A’ (2sin(ka/2))".

The energy density times the group velocity is

(T + U)v, = kA* woa(sin(ka/2))? cos(ka/2) .
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(36)

(37)

(38)

(39)



For comparison below, we measure group velocity in terms of lattice sites per time 0, = vy/a.

Thus the average energy transmitted across a lattice site per time is
(T + U)d, = kA* wy(sin(ka/2))? cos(ka/2) .

Now we want to compare to the average work done by the j—1 site on the j site

aw

o —Kq;(q; — qj-1)

Then as before o
q'j _ Aez(kja_wt)(—iW) ’
and

4G — Q1= Aei(kjafwt)(l . efika) )

So using the averaging theorem again we find:

@__1 2 o _ —tkay*
= 2/£A Re [(—iw)(1 — e~"*)*]

— LA Re [ (22 sin(ho/2))]

=k A? w(k) cos(ka/2) sin(ka/2)
=k A%wqy cos(ka/2) sin®(ka/2)

This agrees with Eq. (40)

(40)

(41)

(42)

(43)



Solution:

(a)

The equilibrium positions of the particles are
xj = ja j=1...N (48)

and ¢; denotes the displacements of the j-th lattice site. We will consider two fictitious
particles at g = 0 and x4, which are not allowed to move

Then we substitute o
= Aelk]afw(k)t (49)

and determine the dispersion curve as usual. The result is the Debye dispersion curve w(k)
given in Eq. (19).
Now however the boundary conditions at xy namely

q =0 (50)
can only be satisfied at all times if we takes a superposition of these waves

q;(t) =A [eikjafw(k)t . Aefikjafw(k)t} (51>
qj(t) =Ae " sin(kja) (52)

Here it is understood that we are to take the real part of these expressions.
For any arbitrary k£ the boundary condition at xx.

gn+1 =0 (53)

will not be satisfied. Only when k(N + 1)a = mn (with m integer) will the boundary

conditions be satisfied
T m

kyp = ———— 54

alN+1 (54)
In fact not all values of m lead to distinct normal modes. The allowed values are m =1... N.
This provides an independent set of normal modes

T m
_rm_ —1...N
k, TN m (55)

To summarize our general solution for the m-th normal mode is
q;(t) = Re[Ae=“* ) sin(k,,ja) = Acos(—w(km)t + ¢) sin(k,,ja) (56)

The general solution is a superposition of these normal modes

qi(t) =Y Ap cos(—w(k)t + o) sin(kyja) (57)

m=1




(b) When one end is fixed and one end is free the solution is analogous to (a); Eq. (68)
remains valid. Now, however, the condition of free end point motion is that the force on the
N-th particle by a fictitious N + 1 particle should be zero. Thus we require

dN = 4N+1 (58)

In the continuum theory this means that the derivative vanishes at the endpoints.
We need that
sin(kNa) sin(k(N + 1)a) (59)

should be equal. This can happen if the two points exactly straddle the maximum of the sin
curve. Thus we want

km(N + 3)a = g +mm (60)
This leads to
1
=4+m 1+ 2m
k,a = 2 = 61
“ 7T(N+§> 7T(zz\fﬂ) (61)

As is usual not all k,, are distinct. The N independent normal modes can be taken to be
m=0...N—1 (62)

Thus the complete solution in this case is

gi(t) =Y Ap cos(—w(km)t + o) sin(kmja) (63)

newpage Solution:

(a)

The equilibrium positions of the particles are
rj=ja j=1...N (64)

and ¢; denotes the displacements of the j-th lattice site. We will consider two fictitious
particles at xg = 0 and x; which are not allowed to move
Then we substitute

¢ = Aeikja—w(k)t (65)
and determine the dispersion curve as usual. The result is the Debye dispersion curve w(k)
given in Eq. (19).
Now however the boundary conditions at xy namely

0 =0 (66)

can only be satisfied at all times if we takes a superposition of these waves
qj(t) =A [eikja—w(k)t i Ae—ikja—w(k)t} (67)
qj(t) =Ae “ sin(kja) (68)



Here it is understood that we are to take the real part of these expressions.
For any arbitrary k the boundary condition at

qn+1 =0 (69)

will not be satisfied. Only when k(N + 1)a = mn (with m integer) will the boundary

conditions be satisfied
T m

ky = ———— 70
alN+1 (70)
In fact not all values of m lead to distinct normal modes. The allowed values are m =1... N.

This provides an independent set of normal modes

T m
g, o= LM _1...N 1
aN+1 mn (71)

To summarize our general solution for the m-th normal mode is
q;(t) = Re[Ae™® ) sin(k,,ja) = A cos(—w(ky )t + @) sin(kyja) (72)

The general solution is a superposition of these normal modes

gi(t) =) Amcos(—w(kn)t + @) sin(knja) (73)

(b) When one end is fixed and one end is free the solution is analogous to (a); Eq. (68)
remains valid. Now, however, the condition of free end point motion is that the force on the
N-th particle by a fictitious N + 1 particle should be zero. Thus we require

N = qnN+1 (74)

In the continuum theory this means that the derivative vanishes at the endpoints.
We need that
sin(kNa) sin(k(N + 1)a) (75)
should be equal. This can happen if the two points exactly straddle the maximum of the sin
curve. Thus we want

k(N + 3)a = g +mm (76)
This leads to -
S+m
o= (3777) == (o 11) m
As is usual not all k,,, are distinct. The N independent normal modes can be taken to be
m=0...N—1 (78)
Thus the complete solution in this case is
N—1
q;(t) = Z A, cos(—w(kn)t + @) sin(kpja) (79)
m=0
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Problem 3. Group velocity of a chain from a continuum theory

(a)

Determine the frequencies of the eigen-vibrations of a system of 2N particles, alternat-
ing with masses m and M, connected by springs of elastic constant v and separation
a. This is similar to the problem shown in Fig. 33d above, but we will we assume
periodic boundary conditions, ¢y (t) = ¢_n(?)

Hint: Try an ansatz

4 :glei(kzj—wt) (80)
41 :§2€i(kl’j+1—wt) (81)

and find a two-by-two eigen value equation for (&1, &:). This gives two eigen frequencies
w4 (k) for each value of k.

Determine the dispersion curve w4 (k) at small k, ka < 1, to order k* and sketch w, (k)
and w_ (k) at small k£ on the same graph. Determine the group velocity to order k2.

When the wavelength of the waves of part (a) is very long, the microscopic details of
the discrete model in (a), are unimportant. A continuum theory can reproduce the
results of the model in (a), provided the “low energy” constants of the continuum
theory are adjusted to match certain physical properties.

Consider the action from a previous problem

5= / dtdr Sp(Dh0)? — 1 (0ua)” — (324 (s2)

From the equation of motion you found previously, determine the dispersion curve w(k)
associated with this action. What should the values of the “low-energy constants”, pu,
T and « be set to if the continuum action in Eq. (82), is to reproduce the dispersion
curve of the discrete theory of parts (a) and (b) at small k for the “plus” modes (i.e.
the modes with eigenfrequencies w, (k) in the discrete theory) and how should they be
tuned to reproduce the “minus” modes.
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Solution:

(a) We have to work out the Lagrangian
| 1 1 1 1
L= Z émdijfl + §MQ§J~ - EH(Q% —oj1)’ — §K(Q2j—1 —Q2j—2)" — ifi(CIsz —Q25)* (83)
=1

The equations of motion which follows here for the small mass objects are

MGoj—1 :H(ng‘ - Qijl) - 5(‘]2]41 - Q2j72) (84)
maoj—1 =r(Q25 — 2¢2j—1 + Q2j—2) (85)

while the heavy objects satisfy

M@Qsj = — £(Qaj — qaj—1) + K(Gaj1 — @2)) (86)
MQsj =k(qoj41 — 2Q2; + q2j-1) (87)

Now we try a wave form

(2j—1 :Alei(k(2j—l)a+wt) (88)
QZ]’ :A2€i(k(2j)a+wt) (89)

Plugging it in to the equations of motion we find an eigenvalue equation the allowed fre-

quencies:
o (m 0 (A —2K k(e + e ) (A
e (0 M) (Az) o (Fg(e“m + e~ ika) —2K Ay (90)

The eigen solutions of this equation are

W2 (k) = g + \/(g>2 - ;;\24 sin®(ka) (91)

where the reduced mass is

M 1 1 1
P i AT mt (92)

m+M) 4 m M
We will leave it here as it is sufficient for the next problem.
We expand the eigen frequencies at small £, keeping only w_ whose frequency approaches
zero as k — 0. This is the only wavelike solutions at small k. w, approaches a constant as
k — 0. w_ has the expansion at small k& of the form

2a -1 mM 9,4
M+ m(cm) |:? + m} (CL k ) (93)

2a
2 — k2
ST M +m (ar)k”+
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Let us introduce the mass per length p, the Youngs modulus xa, and the phase velocity
Vg, as was done for the simple chain in lecture

M4+m

= 94
H=— (94)
Y =ka (95)

Y
Vi =— (96)

!

With this notation the dispersion curve reads

1 mM
2 _ 272 2 274

(A}_—'UOIC — (g—m)akf + ... (97)

Taking a square root we have

w_(k) = vok (1 - a22’“2 ( -1 Mmffn )2) 4o ) (98)

and the group velocity is

vy = g (1—3“;k2( —%)Jr) (99)

(b) The wave equation from this action is

W=

W=

[~ 04(10sq) + 0,(T0,pq) — 200q] =0 (100)

The mass per length and the Tension/Youngs Modulus are identified with

M+m
= ) 101
p=— (101)
T =Y =ka. (102)
Substituting e~*“!*¥*2 into the wave equation we find that the dispersion curve is
2
W — o2k — 20 = 0 (103)
I
So in order for the continuum theory to reproduce the microscopic physics we require
2a 1 mM
k=i - 2pt 104
I “0 (3 m+ M ) ¢ (104)

Thus the low energy constant « is for this microscopic theory

13



