Columbia University
Department of Physics
QUALIFYING EXAMINATION
Friday, January 15, 2010
3:10 PM - 5:10 PM

General Physics (Part 1II)
Section 6.

Two hours are permitted for the completion of this section of the examination.
Choose 4 problems out of the 6 included in this section. Remember to hand in only
the 4 problems of your choice (if by mistake you hand in 5 or 6 problems, the highest
scoring problem grade(s) will be dropped). Apportion your time carefully.

Use separate answer booklet(s) for each question. Clearly mark on the answer
booklet(s) which question you are answering (e.g., Section 6 (General Physics),
Question 2; Section 6 (General Physics), Question 6; etc.)

Do NOT write your name on your answer booklets. Instead clearly indicate your
Exam Letter Code.

You may refer to the single handwritten note sheet on 8 1/2x11” paper (double-sided)
you have prepared on General Physics. The note sheet cannot leave the exam room
once the exam has begun. This note sheet must be handed in at the end of today’s
exam. Please include your Exam Letter Code on your note sheet. No other extraneous
papers or books are premitted.

Simple calculators are permitted. However, the use of calculators for storing and/or
recovering formulae or constants is NOT permitted.

Questions should be directed to the proctor.

Good luck!!

Section 6 . lof7




1. Consider a self-gravitating, infinitely extended fluid (i.e. a fluid whose individual volume
elements interact gravitationally with each other). Assume that the fluid has negligible
pressure. The relevant equations are the continuity and Euler ones for the fluid’s dynamics,
and the Poisson equation for the Newtonian potential. Call p the fluid’s density, ¥ its
velocity field, and ® the gravitational potential per unit mass.

(a) Show that there is a solution to the dynamics such that p is homogeneous and the
fluid expands radially, with ¥ proportional to the position vector:

d(z,t) = H(t)Z .
(b) Determine p(t) and H(t), via a power-law ansatz p o ¢*, H tP.

(c) Show that, despite the appearances, for this solution the origin is not a preferred
point. That is, all observers comoving with the fluid see exactly the same fluid flow
around them. Are therc other possible solutions with the same property?
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2. Rydberg atoms are highly excited atoms, usually with the principal quantum number
n> 1.

(a) Find the energy spacing between the nth and the (n+1)st Rydberg states of hydrogen.
(b) Find the size of the atom in the nth energy state.

(c) Are relativistic effects more or less important in Rydberg states than in the low-lying
states? (In other words, how do the typical electron velocities compare to the speed
of light in both cases?)
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3. A scientist constructed a field effect transistor (FET) that employs a two-dimensional
electron gas. In the FET the density of electrons is varied with an external voltage.
Under the working conditions of this device, the energy states of the electrons can be

represented as:
2

Bk k) = |1+ 3| Bt 52+ £)
The two-dimensional electron gas is in the z-y plane. [j + %} E, represents the energy for
the motion of electrons along the direction normal to the plane. E, = 0.001 eV (1 eV =
1.6 x 1071 Joules). The allowed values of the quantum number j are j = 0,1,2, ... . k,
and k, are the two in-plane components of the wave vector of states for the electrons, and
m is the electron rest mass (m = 9.11 x 1072 gm).

When the areal electron density of the two-dimensional electron gas is controlled by an
external gate voltage, the density can have two limiting values: nj,w and npign.

(a) Assume that njow = 101 em™2. Find the difference between the energies of the

lowest and highest states that are populated by the electrons when the temperature
is T=0.

(b) Repeat (a) with nyg, = 10'? cm™2.

(c) Repeat (a) for T =10 K.

(The Boltzmann constant is kg = 1072% Joules/K.)
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4. (a) How many photons per second are emitted by a typical incandescent light bulb?

(b) How many photons per second reach your eye, if you are standing 1 km away from
the light bulb?

(c) Can you see the light bulb from 1 km away, if about 10% of the photons are in the
visible portion of the spectrum, 10% of the photons reaching the eye actually hit the
retina, and the minimum flux to activate the brain response is 100 photons/s?
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5. A fluid in thermodynamic equilibrium at temperature T fills a rigid cubical container of
volume V. For wavelenths relevant to the questions below assume the sound speed in the
fluid (v,) to be independent of wavelenght A\ (<K interatomic spacing).

(a) What is the lowest angular frequency (wp) for a standing sound wave in the fluid?

(b) What is the average energy in that mode when kT > hwg?
(kg is the Boltzmann constant, i = h/2m, neglect “zero point” energy)

(c) What is the average energy in that mode when the inequality in (b) does not hold?

(d) What is the probability for finding no energy in this mode (neglecting “zero point”
energy)?

(e) What is the total energy in the modes whose wavelength lies between A and A + d\
and are < V1/37
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6. The relationship between the free energy F', the internal energy U, temperature 7', and
entropy S of a gas with a fixed number of atoms is given by:

F=U-TS

(a) Find an expression for pressure P and entropy S expressed as partial derivatives with
respect to the free energy.

(b) Write an expression for (8_V> in terms of pressure, volume, and temperature.
T

(c) Use the result from part (b) to show that

(), -7, (),
o (G)),

oV a5
aT ),

(d) Show that
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GENERAL PHYSICS - ATOMIC
Rydberg hydrogen atoms.

Rydberg atoms are highly excited atoms, usually with the principal quantum
number n 3> 1.

a) Find the energy spacing between the nth and the (n + 1)st Rydberg states
of hydrogen.

b) Find the size of the atom in the nth energy state.

c) Are relativistic effects more or less important in Rydberg states than in the
low-lying states? (In other words, how do the typical electron velocities compare
to the speed of light in both cases?)
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General-Section 6: condensed matter

A scientist constructed a field effect transistor (FET) that employs a
two-dimensional electron gas. In the FET the density of electrons is
varied with an external voltage. Under the working conditions of this
device the energy states of the electrons can be represented as:

EG ke ky) = E [+ ¥l + (%2m) (ke + k,?)

The two-dimensional electron gas is in the (x,y) plane.

E. (j+ '2), represents the energy for motion of electrons along the
direction normal to the plane. E, = 0.001eV (1eV=1.6x10"°Joules).
The allowed values of the quantum number jarej=0, 1,2 .... .k
and ky are the two in-plane components of wave vector of the states
of the electrons, and m is the electron rest mass (m=9.11x102%gm).

When the areal electron density of the two-dimensional electron gas
is controlled by an external gate voltage, the density can have two
limiting values: ni, and nyign.

(a) Assume that ny,, = 10'%cm™. Find the difference between the
energies of the lowest- and highest- states that are populated
by the electrons when the temperature is T=0.

(b) Repeat (a) with nyign =10"%cm™2,

(c)Repeat (a) for T=10K ( the Boltzmann constant is
ke=10"?*Joules/K).
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GENERAL PHYSICS - ORDER OF MAGNITUDE ESTIMATE
Light bulbs and photons.

a) How many photons per second are emitted by a typical incandescent light
bulb? '

b) How many photons per second reach your eye, if you are standing 1 km
away from the light bulb?

¢) Can you see the light bulb from 1 km away, if about 10% of the photons
are in the visible portion of the spectrum, 10% of the photons reaching the eye

actually hit the retina, and the minimum flux to activate the brain response is
100 photons/s?

bl

/

F 4

g% m 'Laﬁ .




. g 1o
: kSﬁ\'("‘k’("((z*\ KL&L&&W ,:
ST e ) Muchenics ( )WQ L Ao y s\

Sec ( Youre! s

173 Fluid wm Fermodynzmie eﬁu‘l,bwa\ =t Tem\owqu&T’ :H/E/
!

"_S".\\‘ 2 Y”.“{).\A\ cubreal comtziney ot Voluwme V. Fov
WQvé,\ewg‘f"\f velevaal To The 7ueé‘(7f'x9 below & §3ume
3Xi}ﬂv‘f£e‘a’r‘ > ,(<< wlierstemic ‘S\DEC"WQ), : !

1) WhSE ¢ Pe lowest Swgvlev fveguency (a)") .
v sTEnding soond wave i1 the Ao
'L) W\*;V 15 ’[kvc ed-e\rejc Q“'&V%Lj W 'fL:é'T" w\o&e
w hen ,Q@B'T' > o, ?, (J‘RB & The Bollamann
(_cwgr_té_\:v—; /F\E \/\/q;w J' 'V\fg\ddt— ‘%:C\‘“O ?oiwfémww)
3) WAST 15 e =vevzye enwev'gy in oL9l weo de
when The )Mvﬁve'ﬁs mo2) does nsl ho {4 ?
1) What™ 15 The Pv\obe\p.\rg Foc Fiwding
Wo enevgy - Has wode  ( wegledlTig “zevo ?"“"‘Th
enevgy ) ¥
5) W“ET\f The [0‘2\ ’?we,\rgs \"'\‘h’tev\noqu;
whose wevelengths h;te‘; betweey
A 2nd Aed > 2 e v VB O?




Pwswevs To ST-T, Mfch.?w\"‘e""l

SvggeiTal credils For
covvect =wswer odl

of zYeu-;eaT 0 I) o, = \:—;L‘:B ‘b}——gﬂj nJ;
() | £
L
| Diw ;W RL=T
Gk
3P we TRk
()%6) | z) a1z} Yegiw 1x which
EH?_'WAM\E ow.“.ﬂ‘w- = ’DZBT
(,3/"9 ? ' 3) ? = E-n’ﬁw.,{s (,g_,
i ——--vn - 1 ,-._é.:l__
{ z e*'h'Wo?)
1.& I ?'=aL
' 2 ? ?h—"-'o = .~L~ - o #wo?
) ! &
(3D B 3w vt = fw C ces




/ Lirvmeed ~ &tbévj
Sec. b é]/m i I
2

‘(22
Se Al

hﬂ%umﬁlﬁ = Aﬂw yeya moys (p)

deé ] \ A@

wfm;@.vﬁ i} A«hv 1e1) moys 03 (q) 3ed woy 3nsa oy asq (2)
A€ \d¢ ne

AP

N
-aanyetadura) pue swnjoa ‘eanssa.ld jo sure) ul AIV J10j uoissaadxa ue s (q)

Se

-£310u9 93.1) 9Y3 03 309dsal YIIM SIAIIBALISD
ren.ed e se passaadxa § Adosyus pue 4 a.nssaad 10j uoissaadxa ue puiy (&)

SL—-N=4d

:£q uaAIg s SWOe JO Joqunu paxy e fim sed e Jo § Adoxjua pue J,
samesadua) ‘) £819us [euIa)Ul 9] pUe J A319Ud 93.1) 9] UsaMIaq diysuonepal ayy,

SOINVNAQOWYTHL




3

e h
]
o o
R TT—
o .
.
%
.ﬂ 3
N : .
g H f "y §
; 3 omerRS A A
* - P Mt A
f o
i

e i

o

g

PIPRHPENEE

Iy i

Summins
N
§




g S w\.\w-i

iy

s
g =
s \ o
s s, v
g
!
&{."’"»
7 ‘r«e;}i \"
7 St
i AR * *
g
5 | |
§ y £ :
: r L j
é ZEN f
| i
; : i
| :
;
; i
.
. 5 s :
[, i 4
s :
; 1 :
i :?
o
3 ] e
. Lt E :
- T4 i
& i
i ’ P
, I ’
E W - N
é ‘ : ; T,
. b |
5
5

o

A .
g Z
P




]

ST
o

[RETa—

S

ot

pr




