
YOUR NAME: 2006ASTRONOMY & ASTROPHYSICS EXAM 2006: ADVANCED PARTThis is a 3 hour exam, and you only need to answer 6 of the 17 questions. Ea
h question is identi�edat the top with the instru
tor and 
ourse number so you 
an go dire
tly to those questions that arerelevant to the 
ourses you took.To avoid 
onfusion and in keeping with previous poli
y, submit answers to only 6 questions. If youattempt to answer more than 6 questions, please 
ross out your work on the additional questionsso that it is 
lear whi
h ones you wish to submit.As an additional 
on�rmation of the six questions that you wish to submit, please 
he
k them inthe Table below.Please use only one side of ea
h page for your answers. If you need to extend your answer to morethan one page, 
ontinue your work on one of the additional pages supplied during the exam. Besure to put your name on every page that you turn in and, if you need to use additional pages, addboth the problem number and your name at the top of ea
h page.You may use a hand 
al
ulator on this exam.ANSWERS SUBMITTEDQuestion Course Six AnswersSubmitted(a)1 2242 240C3 2264 E 2755 220B6 2307 220C8 240B9 20710 28911 25712 21213 23514 204A15 204B16 22217 260(a) Please 
he
k the six questions that you are submitting.1



ASTROPHYSICS EXAM INFORMATION SHEETPhysi
al 
onstants:speed of light in va
uum 
 2:998 � 108 m/s = 2:998 � 1010 
m/sGravitational 
onstant G 6:67 � 10�11 m3/kg s2 = 6:67 � 10�8 
m3/g s2Elementary 
harge e 1:60 � 10�19 C = 4:80 � 10�10 esuPlan
k 
onstant h 6:625 � 10�34 Js = 6:625 � 10�27 erg sFine stru
ture 
onstant � = e2=~
 1/137Boltzmann 
onstant k 1:38 � 10�23 J/K = 1:38 � 10�16 erg/KGas 
onstant R = 8:32 � 107 erg K�1 mole�1Ele
tron mass me 9:11 � 10�31 kg = 9:11 � 10�28 gmProton mass mp 1836meEle
tron 
lassi
al radius re = e2=me
2 2:82 � 10�15 m = 2:82 � 10�13 
mCompton wavelength h=me
 2:426 � 10�12m = 2:426 � 10�10
mBohr radius aB = ~2=mee2 0:529 � 10�10 m = 0:529 � 10�8 
mBohr magneton �B = e~=2me 5:79 � 10�11 MeV/TRydberg energy me
2�2=2 13.6 eVStephan Boltzmann 
onst. �SB = 2�5k4=15
2h3 5:67 � 10�8 J/s m2 K4 = 5:67 � 10�5 erg/s 
m2 K4 sradiation 
onstant a = 4�SB=
 7:56 � 10�15 erg 
m�3 K�4Thompson s
attering �T = (8�=3)r2e 6:65 � 10�29 m2 = 6:65 � 10�25 
m2Avogadro number NA 6:022 � 1023 mol�1Astrophysi
al Quantities:M� 2� 1033 gL� 4� 1033 erg s�1R� 7� 1010 
mUnit 
onversions:ele
tron volt 1:60� 10�12 ergyear 3:15� 107 sJoule 107 ergar
 se
ond 4:848 � 10�6 radiansAngstrom 10�8 
m1 AU 1:50� 1013 
mparse
 3:08� 1018 
mOther information of questionable usefulness:sound speed in air at 300 K 330 m/s 3:30 � 104 
/satmospheri
 pressure 1:� 105 N/m2a

eleration of gravity 9.8 m/s2 980 
m/s22



Equations of interest:Maxwell's equations r�E = �1
 �B�t r �B = 0r�H = 4�
 j+ 1
 �D�t r �D = 4��ideal gas P = �kT=(�mp) = �RT=�bla
kbody B� = 2h�3
2 1exp(h�=kT )�1bla
kbody radiation density u = (4�SB=
)T 4 � aBT 4�rst law dQ = dE + PdVS
hrodinger's equation i~�	�t = � ~22�r	+ U(x; y; z)	( ~22� )r	+ [E � U(x; y; z)℄	 = 0Friedmann's Equation H2 = H20 h
Ma3 + 
Ka2 + 
Ra4 +
�iuseful Lorentz invariants P , dn=�, u�u� , ��A� = 1
 ���t +r �AF ��F�� = 2(B2 �E2)
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YOUR NAME: 20061. Joel Prima
k: ASTR 224 { Origin and Evolution of the Universe(a) Suppose that the universe is known to have an age of 14 billion years, and assume for simpli
itythat it has a 
riti
al density of matter and no 
osmologi
al 
onstant. What is the distan
e todayto the horizon?(b) The 
osmi
 ba
kground radiation's last s
attering surfa
e was at redshift 1000. At that time,what was the distan
e from the last s
attering surfa
e to the matter that will be
ome ourgalaxy?(
) Now suppose that you were to do these same 
al
ulations for a universe with the same Hubble
onstant but with 
matter = 0:3 and 
� = 0:7. Without a
tually plugging in numbers, saywhether the answers to (a) and (b) would be greater or less.
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YOUR NAME: 20062. Piero Madau: ASTR 240C { Gala
ti
 and Extragala
ti
 Stellar SystemsThe Kompaneets equation, �N�y = 1x2 ��x �x4��N�x +N 2 +N�� ;governs the e�e
t of Compton s
attering on a photon energy distribution. Here, N is the photono

upation number, x = h�=kTe, � is the photon frequen
y, Te is the gas temperature, and y is theCompton parameter. If the radiation spe
trum is a bla
kbody with temperature T � Te, show that:(a) the terms N and N 2 
an be negle
ted 
ompared to �N=�x;(b) in the Rayleigh-Jeans limit of the Plan
k spe
trum, the Sunyaev-Zeldovi
h e�e
t 
orrespondsto a de
rease in temperature, �T=T = �2y;(
) for a galaxy 
luster with Thomson opti
al depth � = 0:01 and temperature kTe = 7:6 keV,point (b) above implies �T = �0:08 mK.
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YOUR NAME: 20063. Anthony Aguirre: ASTR 226 { General RelativityReal obje
ts do not have negative mass, and large quantities of negative mass would 
agrantly violateother aspe
ts of physi
s (su
h as 
ausality, and the 2nd law of thermodynami
s). Nonetheless, we
an write down the metri
 of a point negative mass:ds2 = �(1 + 2�=r)dt2 + (1 + 2�=r)�1dr2 + r2d
2;where � � 0. This is just the usual S
hwarzs
hild metri
 with M = ��.(a) Consider Goldmund hovering at rest at r = 3� and �xed �; �. Suppose he sends signals, on
eper se
ond by his wat
h, to Nar
issus, who is at rest at r � 2� and �xed �; �. How manyse
onds pass a

ording to Nar
issus between the signals?(b) Make a sket
h, in r � t 
oordinates, of the light 
ones both inside and outside r = 2�. Is theobje
t a bla
k hole, i.e. is there any region at r > 0 that 
annot be seen by Nar
issus?(
) Without doing an expli
it 
al
ulation, present an argument as to whether stable 
ir
ular orbitsexist near this obje
t.
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YOUR NAME: 20064. Gary Glatzmaier: Earth 275 { Magnetohydrodynami
sHartman Boundary LayerConsider a steady-state shear-layer in a 
ondu
ting 
uid adja
ent to a wall:

The 
ow velo
ity is in the x-dire
tion with v = v(y)x̂. Far from the wall (large y) v �! v1 =
onstant. At the wall (y = 0), the velo
ity v = 0. There is an imposed, 
onstant, uniform magneti
�eld B = Bŷ. The ele
tri
al 
ondu
tivity (�), density (�), and vis
osity (�) are 
onstants. There isno ele
tri
 �eld, and pressure is only a fun
tion of x.(a) Give the mathemati
al expression for the 
urrent density (J) and the Lorentz for
e for thisproblem.(b) Give the x-
omponent of the momentum equation.(
) Give (b) in the limit of large y.(d) De�ne Æ � (��=�B2)1=2, whi
h is a measure of the boundary layer depth, and de�ne U � v�v1.Rewrite the equation in (b) in terms of U and Æ.
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YOUR NAME: 20065. Peter Bodenheimer: Astron 240B Star and Planet Formation(a) How do we know observationally that disks exist around a large number of young stars? Giveat least 3 observational tests. How does one determine observationally what the range of disklifetimes is? What is the impli
ation of the dedu
ed lifetimes with regard to giant planetformation?(b) Consider a nearly Keplerian disk in 
ylindri
al 
oordinates (R;Z). The gravity arises from the
entral star only, whi
h has mass M . Write the equation for hydrostati
 equilibrium in theverti
al (Z) dire
tion, at a point (R;Z) where the density is � and the ideal gas pressure is P .(
) A disk is generally assumed to evolve by vis
ous pro
esses. Name one physi
al me
hanism that
an 
ause a disk to evolve. Give a formula for the estimated theoreti
al disk evolution time.Put in numbers for a typi
al disk and 
ompare your disk lifetime with observations.
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YOUR NAME: 20066. Jason X. Pro
haska: Astron 230 Low Density Astrophysi
sConsider an OB star in the Milky Way whi
h lies far behind a neutral Hydrogen gas 
loud withdensity nH = 10 
m�3.(a) Using the equation of radiative transfer, derive an expression for the Intensity of the star I�at Earth. Express your answer in terms of the opti
al depth �� (where d�� = ���ds) and theIntensity at the star I�(0).(b) The equivalent width of a transition with 
entral wavelength �0 is de�ned to beW� = �20
 1Z0 � 1� I�I�(0) � d� (1)Estimate W�(Ly�) in m�A for an opti
ally thin 
loud with size ` = 1010
m. You should knowthat the opa
ity from Ly� is: �� = ��nHI = �e2me
fLy���nHI (2)where fLy� = 0:416, �Ly� = �0 = 1215:67�A, and �� is the line pro�le.
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YOUR NAME: 20067. Stan Woosley: Astron 220C Nu
leosynthesisA typi
al 
lassi
al nova is a white dwarf star of about 1 solar mass and radius 6 x 108 
m a

retingat 10�9 solar masses per year. The thi
kness of the a

reted layer is so small 
ompared with thisradius so that one may take the a

eleration due to gravity and the radius to be 
onstant. A nu
learrunaway will o

ur when the produ
t of temperature and density at the base of the a

reted layerrea
hes a pressure of 1019 dyne 
m�2. What is the 
riti
al mass required for runaway and howoften will the nova repeat? Give a simple s
aling argument that will show how the interval betweenoutbursts would in
rease or de
rease as the mass of the white dwarf in
reased (leave the radius
onstant).
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YOUR NAME: 20068. Garth Illingworth: Astron 240B Gala
ti
 and Extragala
ti
 Stellar SystemsAr
haeology vs dire
t observationWe 
an learn about galaxy buildup by age-dating stars in our Galaxy as well as in nearby galaxies(how do we do this? and in whi
h galaxies?). Unlike ar
haeologists and paleoanthropologists, we
an also observe galaxy buildup dire
tly. Contrast and dis
uss the advantages and limitations of thetwo approa
hes. What are the times
ales explored by the two approa
hes? What physi
al insightsare gained from the two approa
hes? Whi
h approa
h is likely to most help our understanding ofgalaxy formation and evolution and why?
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YOUR NAME: 20069. Garth Illingworth: Astronomy 207 Future Dire
tionsDe
adal SurveyApproximately every 10 years, the National A
ademy 
ondu
ts an "Astronomy De
adal Survey"through the National Resear
h Coun
il. Give brief answers to the following questions.(a) What is the De
adal Survey?(b) Who funds it?(
) Who is involved?(d) Why is it so important?(e) What is its de�ning feature?(f) What was re
ommended in the 2000 De
adal Survey?(g) What will be done this De
ade?(h) Why was the 2000 De
adal Survey less su

essful?(i) What would you think should be done di�erently in 2010?(j) What would you like to see re
ommended in the next De
adal Survey?
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YOUR NAME: 200610. Claire Max: Astron 289 Adaptive Opti
sAnisoplanatism(a) De�ne the isoplanati
 angle, and give an approximate expression for it. How does the isoplanati
angle s
ale with observing wavelength?(b) Draw a rough sket
h of the physi
al origin of anisoplanatism, and des
ribe it in words.(
) Write an equation for the 
ontribution of anisoplanatism to the wavefront error.(d) How does a laser guide star help to over
ome the e�e
ts of anisoplanatism? Are there astro-nomi
al s
ien
e programs for whi
h laser guide stars are not useful? What are they? Why?
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YOUR NAME: 200611. Mike Bolte: Astron 257 Modern Observational Te
hniquesA R = 20 star observed with ESI (the Ke
k imaging spe
trograph) produ
es 2300 dete
ted photo-ele
trons per se
ond in the broadband R �lter at the zenith. The R-band sky brightness at MaunaKea is 20.9 mag/ar
se
2. The pixel s
ale is 0.15 ar
se
onds/pixel, the readout noise is 4e� and theinverse gain of the system is 1.3 e�/DN.(a) What is the rate of dete
ted e�/pixel from the sky in the R band?(b) What is the rate of dete
ted e� from an R = 26 magnitude star, negle
ting extin
tion by theatmosphere?(
) Using the symbols de�ned below in Table 1, write the expression for signal-to-noise ratio in thebrightness measurement of a point-sour
e with a CCD in an aperture r.(d) Assume that you are measuring all of the light for the R = 26 magnitude star in an aperturewith a radius of 4 pixels. At what exposure time does the measurement be
ome `sky dominated'?(e) What is the expression for the exposure time required to rea
h a given S/N in terms of thevariables in the table below?(f) How does the exposure time to a given S/N s
ale with the measurement aperture radius (for thesky-limited 
ase)?R� 
ount rate from star e�/se
ondRsky 
ount rate from ba
kground e�/se
ond/pixelt exposure time se
ondsr radius of aperture pixelsG inverse-gain e�/DND dark 
urrent e�/pixel/se
RN Readout noise e�pixel
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YOUR NAME: 200612. Greg Laughlin: Astron 212 Astrophysi
al Dynami
sA 1 M� planet with an a = 1AU orbit has an orbital in
lination i = 45Æ. The 
entral star has amass of 1M�.(a) Assume that $ = 90Æ when the planet 
rosses the line of sight to Earth. Sket
h the geometry ofthe situation and sket
h a plot of the radial velo
ity 
urve of the star.(b) If the orbit is 
ir
ular, what is the half-amplitude, K (in m/s) of the stellar re
ex velo
ity?(
) If the orbit has e = 0:5, what are the maximum and minimum values of the stellar re
ex velo
ity?
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YOUR NAME: 200613. Greg Laughlin: Astron 235 Numeri
al MethodsConsider the following ordinary di�erential equation (ODE):d3ydx3 + d2ydx2 + dydx = x2 ;subje
t to initial 
onditions: y(0) = 1; dy(0)=dx = 2; d2y(0)=dx2 = 4.(a) Re-express the above equation as a set of 
oupled �rst-order ODEs.(b) Constru
t a se
ond-order �nite di�eren
e s
heme for solving the system of ODEs.(
) Use this s
heme to integrate the system from x = 0 to x = 0:2 in a single step.
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YOUR NAME: 200614. Greg Laughlin: Astron 204A Physi
s of Astrophysi
s I: RadiationA parti
ular spe
ies of atom has energy levels (for the neutral state) with statisti
al weight fa
torsgN = 2N2, and EN = (1�N�2)I0.(a) For gas at the photosphere of a star (whi
h is in lo
al thermodynami
 equilibrium throughout,and whi
h has a grey atmosphere) we observe that the number density ratio for states N = 2
ompared to N = 1 is n2=n1 = 2. What is the ratio n2=n1 at opti
al depth � = 2?(b) As the ex
itation level be
omes large, what happens to the ratio nm=n1?(
) Explain the meaning to your answer to (b). What (qualitatively) is the resolution to the dilemmathat has arisen?
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YOUR NAME: 200615. Greg Laughlin: Astron 204B Physi
s of Astrophysi
s II: Gas Dynami
sBrie
y explain (giving quantitative 
riteria where appropriate):(a) Conve
tive instability(b) Parker instability(
) Magnetorotational instability(d) Rayleigh-Taylor instability(e) Kelvin-Helmholtz instability(f) Toomre Q(g) Rotational Instability
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YOUR NAME: 200616. Doug Lin: Astron 222 Planetary S
ien
eJupiter's e

entri
ity modulates on a time s
ale less than 1 Myr. How do its longitude of periapse andsemi major axis vary? Brie
y des
ribe the 
ause of this modulation. Under what 
ondition wouldthis physi
al pro
ess lead to a mu
h larger amplitude e

entri
ity modulation? Give one example inthe solar system for su
h enhan
ed modulations.
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YOUR NAME: 200617. Connie Ro
kosi: Astron 260 Instruments for AstronomyThe expression for the resolving power R of a spe
trograph, Æ�� , is d
olm�
os(�)�Dt� where m is the di�ra
tionorder in whi
h the grating is used, d
ol is the diameter of the 
ollimator mirror, 
os(�) is the angleof in
iden
e of the light at the grating, � is the angular width of the spe
trograph slit, Dt is thediameter of the teles
ope, and � is the spa
ing of the ruling of the grating (in mm/line, et
.)The Shane 3m has a fo
al ratio f/17, and the median diameter of a seeing-limited point-sour
e imageis 2". You want to design a spe
trograph that 
an a
hieve a resolving power of at least 1500 at5000�A . To save money, you have to design your spe
trograph around one of two gratings found inthe ba
k of a drawer on Mt. Hamilton. Both have 250 lines/mm. Grating A has dimensions 230mmx 210mm, grating B has dimensions 306mm x 408mm. Both are blazed at 5000�A in �rst order, andspa
e 
onstraints at the 3m 
assegrain fo
us for
e you to use them at � = 30Æ.(a) Des
ribe how you would set the free parameters in the design (d
ol, m, �) to a
hieve your goalfor the resolving power for spe
trograph designs based on both gratings. What sets d
ol? Dis
ussthe pros and 
ons of your 
hoi
es, and suggest ways that relaxing the restri
tions given above wouldimprove your spe
trograph.(b) How would the performan
e of your spe
trograph 
hange if you transport it, un
hanged, fromthe 3m to Ke
k? (Ke
k has diameter 10m and nominal seeing 0.7". You 
an ignore the di�eren
ebetween Ke
k's f/15 fo
al ratio and the 3m's f/17 fo
al ratio.) How would you 
hange it to bebetter-suited for Ke
k? Brie
y des
ribe how diÆ
ult or easy those 
hanges would be.(
) Ba
k at the 3m, you need to 
onvert your single-obje
t spe
trograph to a multi-obje
t spe
tro-graph. Des
ribe, qualitatively, how your design would need to 
hange.
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