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ASTRONOMY DEPT. PRELIM EXAM PART I: ASTROPHYSICS
Monday June 28, 1999

DIRECTIONS: TIME LIMIT 3 HOURS. Closed book and notes. Answer 8 out of 12
questions. Be sure to write your name on each page. Submit only 8 solutions to be
graded.

Equations of Interest
blackbody B, = (2hw3/c?)(exp(hv/kT) —1)71
Wien’s Displacement Law Temp(K) = 0.29 / Amaz [cm]
Equation of state for an ideal gas P = kT p/(ump) = RgpT /1.

Maxwell’s equations VXE= —%%—Iti V-H=0

VxH=-18E 4 4; V- E = 4mp

First law dQ = dE + Pdv
Physical constants

speed of light in vacuum ¢ =2.998 x 10% m/s
gravitational constant G =6.67x 1071 m3 kg—l 52
Stefan-Boltzmann constant c=567x108Js I m 2K
Planck’s constant h=6.625x 1073 J s
Elementary (electron) charge e =1.60 x 10-19 C = 4.80 x10710 esu

proton mass mp = 1.67 X 10727 kg

Gas constant Ry = 8.31 x 107 erg K1 g'l =831 x103 JK! kg_1

Boltzmann constant k=138 x10"2 J/K
electron mass me = 9.11 X 10731 kg
radiation constant a=40/c="T.56 x 10716 J p=3 K4

Unit conversions:

electron volt= 1.60 x 10712 erg
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for incident electrons to de-excite the ion from upper level 2 to lower level 1 is

0 CQ
3 ~1
Q21 = / oqvf(v)dv = ——7 cm”s
0 w2T1/ 2

where og) is the de-excitation cross section, f(v) is the Maxwellian distribution of
incident electrons, C is a constant,  is the collision strength and w; is the statistical
weight of level 2. Write down an expression for the excitation rate coefficient g2 in
terms of C, §2, the temperature and statistical weights.

(c) Use this expression for gi2 to derive an expression for the temperature of the HII
plasma T as a function of the ion abundance A and other parameters. Assume that
the cooling radiation escapes from the plasma without absorption.

(d) How does the plasma temperature depend on distance r from this ionizing star?
Explain your answer.

3. AV = 20 star observed with LRIS (the Keck imaging spectrograph) produces
1890 detected photo-electrons per second. The R-band sky brightness at Mauna Kea
is listed at the CFHT WWW site as 20.9 mag/ arcsec2. The LRIS pixel scale is 0.22
arcseconds/pixel, the readout noise is 8e- and the inverse gain of the system is 2.0
e-/DN.

(a) What is the rate of detected e- from the sky in the R band?

(b) What is the rate of detected e- from a R = 26 magnitude star observed at an
airmass of 1.2 assuming the extinction coefficient in R is 0.1 mag/(unit airmass)?

(c) Using the symbols defined below, write the expression for signal-to-noise ratio in
the brightness measurement of a point-source with a CCD in an aperture 7.

(d) Assume that you are measuring all of the light for the R = 26 magnitude star in
an aperture with a radius of 7 pixels. At what exposure time does the measurement
become sky dominated?

(e) For the sky-dominated case, how does the S/N scale with exposure time?
(f) How does the S/N scale with seeing (assume you increase the measuring radius
linearly with FWHM of point sources).

R, count rate from star, e-/second

Ry count rate from background, e-/second/pixel

t exposure time, seconds

T radius of aperture, pixels



6. Fig. 1 shows a schematic spectrum of an O star as a Rayleigh-Jeans power law on
the long wavelength side, plus a cutoff at the Lyman break (912 A). Fig. 2 shows an
absorption-reddening curve for some hypothetical dust, with arbitrary normalization.
Fig. 3 shows the observed spectral energy distribution of a high-redshift galaxy at
z = 3, as observed on Earth. The high-Z galaxy really consists purely of O stars. Thus
it is reddened. Assume that the reddening screen is at the galaxy but lies between us
and the stars.

(a) (i) What is the absorption at 4 u (Earth’s frame) in magnitudes? (ii) What is the
absorption at 4000 A(Earth’s frame) in magnitudes? (iii) What would the apparent
flux be at 4000 A in the absence of reddening?

(b) Assume that the energy absorbed by dust is reprocessed and emitted as far—
IR /submillimeter radiation. You are planning a campaign to observe it. Very roughly
what is the total energy in W m™2 that you should expect to detect with a far-
IR /submm telescope? (Don’t do the integral, just eyeball it).

(c) Now suppose that the dust is mized with the stars or has holes in it. Are your
previous absorption estimates too high or too low? Why?
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There are many connections between symmetry and conservation of physical quanti-
ties. ’

(b) What quantities are conserved if the Lagrangian is invariant to (i) time translation,
(ii) space translation, and (iii) rotation?

(c) What quantities are conserved if a star moves in a central potential V=V(r)? Use
the Lagrangian to justify your answer.

(d) Show that if the potential V = k/r, the Laplace-Runge-Lenz vector A =p x L —
mkr/r is conserved.

11. In a steady protostellar accretion disk around a 1 solar mass young stellar object,
the mass transfer rate is M = 10~" Mg y~1, the opacity is x = koT2, and the equation
of state is P = Kp5/3.

(a) Derive the density profile in the direction perpendicular to the plane of the disk.

(b) Using an « prescription in which the viscosity v = of0H 2 derive the surface density
distribution as a function of r.

(c) Derive the power index of the continuum black body spectrum from the disk.

12. A uniform-density interstellar cloud has a mass of 10 Mg and a radius of 2 x1018

cm. It is composed of pure molecular hydrogen, has a uniform temperature of 30 K,
and is threaded by an uniform magnetic field of 2 uGauss. It is confined by an external
medium of density 5 X 10723 g ¢cm™3 and temperature 100 K.

(a) What are the relevant time scales? (give numbers) (b) Is the cloud near virial
equilibrium? (c) If not, will the cloud collapse or expand? On what time scale? (d)
Will it be able to find an equilibrium state? Assume the evolution is isothermal and
with constant magnetic flux.



ARLA A

(ﬁé 0N S
Qecielion !

a(rg) = —Gm(r < rg)/r —G/rg forg dnrip(r)dr
= —4nGpo/(riry) [ v+t dr
4rGporitt™)
2 (3+n)
4nGpor, (14n)

da/dr(rg) = ——W
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Solution: (a) The Planck mass comes from equating the Compton and the Schwartzchild

scales:
h GMp

Mpc c?

The uncertainty principle gives the Planck time:

9 h
Mpc®tplanck ~ ' = Iplanck ~ M2~V Gh/co.
pC

(b) The horizon size is always g ~ ct. More precisely,

2/3
t d
R =R, (—t—) and dr = —R—t = 3ct1/3t2/3 = zgy = 3ct.

o

(c) The co-moving event horizon follows from ds = 0 in the Robertson Walker metric:

T o0
/ dr/c= / dte Ht = g1~ H¢
0 t

Therefore the physical size is
z = R(t)r =c/H.
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(1) A R = 20 star observed with LRIS (the Keck imaging spectrograph)
produces 1890 detected photo-electrons per second. The R-band sky
brightness at Mauna Kea is listed at the CFHT WWW site as 20.9
mag/arcsec®. The LRIS pixel scale is 0.22 arcseconds/pixel, the readout
noise is 8e- and the inverse gain of the system is 2.0 e-/DN.

(a) What is the rate of detected e-/pixel from the sky in the R band?
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(b) What is the rate of detected e- from a R = 26 magnitude star
observed at an airmass of 1.2 assuming the extinction coeflicient in R is 0.1
mag/(unit airmass)? ' : : . ™
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(c) Using the symbols defined below in Table 1, write the expression for

signal-to-noise ratio in the brightness measurement of a point-source with a
CCD in an aperture r.
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AQueslion S ~ Continued

(d) Assume that you are measuring all of the light for the R = 26
magnitude star in an aperture with a radius of 7 pixels. At what exposure
time does the measurement become sky dommated‘?

[(25}(7 t. W(?B]Z 3@/\/ 77'(7’)?'] b
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(e) For the sky-dominated case, how does the S/N scale with exposure
time.

(f) How does the S/N scale with seeing (assume you increase the
measuring radius linearly with FWHM of points sources).

<, KT S oL
T T
L/

R,  count rate from star e-/second

Rsky count rate from background e-/second/pixel

t exposure time seconds

T radius of aperture pixels

G inverse-gain e-/DN

D dark current e-/pixel/sec

RN  Readout noise e-pixel
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CCALSTOon /

a) The iron group is where a combination of attraction by the strong
force (volume term), repulsion by the electrical force, and '
reduction of binding because of the surface area (surface term) is
maximized. Further a nucleus with Z = N has its nucleons in the most
tightly bound shells for any combination of A = Z + N nucleons.

Most importantly, the iron-56 ejected by supernovae is made as Ni-56,
a double magic nucleus with 7 = N = 28. 28 is a closed shell.

b) The iron in the sun has been made by explosive silicon burning
as radioactive 56Ni. The iron in a collapsing iron core is made as itself
in much more neutron-rich circumstances. In both cases, synthesis requires
temperatures above 5 x 10**9 K. Tron is mostly made in a state of
nuclear statistical equilibrium. To make S6Ni one needs a small or zero
neutron excess (eta =0 or Y e = 0.5). For more neutron rich conditions
the most tightly bound nucleus (i.e., in the collapsing iron core) can be
something else - 54Fe, 58Fe, or even 62Ni.

c) Iron is made in supernovae of all types - especially Type II and Ia.

d) The decay of 56Ni and 56Co produces the entire optical
display of Type Ia/b/c supernovae. It gives a tail on the
light curve of Type IIp

e) Iron is a primary element that can be made in a star regardless

of its initial metallicity. Metallicity is mostly CNO but that is
mostly O and the O/Fe ratio in a generation of massive stars

should be about the same. Unfortunately the production of Fe in SN Ia
clouds this simple relation.



Solution: (a) Since the emission is not symmetric in the rest frame, the power radiated
is not a Lorentz invariant, so that

_dE _dE'~(1+ )

L=—=2=
dt dt’

= Lo(l + :8)

(b) If no momentum is emitted, then the power radiated is a Lorentz invariant, so that
L — LO
(c) Write the transformation as

dE 4B df’ d dE dv
dvdQdt ~ d/dVdy dt dQ dE' dv’

Substituting in

dE L., , 1 1 1
= 2950 — 1) — _ Bcosd
dvdQdt 4w (v = vo) v ¥2(1 — Bcos)? 71— Beost) v(1 — Bcosb)

Use the relation v/ = yv(1 — Bcos6) in the § function, and integrate over angle to get

dE  Lov
dvdt — 2By2v2

where the frequency is restricted to the range

Yoyt
(1 - B) (14 B)
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Zi)Describe the physical bases of a) Newton's description,
b) Lagrangian formulation, and ¢) Hamilton’s principle in
classical mechanics:

>>a} Newton’s description relies on an outside agent (force) acting
>>on bodies and bodies depend only on local forces.

>>b} Lagrangian formation deals with quantities associated with the
>>body such as the kinetic and potential energy.

>>c) Hamilton'’s principle states that bodies select a path which
>>minimizes its action

There are many connections between symmetry and conservation of
hysical quantities.
i& What quantities are conserved if the Lagrangian is invariant to
iy time translation, ii) space translation, and iii) rotation?

>>i)energy, ii)linear momentum, and iii)angular momentum

Q)What quantities are conserved if a star moves in a central
potential V=V(r). Use the Lagrangian to justify your answer.

>>I, = (rdot**2 + r**2 thetadot**2) - V is invariant of
>>time translation and rotation but not space translation.
>>Therefore energy and angular momentum are conserved.

>>But linear momentum is not conserved.

A) Show that if the potential $V=k/r$, the Laplace-Runge-Lenz vector
${\bf A} = {\bf p} x {\bf L} - m k {\bf r}/r$ is conserved.
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