Ay 20: Basic Astronomy and the Galaxy
Fall Term 2010

Solution Set 2

Kuna Mooley
(based on solutions by Swarnima Manohar, TA 2009)

Reporting an answer to unnecesary number of decimal places should be avoided. Notice here that | have, while evaluating most
of the answers, used cgs units, which is popular among professional astronomers. S| system is considered universal, and so | will
encourage you to stick to Sl if you are presently using this system most frequently.

PROBLEM 1 (C&O Problem 3.9)

(8) The blackbody luminosity is given by egn 3.17 (everything isin cgs units):
L> 4nRoTe" erg -s' /. {R>5.16x10", o> 5.67x10° Te > 28000}

L>1.16607x10%%erg - s = 1.2x10®erg -s™
-OR-

L=1.2x10%w

In solar units:

1.16607 x10%% erg - s-! .8
L - /. {L®—>3.84x10 erg -s™'}
Lo

~L->3.0x10* L,

(b) Absolute magnitude is defined as:

L
M= -2.5Log;,[ ————] +constant
4 7 (10 pc)?

Using equation 3.8 and the absol ute magnitude of Sun, Mg,n= 4.76:

L
M = Mun -2.5Log;,[—]
Lo
~ M- -6.4
(c) Apparent magnitude is given by eqn 3.6:

d
m-M=5 LOglO[H]

d
m- M+5 Log[10, —0] /. {(M> -6.45, d - 123}
1

m--1.0

(d) Distance modulus:

123 pc
] =5Logy|

2
m- M= 5 Logy, [
10 pc 10 pc

]:5.45
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(€) Because of the Stefan Boltzmann law, we know that F = o T# at the surface of the star, therefore the flux is:
F> oTs ergs?cn®/. {0-5.67x10° Te > 28000}
F-3.5x10® ergs-tcnr?

Thus, the flux is 3.5 x 10* er g s-* cnr2.

(f) Radiant flux at the Earth's Surfacein erg st cm™2

F -

~ /. {L > 1.16607x10%, d - 123x3.084x 10"}
4nd

F - 0.0000644875

Thisis 6.45 x 107° erg s* cm™2. Compare this to the solar constant, 1.36 x 10° erg s* cm™2. The star's flux is only 2.22 x
10~ of the solar constant.

(g) Wein's law (egn 3.15) gives:

2.9 mMm

/. {T » 28000 K}

Amax =

Amax = 1. 03571 x 107" m

or about 1036 A°.

PROBLEM 2 (C& O Problem 5.1):

(a) The Ha absorption line is observed at a wavelength of 1¢ = 656.281 nm (rest wavelength). The radiation from the star is seen
at awavelength of A = 656.034 nmin air. Theradia velocity of the star is

A-2Q9
Vy » C

/. {c» 2.9979 %10 cm/s, 2 - 656.281x107 cm A - 656.034 x 10~ cm}
2o

1.1283x 107 cm
Vy 5 - —m8m———————
S

Thus, the radial velocity of Barnard's star is about -113 km/s.
Why the negative sign? As per convention, a negative value of Vr implies that Barnards star is approaching earth. Note that the

velocity of earth in its orbit around the sun is 30 km-s™2, and cannot be neglected. This is why the velocities of stars are usually
reported in the barycentric frame. The refractive index of air, n = 1.000297 only affects the speed of light by a dlight value, and
can be neglected in this case as al measurements are made in air.

(b) The parallax of Barnards star is p = 0.549" giving a distance d = 1.82 pc. Then, we use the proper motion u to calculate
linear velocity:

1 10. 3577
Vi > du/. {d- 1.82x3.086x10%cm u- rad - s}
206 265 x 24 x 3600 x 365. 25

8.93719 x10%cm

Vi =
S

whichis 89.4 km/s.

(c) Thetotal speed issimply obtained by vector addition of the two perpendicular components of velocity. Thus,



VA '\/vr2+v12 /. {Vi »89.4, v, » -113}

v - 144. 088

Space velocity is 144 kmy/s.

PROBLEM 3 (C& O Problem 8.5):

Thisisastraightforward application of the Boltzmann Equation. For having only 1% atomsin

the first excited state,

PlE1 O ek
P[Es] Ja
Sol Ve[10‘2 == 22 12

2x12
{{T »19748.59}}

Hence we get 2.0 x 10* K. For having 10% atoms in the excited state, we get

22 12

Sol ve[lO'1 = -
2x1

{{T - 32075.58}}

Thus, atemperature of 3.2 x 10* K is needed.

PROBLEM 4 (C& O Problem 8.9):

Wearegiven: nsV = Ny
Ne=p V (mp+me) =p V /my
p=10"°kg/m3=10"°g/cm=3

(a) Starting from Eqgn 8.8:
Nia 2Za (ZnnekT)m e T
Ni Ne Zi h2
Nii 2x1 (znkar/Z kT
= e
Nt = Np| Ne 2 h?2
But,
Nii N p
Ng = — =
\Y m Nt

So we have:

2x2? e_(('l“_‘“ %) 1.602 x 1012) / (1. 381 x 1019 T)’ T

2x2? e_((‘”'s-'“ 2) 1.602 x10-12) / (1. 381 x 1016 gl T]
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3/2
( 1 )_ N Nt (27rm;kT) e KT

Ne /N -1 N p h?2
3/2
1=(N_t_1)~_t(ﬁ) (Z"MT)
Ni NIt \p h?
(Nt )2 [m;) (2nka)3/2 okt M (rrb) (2nrrng)3/2 W KT g
— — — e-\ — — — — e-| =
Ni o h? N \p h2
MY N (M) (2rmek T2 m) (27mkT)3?2
—_— —_ —_ -xi /KT _ | D - —)(|/I<T=
(Nt]+Nl (p)( h? © e h? © °

(b) Let x = Ny / M.

3/2 3/2

P h? < h2
a=1
3/2
P h
c = -b
Sincex >0

-b+4/b?-4ac -b+‘\/b2+4b

X = =
2a 2
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X[T_]:= - "
Plot [x[T] /. {mp > 1.673x107%*, p 107 nme - 9.109x107%,
k>1.381x107"° h - 6.626x107%", x; - 13.6x1.602 x107*?}, {T, 5000, 25000},
PlotStyle » Directive[Thi ck], FranmeLabel -» {Tenperature[K], Ni| / Nt},

Frame » True, GridLines - Automatic, GidLinesStyle » D rective[{Dashed}]]

_b+4b2+4Db m) (2xmekT\3?
= () )
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0.6
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M
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0.0

Temperature(K)

It matches well with Fig 8.8.

PROBLEM 5: Stellar Photosphere

(a) For pure hyrdrogen, g,= 2 n?. Using Boltzmann Eqgn:

P[E] O
20 o (EaBo) /KT

P[Es] Ja

2x2? e_(('l;'ﬁ_‘lfzs) 1.602 x 107%2) / (1. 381 x 1018 T)l T]
2x1?

({T > 85352, }}

Sol ve[l =

This happens at an extremely high temperature of 8.5 x 10%K.

(b) Pe= 200 dyne/ cm?. Saha's equation (eqn 8.9):

- "

N [HI1 2kTZia (ankT)me_m,kT
Ni [H1] Pe Zi
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NSol ve[l ==

2kT1 (2nm,kT)3/2 ”
ekt /.

P 2 h2

{m > 9.109x107%%, k »1.381x107"°, h > 6.626x107%, x3 »13.6x1.602 x107**, P, » 200}, T]

({T - 9552. 621}
lonized and neutral hydrogen fractions are equal at about 10°K.

PROBLEM 6: P60

() Thecentral wavelengthsfor U, B, V filtersare approximately (Ay, Ag, Av) = (365,440,550) nm. The theoretical diffraction

limit is i ,= 1.22 A/D radians. This is equa to 0.168"(A/1um) for P60 with D=1.5m. Thus, the required answer is
Oim (U, B, V)) =(0.061",0.074",0.092").

(b) Focal ratio is/8.75, which means that f = 8.75xD = 13.1 m

(c) Plate scale = (1 rad)/f = (0.0763 rad/m) = 0.262 arcmin/mm
(d) Part (c) > 1 mm on the detector = 0.262' on the sky.
.. 24 mm on the detector = 24x0.262' = 6.30' on the sky.

(e) FromAppendi x Gof C&QO, anA0star hasR=2.2 R and T, = 9800 K. Therefore,

4R 0T
L —— /.
Lo

R-2.2(6.96x10%m), o- 5.67x10%Wnt2Kelvin?, Te- 9800Kelvin, L - 3.84x10%
0]

~L->40.1 L@
The expect ed val ue f romAppendi x Ai s 39. 4 L., andthesnall difference
bet weent hesetwo val uesisduetothefact that stars are not bl ackbodi es.

(f) Theflux at the Earth's surfaceisthen,

F-

" /. {L->40.1x (3.84x10%ergs™'), d-500pc x (3.084 10" cm/pc)}
4 5t

#F-55.15x10°%ergstcnr?

(9) Assuming (falsely) that there is no atmospheric attenuation and that photons from all parts of the electromagnetic spectrum
fall on the primary mirror of P60, the energy collected by the mirror per unit time will be,

E/t =FxnD? /4= (5.15x10%ergstcm?) xx (75cm? = 9.2x10°ergs™* = 9.2x10?W
Conparethiswiththeoutput of adimlight -bulb,
whi chisabout 10 W or acomonlight emittingdi ode (LED) of 0. 1 W
d
(h) My = my -5 Log 10, E] /. {m/>9, d-500}

.. My, =0.51 mag



