
ASTR/PHYS 3070: Foundations Astronomy Fall 2021: Week 03b

Week 3 Thursday
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Today’s Agenda 
• Review Tuesday’s in class problems 
• Let there be light (in lines) 
• Lines shift (& practice problems) 
• Lines broaden

Announcements / Reminders 
• Friday office hours moved to 1-2pm this week 

only 
• Read Chapter 5, 6.1, 6.4-7 
• HW 2 due September 10th at 11:59pm via 

Canvas upload 

• HW 3 now available, due Sept. 17th
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A planet twice as massive as the Earth orbits a Sun-like star in a highly elliptical orbit.   
At apogee, the planet is 8 AU from the star. 

How long does it take the planet to complete 1 orbit around the star?

If the star were twice as massive as the Sun, what would its period be?

The escape velocity from the surface of the Earth is ~11 km/s and the escape 
velocity from the solar system at Earth’s orbit is ~42 km/s. 

How do these escape velocities compare to this planet at its orbital apogee? 
Assume the star has twice the mass of the Sun. 

If instead the planet’s orbit is circular but has the same period as before, what is its 
orbital velocity? 

What would be the escape velocity from the star system in the vicinity of the planet? 
Assume the star has twice the mass of the Sun.

If ballistically launched from the surface of this planet, what initial velocity do you 
need to escape the star?
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Chapter 5: Let there be LIGHT!
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• Review of atomic structure, energy 
exchange processes, and spectroscopy 

• Radiative transfer 

• Thermodynamic equilibrium  

• Blackbody radiation 

• Wien’s Law

Cover 

today
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“Light” is electromagnetic radiation of any 
wavelength/frequency, not just what eyes see
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Classically, can be thought of a wave traveling 
down an electric field line like an induced 

transverse wave down a rope. 

In QM, quanta of the wave are called photons, 
which have energy and momenta determined 

by wavelength/frequency.

E = h⌫ =
hc

�
h = 6.626⇥ 10�34 J s = 4.135⇥ 10�15 eV s
c = 2.998⇥ 108 m s�1

~ =
h

2⇡
<latexit sha1_base64="9IZFE3rhkrO3cmwkp71S1czp4Nw="></latexit>

1 eV = 1.602⇥ 10�19 J
<latexit sha1_base64="G3XS+610iSabTSlMwBZ+vdiA+v4="></latexit>
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Atomic Structure (quantized energy levels)
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mp = 1.673⇥ 10�27 kg
<latexit sha1_base64="0a5L/kyuRDmRL+ob9UlvI6Jsq84=">AAACDXicbVC7SgNBFJ31GRMfq5Y2g4lgY9hNwNgIQRvLCOYB2RhmJ5NkyMzsMjMbCEv8ABt/xUZBERsLezs/RGsnj0ITD1w4nHMv997jh4wq7Tif1sLi0vLKamItmVrf2Nyyt3cqKogkJmUcsEDWfKQIo4KUNdWM1EJJEPcZqfq985Ff7ROpaCCu9CAkDY46grYpRtpITTvDmyE8hW72uJCHnqacKOg61/FRrjC8iT3JYa8zbNppJ+uMAeeJOyXpYubr8a2f+i417Q+vFeCIE6ExQ0rVXSfUjRhJTTEjw6QXKRIi3EMdUjdUILO2EY+/GcIDo7RgO5CmhIZj9fdEjLhSA+6bTo50V816I/E/rx7p9kkjpiKMNBF4sqgdMagDOIoGtqgkWLOBIQhLam6FuIskwtoEmDQhuLMvz5NKLuvms7lLk8YZmCAB9sA+OAQuKIAiuAAlUAYY3IJ78ASerTvrwXqxXietC9Z0Zhf8gfX+A3yMncI=</latexit>

x

me ⇡ mp/1836
mn ⇠ mp

<latexit sha1_base64="PL9ef2vqR2zk4gaycuqGdusJ+Kk=">AAACFnicbVDLTgIxFO3gC/GFunTTiCZuxBlIlCXRjUtM5JEwOOmUAo1tp2k7BEL4Cjd+iYkbFxLj1rjzQ3RtARcKnuQmJ+fcm3vvCSWj2rjuh5NYWFxaXkmuptbWNza30ts7FR3FCpMyjlikaiHShFFByoYaRmpSEcRDRqrh7cXYr3aJ0jQS16YvSYOjtqAtipGxUpA+vun5fooHBEIfSamiHuSBhCfQK+RPJ46wjqYcjvUgnXGz7gRwnng/JFM8+HwYdde+SkH63W9GOOZEGMyQ1nXPlaYxQMpQzMgw5ceaSIRvUZvULRWIE90YTN4awkOrNGErUraEgRP198QAca37PLSdHJmOnvXG4n9ePTatQmNAhYwNEXi6qBUzaCI4zgg2qSLYsL4lCCtqb4W4gxTCxiaZsiF4sy/Pk0ou6+WzuSubxjmYIgn2wD44Ah44A0VwCUqgDDC4A4/gGYyce+fJeXFep60J52dmF/yB8/YNNhqgrw==</latexit>

1 Å = 0.1 nm = 10�10 m

<latexit sha1_base64="yR+oEUUrS0BPkRvjLQXm4GOmskg=">AAACFnicbVDLSgMxFM3U9/iqunQTLIKbDhkR1EXR6sZlBauFdiyZNLWhSWZIMkIZxp9w496vcONCEbfiRvwbM20Xvg4Ezj3nXm7uCWPOtEHo0ylMTE5Nz8zOufMLi0vLxZXVcx0litA6iXikGiHWlDNJ64YZThuxoliEnF6E/ePcv7imSrNInplBTAOBryTrMoKNldrFsn+TtpSArWo1gxWIvHEtRV766DIt+ygbaSJrF0vIQ0PAv8Qfk9LBq1uJ7z/cWrv43upEJBFUGsKx1k0fxSZIsTKMcJq5rUTTGJM+vqJNSyUWVAfp8KwMblqlA7uRsk8aOFS/T6RYaD0Qoe0U2PT0by8X//OaienuBSmTcWKoJKNF3YRDE8E8I9hhihLDB5Zgopj9KyQ9rDAxNknXhuD/PvkvOd/2/B1v/xSVDo/ACLNgHWyALeCDXXAITkAN1AEBt+ABPIFn5855dF6c11FrwRnPrIEfcN6+AMeqoE4=</latexit>
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Atomic Structure (quantized energy levels)
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Photon emitted 
with wavelength/

frequency equal to 
difference in energy 

between allowed 
orbits (energy 

levels)

En = �mec2

2
↵2 Z

n2

↵ ⌘ 1

4⇡✏0

e2

~c ⇡ 7.30⇥ 10�3 ⇡ 1

137
<latexit sha1_base64="27Lgzva+BgNAE1P3MWVuQo29Pi8="></latexit>
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Energy Levels
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�E = En � En0 =

(13.6 eV) Z2


1

(n0)2
� 1

n2

�

<latexit sha1_base64="bqw9mgF8fHl5v7Lg+vyS8IO63Cw="></latexit>

(Energies correspond to 
neutral hydrogen)
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Absorption of Energy
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Photoexcitation Collisional Excitation
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Absorption of Energy
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Photoionization Collisional Ionization
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Emission of Energy
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Spontaneous Emission

Stimulated Emission

Collisional De-excitation
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Emission of Energy
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Radiative Recombination
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Kirchoff’s Laws
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• A solid, liquid, or dense gas produces a continuous 
spectrum. 

• A tenuous gas in front of a hot background produces 
an absorption spectrum. 

• A tenuous gas in front of a cool background produces 
an emission spectrum.
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Spectra are like 
Fingerprints
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They encode what and how much of 
an element is present in a gas (of a 
cloud, star, etc.), how hot it is, and 

whether it’s being excited by 
something else 

Each element has a unique pattern 
of lines, which can be seen in 

absorption or emission

�E = En � En0 =

(13.6 eV) Z2


1

(n0)2
� 1

n2

�

<latexit sha1_base64="bqw9mgF8fHl5v7Lg+vyS8IO63Cw="></latexit>



ASTR/PHYS 3070: Foundations Astronomy Fall 2021: Week 03b 17

St
el

la
r T

yp
es

 (d
iff

er
en

t 
m

as
se

s/
te

m
pe

ra
tu

re
s)



ASTR/PHYS 3070: Foundations Astronomy Fall 2021: Week 03b 18

“blueshifted”

“redshifted”

unshifted

unshifted

z =
��

�
=

�⌫

⌫
<latexit sha1_base64="STxWXR7tpGVxIUjG4Vm4zWTgYDw=">AAACJHicbVBNS8MwGE7n15xfVQ8iXoJD8DTaeXAgwlAPHie4D1jLSNN0C0vTkqTCLPsxXvwrXjxMxYMe9OrPMPsQdPOFhIfng+R9vJhRqSzrzcjMzS8sLmWXcyura+sb5uZWTUaJwKSKIxaJhockYZSTqqKKkUYsCAo9Rupe93yo12+IkDTi16oXEzdEbU4DipHSVMs8uYWn0AkEwqlzQZhC0GE67aN++gNmDDzRor5aZt4qWKOBs8CegHy59DnYef/arbTMZ8ePcBISrjBDUjZtK1ZuioSimJF+zkkkiRHuojZpashRSKSbjpbswwPN+DCIhD5cwRH7O5GiUMpe6GlniFRHTmtD8j+tmaig5KaUx4kiHI8fChIGVQSHjUGfCoIV62mAsKD6rxB3kC5E6V5zugR7euVZUCsW7KNC8Uq3cQbGkwV7YB8cAhscgzK4BBVQBRjcgQcwAE/GvfFovBivY2vGmGS2wZ8xPr4BaiCpGg==</latexit>

Allows us to infer motions 
along the “line of sight”

Doppler Shift
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Practice with redshift
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• You measure the spectrum of a star and see an absorption line at a 
wavelength of 530 nm from an element with a laboratory absorption line at 
540 nm. 
• What is the star’s redshift?  Is it moving toward or away from us? 
• How fast is it moving toward/away from us?  What’s its total velocity? 

• You measure the spectrum of another star and see that same line at a 
frequency of 5.3x1014 Hz. 
• What is this star’s redshift? 
• How fast is it moving toward/away from us?
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Lines are not delta functions!
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i.e., the difference b/t energy levels is NOT exact

Motion-induced Broadening 
(small Doppler shifts cause 
lines to appear more broad)

Other Types of Broadening

• Thermal Broadening 
• Rotational Broadening 
• Turbulent Broadening

• Natural Broadening 
• Pressure Broadening 
• Zeeman Broadening

broadened
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Natural Broadening
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dNphot

dt
= n2A21

<latexit sha1_base64="dhIj1ppfrbqTDAnhLXGRNS3H5zk="></latexit>

A21 ⇠ 108 s�1

⇠ 1 s�1

<latexit sha1_base64="XyWySONoEu6hAAReORWhu2+ZqXs=">AAACJHicbZDLSsNAFIYn9VbjLerSzWBR3FiSUrDipurGZQV7gSYtk+m0HTqThJmJUEJ9Fze+ihsXXnDhxmdx2ga0rQcGfv7vHM6c348Ylcq2v4zM0vLK6lp23dzY3NresXb3ajKMBSZVHLJQNHwkCaMBqSqqGGlEgiDuM1L3B9djXr8nQtIwuFPDiHgc9QLapRgpbbWti8t2UnBG8Bi6knIIHbtVekhcwaEctZJTTVzX/KUzqG3l7Lw9KbgonFTkQFqVtvXudkIccxIozJCUTceOlJcgoShmZGS6sSQRwgPUI00tA8SJ9JLJkSN4pJ0O7IZCv0DBift3IkFcyiH3dSdHqi/n2dj8jzVj1S15CQ2iWJEATxd1YwZVCMeJwQ4VBCs21AJhQfVfIe4jgbDSuZo6BGf+5EVRK+SdYv78tpgrX6VxZMEBOAQnwAFnoAxuQAVUAQaP4Bm8gjfjyXgxPozPaWvGSGf2wUwZ3z9AV6GQ</latexit>

(permitted) 

(forbidden)

Heisenberg uncertainty principle

�x ·�p & ~

<latexit sha1_base64="8KerPwWbMppl07ZIutzxSImCXMA=">AAACDnicbVDLSgMxFM3UV62vUZeKBEvBVZkRQd0VdeGyBfuAzlAymbQNzTxI7ohl6NKVG3/FjRRF3Lp25zf4E6aPhbYeCJyccw/JPV4suALL+jIyC4tLyyvZ1dza+sbmlrm9U1NRIimr0khEsuERxQQPWRU4CNaIJSOBJ1jd612O/Potk4pH4Q30Y+YGpBPyNqcEtNQyC84VE0DwHXaoHwGeXmPsdECnAux0PSJbZt4qWmPgeWJPSb60P6x83x8Myy3z0/EjmgQsBCqIUk3bisFNiQROBRvknESxmNAe6bCmpiEJmHLT8ToDXNCKj9uR1CcEPFZ/J1ISKNUPPD0ZEOiqWW8k/uc1E2ifuSkP4wRYSCcPtROBIcKjbrDPJaMg+poQKrn+K6ZdIgkF3WBOl2DPrjxPasdF+6R4XtFtXKAJsmgPHaIjZKNTVELXqIyqiKIH9IRe0KvxaDwbb8b7ZDRjTDO76A+Mjx+mAJ71</latexit>

(
�x

c
)(�p · c) & ~

�t·�E & ~

<latexit sha1_base64="bSRVNnGxFlfgT0X+1IPg8k3PPxI="></latexit>
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Broadened Line Shapes

22
(⌫ � ⌫0)/�

<latexit sha1_base64="HudVlDgkiTtqQ3UZlwQEENzvQOg=">AAAB/XicbVDLSgMxFM3UV62v8bFzE1qEilhnRFB3RTcuK9gHdIYhk6Y1NMkMSUYYh+JP+AFuXCji1v9w178xfSy09cCFwzn3cu89Ycyo0o4ztHILi0vLK/nVwtr6xuaWvb3TUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDPsX4/85gORikbiTqcx8TnqCdqlGGkjBfZe2RPJsanAOYQn0FO0x1Fgl5yKMwacJ+6UlKpF7+h5WE1rgf3tdSKccCI0ZkiptuvE2s+Q1BQzMih4iSIxwn3UI21DBeJE+dn4+gE8MEoHdiNpSmg4Vn9PZIgrlfLQdHKk79WsNxL/89qJ7l74GRVxoonAk0XdhEEdwVEUsEMlwZqlhiAsqbkV4nskEdYmsIIJwZ19eZ40TivuWeXy1qRxBSbIg31QBGXggnNQBTegBuoAg0fwAt7Au/VkvVof1uekNWdNZ3bBH1hfP3WblvE=</latexit>

Lorentzian Profile 
(natural broadening)

Gaussian Profile 
(realistic broadening)
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Lines are not delta functions!
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i.e., the difference b/t energy levels is NOT exact

Other Types of Broadening

• Natural Broadening 
• Pressure Broadening 
• Zeeman Broadening

broadened

Dense environments, 
frequent collisions induce 
electric fields that modify 

energy levels
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Doppler Broadening

24

Thermal Broadening



ASTR/PHYS 3070: Foundations Astronomy Fall 2021: Week 03b

Velocity distribution of particles in thermal 
equilibrium have a Maxwell-Boltzmann distribution
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F (v)dv = 4⇡
⇣ m

2⇡kT

⌘3/2
v2 exp

✓
�mv2

2kT

◆
dv

<latexit sha1_base64="MJzhNeDrAxmoAFTYcYOtEN/yyKg="></latexit>

F (E)dE = F (v)
dv

dE
=

2p
⇡kT

✓
E

kT

◆1/2

exp

✓
� E

kT

◆

<latexit sha1_base64="V6IV0raS0R8lm7Sd1GaZfVP2RmA="></latexit>

hxi =
Z

xf(x)dx

<latexit sha1_base64="mflhfuhL1SCgkRUq2N8VNgjbp70=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o0GITdgVRQU1QRvLCOYB2RBmJ7PJkNkHM3clIaa2sfFDbCwUsfUL7PwI/8HJo9DEAxcO59zLvfe4keAKLOvLSMzMzs0vJBdTS8srq2vm+kZJhbGkrEhDEcqKSxQTPGBF4CBYJZKM+K5gZbd9OfDLt0wqHgY30I1YzSfNgHucEtBS3dx2BPPgFHewI3mzBef4DDs8AC14mc4ebnTqZtrKWkPgaWKPSTqfyx7m7r4fC3Xz02mENPZZAFQQpaq2FUGtRyRwKlg/5cSKRYS2SZNVNQ2Iz1StN3ylj3e10sBeKHXpK4bq74ke8ZXq+q7u9Am01KQ3EP/zqjF4x7UeD6IYWEBHi7xYYAjxIBfc4JJREF1NCJVc34ppi0hCQaeX0iHYky9Pk9J+1j7InlzrNC7QCEm0hXZQBtnoCOXRFSqgIqLoHj2hF/RqPBjPxpvxPmpNGOOZTfQHxscPbPqb0g==</latexit>

hvi =
r

8kT

⇡m

<latexit sha1_base64="yCyLyYA2aHZ4iKOigQ17U5yzPx8="></latexit>

hEi = 3

2
kT

<latexit sha1_base64="jIFZrndZZqsoW5TfBKR+Pm8mDEo=">AAACC3icbVC7SgNBFJ31GeMraiFiMyQIVmE3CkZQCYpgGSEvyIYwO5lNhsw+mLkrhCW9jb9iY6GIrb3YaWPrZzh5FJp44MLhnHu59x4nFFyBaX4YM7Nz8wuLiaXk8srq2npqY7OigkhSVqaBCGTNIYoJ7rMycBCsFkpGPEewqtO9GPjVGyYVD/wS9ELW8Ejb5y6nBLTUTKVtwVw4wZfYlrzdgTN8im1XEhof9ONcH3dxqZnKmFlzCDxNrDHJFPJfb9uf3zvFZurdbgU08pgPVBCl6pYZQiMmEjgVrJ+0I8VCQrukzeqa+sRjqhEPf+njPa20sBtIXT7gofp7IiaeUj3P0Z0egY6a9Abif149AjffiLkfRsB8OlrkRgJDgAfB4BaXjILoaUKo5PpWTDtEJwE6vqQOwZp8eZpUclnrMHt8rdM4RyMk0C5Ko31koSNUQFeoiMqIolt0jx7Rk3FnPBjPxsuodcYYz2yhPzBefwDNs51p</latexit>

Avg. particle speed Avg. particle 
kinetic energy
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Doppler Broadening
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Thermal Broadening
line-of-sight “velocity dispersion” 
(width of a Gaussian distribution)

�los =

✓
kT

µmp

◆1/2

⇡ 100 m s�1

✓
T

1 K

◆1/2

µ�1/2

<latexit sha1_base64="sha6bIJ4r+Awp9jxNzS2Djv/YLg="></latexit>

��

�
⇡ �los

c

<latexit sha1_base64="6lByNcnbVFXusR+qy9wRo1XjhKI="></latexit>
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Lines are not delta functions!
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i.e., the difference b/t energy levels is NOT exact

Motion-induced Broadening 
(small Doppler shifts cause 
lines to appear more broad)

• Thermal Broadening 
• Rotational Broadening 
• Turbulent Broadening

broadened
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Radiative Transfer / 
mfp / optical depth /  
Blackbody Spectra
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