
Weighing the Earth

Fgrav =
GMm

r2

<latexit sha1_base64="GpdfMNstBHG38w4tjtxl7PJBJbM="></latexit>

Fgrav = ma

<latexit sha1_base64="lBQg/o6StDyK8WW+Nazxa+EV7ek=">AAAB9HicbVDJSgNBEO2JS2LiEvWYS2MQPIUZCSQ5CEFBPEYwCyRDqOl0kibdM2N3TyAM+QPvXjwo4tWP8eZvePZgZ8H9QcHjvSqq6nkhZ0rb9quVWFldW0+mNtKZza3tnezuXkMFkSS0TgIeyJYHinLm07pmmtNWKCkIj9OmNzqb+c0xlYoF/pWehNQVMPBZnxHQRnLPu/FAwniKT7CAbjZvF+w58F/iLEm+mns7TWZu3mvd7EunF5BIUF8TDkq1HTvUbgxSM8LpNN2JFA2BjGBA24b6IKhy4/nRU3xolB7uB9KUr/Fc/T4Rg1BqIjzTKUAP1W9vJv7ntSPdL7sx88NIU58sFvUjjnWAZwngHpOUaD4xBIhk5lZMhiCBaJNT2oTgfP1eMSgVl6TifIbQOC44xULx0qRRRgukUA4doCPkoBKqogtUQ3VE0DW6RffowRpbd9aj9bRoTVjLmX30A9bzB2G4lRE=</latexit>

g ⇡ 9.80m/s2

<latexit sha1_base64="RatngHwrqqPL9mNopASxNoJZ8wE=">AAACBXicbVDLSgMxFM3UV1tfVTeCLoJFcCHjTCm03RXduKxgH9CpJZNm2tBkZkgyYh0K4sZfcePCIm79B3eCH2P6wPeBC4dz7uXee9yQUaks681IzM0vLC4lU+nlldW19czGZk0GkcCkigMWiIaLJGHUJ1VFFSONUBDEXUbqbv9k7NcviZA08M/VICQtjro+9ShGSkvtzG4XOigMRXAFS2bRgs5h7AgO+ZG8yA3bmaxlWhPAv8SekWx5+/o9dTM6rrQzr04nwBEnvsIMSdm0rVC1YiQUxYwM004kSYhwH3VJU1MfcSJb8eSLIdzXSgd6gdDlKzhRv0/EiEs54K7u5Ej15G9vLP7nNSPlFVsx9cNIER9PF3kRgyqA40hghwqCFRtogrCg+laIe0ggrHRwaR2C/fV7SaOQn5GS/RlCLWfaeTN/ptMogimSYAfsgQNggwIog1NQAVWAwS24B49gZNwZD8aT8TxtTRizmS3wA8bLBx51mkg=</latexit>

g =
GM�
R2

�

<latexit sha1_base64="h8yn8FATSzE4ZV9mVBr9jya70ow=">AAACCXicbZDLSgMxFIYz9VbrbdSlCMEiuCozpdB2IRRc6Eao0hu045BJM21oJjMkGaEM3XYj9EncuFDErW/gzrcxveD9h8DHf87h5PxexKhUlvVupJaWV1bX0uuZjc2t7R1zd68hw1hgUschC0XLQ5IwykldUcVIKxIEBR4jTW9wNq03b4mQNOQ1NYyIE6Aepz7FSGnLNWEPnsKOLxBOzi/dThixWI6S6wXd5EeumbVy1kzwL9gLyFZKk9rhZFypuuZbpxviOCBcYYakbNtWpJwECUUxI6NMJ5YkQniAeqStkaOASCeZXTKCx9rpQj8U+nEFZ+73iQQFUg4DT3cGSPXl79rU/K/WjpVfchLKo1gRjueL/JhBFcJpLLBLBcGKDTUgLKj+K8R9pGNROryMDsH+ur2sVSwsoGx/htDI5+xCrnA1TQPMlQYH4AicABsUQQVcgCqoAwzG4B48gifjzngwno2XeWvKWMzsgx8yXj8AGpKdKA==</latexit>

G = 6.67⇥ 10�11 m3/kg s2

<latexit sha1_base64="yMnsQeuFNBW/R1NMz8aSvVoePZc="></latexit>

M� =
gR2

�
G

<latexit sha1_base64="KXtLDySASHg+iwBLx7pcxClF6LU="></latexit>

M� = 5.97⇥ 1024 kg

<latexit sha1_base64="5avwXYUXfzXJohqASWgY0Q3nzAI="></latexit>

m

M

r

) a =
GM

r2

<latexit sha1_base64="MLO3Ox+Sg8rD4p5wQIeCI7Cblbo="></latexit>



3000 km

D  =  384,400 km



The Moon and the Inverse-Square Law

Moon

𝑀⊕

𝑟$

𝑣$

𝑅⊕

g

rM = 384, 000 km

<latexit sha1_base64="EQIo4Lxn9HUNwlpAlVzAFaBgZs0=">AAAB/nicbVDLSgMxFM34rPVVLa7cBEvBRSkzWmi7EApu3AgV7APaoWTSTBuaZIYkI5Sh4MIfceNCEbd+gR/gTj/AL/ADTB/4PnDhcM693HuPFzKqtG2/WHPzC4tLy4mV5Ora+sZmamu7roJIYlLDAQtk00OKMCpITVPNSDOUBHGPkYY3OB77jQsiFQ3EuR6GxOWoJ6hPMdJG6qR2ZOf06LBUyNm23c7FbcnhgI86qYydtyeAf4kzI5lKOnv1/vT2Wu2kntvdAEecCI0ZUqrl2KF2YyQ1xYyMku1IkRDhAeqRlqECcaLceHL+CGaN0oV+IE0JDSfq94kYcaWG3DOdHOm++u2Nxf+8VqT9khtTEUaaCDxd5EcM6gCOs4BdKgnWbGgIwpKaWyHuI4mwNoklTQjO1+9lg2JhRsrOZwj1g7xTyBfOTBolMEUC7II9sA8cUAQVcAKqoAYwiME1uAV31qV1Y91bD9PWOWs2kwY/YD1+AJ4cmLA=</latexit>

vM =
2⇡rM

27.3 days
= 1.02 km/s

<latexit sha1_base64="jHDO8fuba0U0vpvPHHQsBptWncY="></latexit>

aM =
v2M
rM

= 2.7⇥ 10�3 m/s2

<latexit sha1_base64="gX2rsbDoGYe8vMlc3DLaLeWOmCk="></latexit>

aM
g

= 2.8⇥ 10�4 =
R2

�
r2M

<latexit sha1_base64="4qbJL5D506ayxcutrhRz7EFB1Rk="></latexit>

à inverse square!



Circular Orbital Motion

a =
v2

r
=

GM

r2

<latexit sha1_base64="w61mbR761wTskcMFCfqiHnjt7kU=">AAACC3icbVDLSgMxFM34rPU16tJNaBFclZlSaLsQCi50I1SwD2jHkkkzbWgmMySZQhlm78alv+HGRaW49Qfc+RH+g+mD+jwQOPece7m5xw0Zlcqy3o2V1bX1jc3UVnp7Z3dv3zw4rMsgEpjUcMAC0XSRJIxyUlNUMdIMBUG+y0jDHZxP/caQCEkDfqNGIXF81OPUoxgpLXXMDIJnsO0JhOPhbT6JRbKsL650qbWOmbVy1gzwL7EXJFuxHuzMePJR7Zhv7W6AI59whRmSsmVboXJiJBTFjCTpdiRJiPAA9UhLU458Ip14dksCT7TShV4g9OMKztTvEzHypRz5ru70kerL395U/M9rRcorOTHlYaQIx/NFXsSgCuA0GNilgmDFRpogLKj+K8R9pINQOr60DsH+ur2sUSwsSNlehlDP5+xCrnCt0yiBOVLgGGTAKbBBEVTAJaiCGsDgDjyCMXg27o0nY2K8zFtXjMXMEfgB4/UT12ieQg==</latexit>

) v =

r
GM

r

<latexit sha1_base64="4rPVdtYai69zLwxByX+4Ef4hJjQ="></latexit>

P =
2⇡r

v
= 2⇡

r
r3

GM

<latexit sha1_base64="BAqbpS/NJg6ETHWy93kjh2JPQgM="></latexit>

/ r3/2

<latexit sha1_base64="9xFIStu0HD08ZWzK7HHf1Exct34=">AAAB+HicbVDLSgMxFM34rPXRUZeCDBbBVZ2phbYrC25ctmAf0I4lk6ZtaCYJSUaoQ5d+hRsXirh11ZUf4c5v8CdMH/g+cOFwzr3ce08gKFHadd+shcWl5ZXVxFpyfWNzK2Vv79QUjyTCVcQpl40AKkwJw1VNNMUNITEMA4rrweBs4tevsFSEsws9FNgPYY+RLkFQG6ltp1pCcqG5Iy/jk+PsqG2n3Yw7hfOXeHOSPn0ZV95v9sfltv3a6nAUhZhpRKFSTc8V2o+h1ARRPEq2IoUFRAPYw01DGQyx8uPp4SPn0Cgdp8ulKaadqfp9IoahUsMwMJ0h1H3125uI/3nNSHcLfkyYiDRmaLaoG1HHPDpJwekQiZGmQ0MgksTc6qA+lBBpk1XShOB9/V40yOfmpOh9hlDLZrxcJldx06UCmCEB9sABOAIeyIMSOAdlUAUIROAW3IMH69q6sx6tp1nrgjWf2QU/YD1/ABMHl10=</latexit>

(Kepler III)

HST:
GPS:
Geo:
Earth:

r = 6500 km, v = 7.83 km/s, P = 1.45 hours

<latexit sha1_base64="sFFCbEhyQAg5Jf10Wdy+s88NXFw="></latexit>

P = 12hr, r = 26, 600 km

<latexit sha1_base64="mRZ1lOY3Tq1a+qyjPRS/SSMJdzY="></latexit>

P = 24hr, r = 42, 200 km

<latexit sha1_base64="DLvqEJ4JTl9hrubOpC9uHDC72Ks="></latexit>

P = 1year, r = 1AU ) M� = 1.99⇥ 1030 kg

<latexit sha1_base64="MPzFHUSynMAQm/lSyCZix2mM1r0="></latexit>

à



Two-body Motion under Gravity

𝑚1

𝑚2

𝒙1

𝒙2

center of mass
(𝑚1 + 𝑚2) 𝒙𝐶𝑀 = 𝑚1𝒙1 + 𝑚2𝒙2

𝑟 = |𝒓|
𝒓 = 𝒙2 – 𝒙1

𝑟

𝐹1 = 𝐺𝑚1𝑚2/𝑟2

𝐹2 = 𝐺𝑚1𝑚2/𝑟2



The Two-Body problem

r = |x2 � x1|

<latexit sha1_base64="NwBLKzwJul1gA2LKXdmrIws068Q=">AAACAnicbZDLSgMxFIYz9dbW26gbxU2wCG4sM6XQdiEU3bisYC/QDkMmzbShmQtJRqzTogtfxY0LRd36FO4EH8b04t0fAh//OYeT8zsho0IaxquWmJmdm19IptKLS8srq/raek0EEcekigMW8IaDBGHUJ1VJJSONkBPkOYzUnd7RqF4/I1zQwD+V/ZBYHur41KUYSWXZ+haHB3AQtxwXng/t3P4HmQNbzxhZYyz4F8wpZMqbF2+pq8fDiq2/tNoBjjziS8yQEE3TCKUVIy4pZmSYbkWChAj3UIc0FfrII8KKxycM4a5y2tANuHq+hGP3+0SMPCH6nqM6PSS74ndtZP5Xa0bSLVox9cNIEh9PFrkRgzKAozxgm3KCJesrQJhT9VeIu4gjLFVqaRWC+XV7SamQn0LJ/Ayhlsua+Wz+RKVRBBMlwTbYAXvABAVQBsegAqoAg0twA+7AvXat3WoP2tOkNaFNZzbAD2nP7/mQmcE=</latexit>

a1 =
Gm2 (x2 � x1)

r3

a2 =
Gm1 (x1 � x2)

r3

<latexit sha1_base64="KOvywvipaNrkMIqGjflZxCQ9QwE="></latexit>

xCM =
m1x1 +m2x2

m1 +m2

<latexit sha1_base64="rkIHpbflmoSo8z9rDG0jjynAtt8="></latexit>

aCM =
m1a1 +m2a2

m1 +m2

=
F1 + F2

m1 +m2

= 0

<latexit sha1_base64="LbD5wRBEffmGS/Ds7jRHOyEJsMc="></latexit>



) a = �Gm1r

r3
� Gm2r

r3

= �GMr

r3

<latexit sha1_base64="UpQ7hCjbY7oqLhYl1hIJ7J2BRrE="></latexit>

r1 = x1 � xCM

r2 = x2 � xCM

<latexit sha1_base64="qv8iUeIelDk1ON7062FmmEZuOoQ="></latexit>

The Two-Body problem

r = x2 � x1, a = a2 � a1

<latexit sha1_base64="AVFrnu6jOc2Xqb/eWMVJEW03eEg="></latexit>

Relative motion:

m1r1 +m2r2 = 0

r1 =
m2

m1 +m2
r

r2 = � m1

m1 +m2
r

<latexit sha1_base64="fq3CD663y2WWHaQOaEbJfexfpsQ="></latexit>



a = �r�, where � = �GM

r

<latexit sha1_base64="PQdZtIH8Anap738JZQZ0iH2VoMU="></latexit>

Conservation Laws

E = 1
2v

2 � GM

r

<latexit sha1_base64="LnP4a+SsSqZ6TmnqlnrhffgiJqw="></latexit>

L = r⇥ v

<latexit sha1_base64="OuwAOi9Nok0KenkKFP0HTaw/x90=">AAACBXicbVDLSgMxFL1TX7W+Rl3qIlgEV2VGCm0XQsGNoIsK9gFtKZk00wYzD5JMoQyzceOvuHFhEbf+g3Tjh7g3nRbxdSDk5Jx7uTfHCTmTyrLejczS8srqWnY9t7G5tb1j7u41ZBAJQusk4IFoOVhSznxaV0xx2goFxZ7DadO5PZ/5zREVkgX+jRqHtOvhgc9cRrDSUs88jDuOi66Ss/QWSUcxj8r0MUp6Zt4qWCnQX2IvSL4KH5PpNHNZ65lvnX5AIo/6inAsZdu2QtWNsVCMcJrkOpGkISa3eEDbmvpYz+rG6S8SdKyVPnIDoY+vUKp+74ixJ+XYc3Slh9VQ/vZm4n9eO1JuuRszP4wU9cl8kBtxpAI0iwT1maBE8bEmmAimd0VkiAUmSgeXS0OopEBzUiouSMX+CqFxWrCLheK1TqMMc2ThAI7gBGwoQRUuoAZ1IHAHD/AEE+PeeDSejZd5acZY9OzDDxivn6rwnMs=</latexit>

) dL

dt
=

dr

dt
⇥ v + r⇥ dv

dt
= v ⇥ v + r⇥ a

= 0

<latexit sha1_base64="QRKYf1U0iMJjqGLDtGnJfCF4Owo="></latexit>



Sun

planet
time 
𝛿𝑡

area 𝛿𝐴9 = 𝑟9:𝛿𝜃9

area   𝛿𝐴:
= 𝑟:: 𝛿𝜃:

Kepler’s second 
law:  𝛿𝐴9 = 𝛿𝐴:

time 
𝛿𝑡

𝛿𝜃9

𝛿𝜃:

𝑟9

𝑟:
𝛿𝐴
𝛿𝑡

= 𝑟:
𝑑𝜃
𝑑𝑡

= 𝐿
= constant



Bound and Unbound Orbits

E = 1
2v

2 � GM

r

<latexit sha1_base64="LnP4a+SsSqZ6TmnqlnrhffgiJqw="></latexit>

E > 0 ) E = 1
2v

2
1

<latexit sha1_base64="oB94yJHZt3P3V7THoVVOqWdE8E8="></latexit>

unbound

E < 0 ) rcirc = �GM

2E

<latexit sha1_base64="jxs/jpLmO1FDAvgACRvNzR/bTcc="></latexit>

bound

E = 0 ) v2esc =
2GM

r

<latexit sha1_base64="QoSYiJ1EYaRoUFEai5ZD806OAtQ="></latexit>

marginal



★
circle

ellipse

hyperbola

parabola

unbound
Erel > 0Conic 

Sections

bound
Erel < 0

marginally
bound
Erel = 0



Visual 
Binary



Spectroscopic 
Binary



Eclipsing 
Binary



Measuring Stellar Masses

Visual binary with velocities  ⟹ 𝑀9,𝑀:

Spectroscopic binary with 2 velocities  ⟹ $F
$G
, 𝑀 sin 𝑖

Eclipsing binary:   𝑖 = 90°, so sin 𝑖 = 1

f(M1,M2, i) =
M3

2 sin3 i

(M1 +M2)2

<latexit sha1_base64="tECbyZPg4E7j/V6DzQtDVwZj154="></latexit>

Spectroscopic binary with 1 velocity
⟹ mass function

Typical measured masses:   0.1 − 100 𝑀⊙



Double Prism Experiment

white light is 
split into colors

light of a single 
color is not split 
further



Diffraction

Diffraction angle  ∝ wavelength
gap width



Double Slit Experiment







c



Electromagnetic Spectrum



Photoelectric Effect

Planck’s constant  h = 6.63 x 10-34 J.s



Inverse Square Law

source
luminosity
L watts (W)

flux = \
]^_G

(W/m2)

“solar constant”  f = 1.4 kW/m2

distance  r = 1 AU
solar luminosity  L = 3.96 x 1026 W



Blackbody Radiation

`
a

b
𝐵d 𝑑𝜈 ∝ 𝑇]



Blackbody Radiation

hνmax = 2.8 kT



Blackbody Radiation

λmaxT = 2.9x10-3 m.K



Blackbody Radiation



5500 
K

Solar Radiation Spectrum




