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1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.
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1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
3
3. The periods of the planets are proportional to the 5 powers of the major axis lengths

of their orbits.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

A planet P tfollows an elliptical orbit.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.
A planet P follows an elliptical orbit.

The sun S 1s at one

focus of the ellipse.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.
A planet P tfollows an elliptical orbit.

The sun S 1s at one
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Kepler's Laws
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.
A planet P follows an elliptical orbit.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

A planet P follows an elliptical orbit.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

A planet P follows an elliptical orbit.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.

AA =L r (ra6)
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'X dA = area swepl out by
the line SP 1n a ume dt

\ynsu

22




Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.

JA =L r(rae) = zrLe6-

Wv, =vsing
. rdf

i
'X dA = arca swepl out by
the line SP 1n a ume dt
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
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'X dA = arca swepl out by
the line SP 1n a ume dt
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.

dA =4 r (rae) = TrLe-
Q0o _ L a2 Q,e. !"-%-_{.-‘ = v sin ¢
% - ¢ r & ' % rdf

Alres rR6=Vsingdt
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a2z =2rvsicd do
'X dA = area swept out by

the hine SP 1n a ume dt
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.

dA =4 r (rae) = TrLe-
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Alre rL6=Vsivgdt
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a2z =2rvsicd do
'X dA = area swept out by
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.

dA =4 r (rae) = TrLe-
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
3
3. The periods of the planets are proportional to the 5 powers of the major axis lengths

of their orbits.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
3
3. The periods of the planets are proportional to the 5 powers of the major axis lengths

of their orbits.
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Kepler's Laws
1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.

3
3. The periods of the planets are proportional to the 5 powers of the major axis lengths

of their orbits.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
3
3. The periods of the planets are proportional to the 5 powers of the major axis lengths

of their orbits. o~
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.

3
3. The periods of the planets are proportional to the 5 powers of the major axis lengths
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Kepler's Laws
1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.

3
3. The periods of the planets are proportional to the 5 powers of the major axis lengths
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of their orbits.
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Kepler's Laws
1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
3
3. The periods of the planets are proportional to the 5 powers of the major axis lengths

of their orbits.
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Kepler's Laws
1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.
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Kepler's Laws

1. Each planet moves in an elliptical orbit, with the sun at one focus of the ellipse.

2. A line from the sun to a given planet sweeps out equal areas in equal times.

3
3. The periods of the planets are proportional to the 5 powers of the major axis lengths
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At what point in an elliptical orbit (see Fig. 13.195) does a planet move the fastest? The

slowest?
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The asteroid Pallas has an orbital period of 4.62 years and an orbital eccentricity of 0.233.

Find the semi-major axis of its orbit.
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The asteroid Pallas has an orbital period of 4.62 years and an orbital eccentricity of 0.233.

Find the semi-major axis of its orbit. T‘_‘. ‘[. 62‘3"
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The asteroid Pallas has an orbital period of 4.62 years and an orbital eccentricity of 0.233.
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The asteroid Pallas has an orbital period of 4.62 years and an orbital eccentricity of 0.233.

Find the semi-major axis of its orbit. T‘_‘. ‘[. 62‘3" ) E=0. Z;&

\!/Asu

49




The asteroid Pallas has an orbital period of 4.62 years and an orbital eccentricity of 0.233.

Find the semi-major axis of its orbit. T‘_‘. ‘[. 62‘3" ) E=0. Z;&
. . 3/
-, .

ems

\!msu

50




The asteroid Pallas has an orbital period of 4.62 years and a .233.

Find the semi-major axis of its orbit. T‘_‘. ‘[. 62‘3"
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The asteroid Pallas has an orbital period of 4.62 years and an orbital eccentricity of 0.233.

Find the semi-major axis of its orbit. T‘_‘. ‘[. 62‘3" ) E=0. Z;&
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The asteroid Pallas has an orbital period of 4.62 years and an orbital eccentricity of 0.233.
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The asteroid Pallas has an orbital period of 4.62 years and an orbital eccentricity of 0.233.
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The asteroid Pallas has an orbital period of 4.62 years and an orbital eccentricity of 0.233.

Find the semi-major axis of its orbit. T‘_‘. ‘[. 62‘3" ) E=0. ng
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The asteroid Pallas has an orbital period of 4.62 years and an orbital eccentricity of 0.233.

Find the semi-major axis of its orbit. T‘_‘. q 62(3"' ) C= 0. ng
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Comet Halley (Fig. 13.2115) moves in an elongated elliptical orbit around the sun. Its
distances from the sun at perihelion and aphelion are 8.80 x 107 km and 5.25 x 10? km,
respectively. Find the orbital semi-major axis, eccentricity, and period in years.

Planetary orbits:
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Comet Halley (Fig. 13.2115) moves in an elongated elliptical orbit around the sun. Its

distances from the sun at perihelion and aphelion are 8.80 x 107 km and 5.25 x 10° km,

respectively. Find the orbital semi-major axis, eccentricity, and period in years.

A planet P follows an elliptical orbit.

The sun S is at one
focus of the ellipse.
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Comet Halley (Fig. 13.2115) moves in an elongated elliptical orbit around the sun. Its

distances from the sun at perihelion and aphelion are 8.80 x 107 km and 5.25 x 10° km,
respectively. Find the orbital semi-major axis, eccentricity, and period in years.
A planet P follows an elliptical orbit.
The sun § is at one

focus of the ellipse.
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Comet Halley (Fig. 13.2115) moves in an elongated elliptical orbit around the sun. Its

distances from the sun at perihelion and aphelion are 8.80 x 107 km and 5.25 x 10? km,

respectively. Find the orbital semi-major axis, eccentricity, and period in years.

Zrom 9 eom et /a’UA
=2ecn

&’0 "'&,4

\!/Asu

A planet P follows an elliptical orbit.

The sun S is at one
focus of the ellipse.
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Comet Halley (Fig. 13.2115) moves in an elongated elliptical orbit around the sun. Its

distances from the sun at perihelion and aphelion are 8.80 x 107 km and 5.25 x 10? km,

respectively. Find the orbital semi-major axis, eccentricity, and period in years.

/ﬂ‘rom ? eom ej‘ﬂ,ya A planet P follows an elliptical orbit.

The sun § 1s at one
focus of the ellipse. _ :
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Comet Halley (Fig. 13.2115) moves in an elongated elliptical orbit around the sun. Its

distances from the sun at perihelion and aphelion are 8.80 x 107 km and 5.25 x 10? km,

respectively. Find the orbital semi-major axis, eccentricity, and period in years.

/ﬂ‘rom ? eom ej‘ﬂ,ya A planet P follows an elliptical orbit.

The sun § is at one
&’0 "'&,4 = 20\ = :
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Comet Halley (Fig. 13.2115) moves in an elongated elliptical orbit around the sun. Its

distances from the sun at perihelion and aphelion are 8.80 x 107 km and 5.25 x 10? km,

respectively. Find the orbital semi-major axis, eccentricity, and period in years.

,a-(O"“ ? eom G}/a’% A planet P follows an elliptical orbit.

The sun S is at one
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Comet Halley (Fig. 13.2115) moves in an elongated elliptical orbit around the sun. Its

distances from the sun at perihelion and aphelion are 8.80 x 107 km and 5.25 x 10? km,

respectively. Find the orbital semi-major axis, eccentricity, and period in years.

,a-(O"“ ? eom G}/a’% A planet P follows an elliptical orbit.

The sun S 1s at one
&’0 "'&,4 =2c\ 2 :
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Comet Halley (Fig. 13.2115) moves in an elongated elliptical orbit around the sun. Its

distances from the sun at perihelion and aphelion are 8.80 x 107 km and 5.25 x 10? km,

respectively. Find the orbital semi-major axis, eccentricity, and period in years.

,a-(O"“ ? eom G}/a’% A planet P follows an elliptical orbit.

The sun S 1s at one
&’0 "'&,4 =2c\ 2 :
MA (0:083"‘ 5_24)*[0 mclmn "g’__..*____ P Aphelion
2 &
S o= 2.6F4pTEr s ,/ sy

O
&p +€cn = A g € = 0"'9|E \Jif’iffeﬁejq

o\ e

a - a > :
M -;.}[LI\%”“‘? at

& ﬂAhc other focus.

focus of the L‘HII]ML‘.
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Comet Halley (Fig. 13.2115) moves in an elongated elliptical orbit around the sun. Its

distances from the sun at perihelion and aphelion are 8.80 x 107 km and 5.25 x 10? km,

respectively. Find the orbital semi-major axis, eccentricity, and period in years.

,a-(O"“ ? eom G}/a’% A planet P follows an elliptical orbit.

The sun § 1s at one

&,a +&/4 =2c 2 v

MA (0:083"‘ 5_24)*[0 %clmn "g’__..*____ P Aphelion
2 &

3 o= 2.6F407 b s o1\

&'0 +€cr = A $ € = o\_a 0 ___> \ijf %%ﬁeit%

— -

€ - I— &p/ﬁ ,Hé ;}[L.%émg at

& ﬂAhc other focus.
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Comet Halley (Fig. 13.2115) moves in an elongated elliptical orbit around the sun. Its

distances from the sun at perihelion and aphelion are 8.80 x 107 km and 5.25 x 10? km,

respectively. Find the orbital semi-major axis, eccentricity, and period in years.

/a-fl)/"\ ? eoMm ej’ﬂ;u& A planet P follows an elliptical orbit.

The sun § 1s at one

Ap+&y = 2en > ]

MA (0:083"‘ 5_24)“0 %cllon "g’,..*____ P Aphelion
2 &

3 o= 2.6F407 b s o1\
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o\ a < a >
€ = [-&P/A: | - ©:082 l p o
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Comet Halley (Fig. 13.2115) moves in an elongated elliptical orbit around the sun. Its

distances from the sun at perihelion and aphelion are 8.80 x 107 km and 5.25 x 10? km,

respectively. Find the orbital semi-major axis, eccentricity, and period in years.

/a-fl)/"\ ? eoMm ej’ﬂ;u& A planet P follows an elliptical orbit.

The sun § 1s at one

Ap+&y = 2en > ]

MA (0:083"‘ 5_24)“0 %cllon "g’,..*____ P Aphelion
2 &

3 o= 2.6F407 b s o1\

O
&.0 +€cr = A $ € = o\_a 0 ___> \ijf %é—.ej%'
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Comet Halley (Fig. 13.2115) moves in an elongated elliptical orbit around the sun. Its

distances from the sun at perihelion and aphelion are 8.80 x 107 km and 5.25 x 10? km,

respectively. Find the orbital semi-major axis, eccentricity, and period in years.

/a-fl)/"\ ? eoMm d%% A planet P follows an elliptical orbit.

The sun S 1s at one
&’0 "'&,4 = 20\ =

o = MA (0;088+ 5_24)(10 mcllon "::-___,_*_____ Pb: Aphelion
2z S g

> o= 2.6~ VBRI

0 /
&p + 60\ 0| $ e a _> \\Jf:’j %-Tj’jj/,f

I- &p/ = , - —'_% 0 qb-q_ ’Hé ;}[LI‘%%I”L‘ at
£ he other I'wcuw.h
3 A A
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Comet Halley (Fig. 13.2115) moves in an elongated elliptical orbit around the sun. Its

distances from the sun at perihelion and aphelion are 8.80 x 107 km and 5.25 x 10? km,

respectively. Find the orbital semi-major axis, eccentricity, and period in years.

/a-fl)/"\ ? eoMm d’ﬂ;u& A planet P follows an elliptical orbit.

The sun S is at one
& P "'&,4 20\ = :
Ccr = MA (0, (@ 88 + 5_24)(10 %cllon -'::-_ g e Pb Aphelion

> o= 2.6~ Co T\

0 /
| Qotéon=en 3 €= ,ﬁ'g > }Igééﬁ

| €= -804 = |-208 - oqb‘:,_l .

T= 1ree — T (@2.63%10%P A
16-m, c.ew.a"au-cz%w” 3

focus of the tHiP se.

e hing at

£ !hu other focus.
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Comet Halley (Fig. 13.2115) moves in an elongated elliptical orbit around the sun. Its

distances from the sun at perihelion and aphelion are 8.80 x 107 km and 5.25 x 10? km,

respectively. Find the orbital semi-major axis, eccentricity, and period in years.

/a-fl)/"\ ? eoMm d’ﬂ;u& A planet P follows an elliptical orbit.

The sun S is at one
e +&4 = 20y > o .
ON\ — MA - (0:088+ s_lzg)*lo %clion -'::-___,_d______ P Aphelion
-2 — <

> o= 2.6~ VBRI

O /
Qpténzon 5 e=ade 5 "‘J”ffi"fjf”

__. € - I—&p/ - ,——'-% 0 96-}“ T’im : E;inu:u

3 ﬂAhc offer focus.
T=lre> _ M@ 63x10% ..
fo:ms G .67y "+ Fz%w?» s'= 2.33xl10"s
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Planet’s orbit around the center of mass

B , Y
7 (Center of mass of the >

4 N\
/ : ' Q \
r .aj;fstem of star and &
/ anet \
! P f Ug \
| -~ \
l b ) X |
A,
Planet \cm - Star |
S 'F" f
\ . . /
\ Star’s orbit /
\ . /
\ . 7
\ ) ‘ - r
e T'he star 1S more massive than
H L
Up ~ the planet and so orbits closer

to the center of mass.

The planet and star are always on
opposite sides of the center of mass.
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(a) When the radius R of an object is greater
than the Schwarzschild radius Rq, light can
escape from the surface of the object.

Gravity acting on the escaping light “red shifts™
it to longer wavelengths.




(b) If all the mass of the object lies inside radius
Rq. the object is a black hole: No light can escape

from 1it. ",

L
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Astrophysical theory suggests that a burned-out star whose mass is at least three solar

masses will collapse under its own gravity to form a black hole. If it does, what is the radius

of its event horizon?
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Astrophysical theory suggests that a burned-out star whose mass is at least three solar

masses will collapse under its own gravity to form a black hole. If it does, what is the radius

of its event horizon? K, _'_U' — K'b_r u‘b
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Astrophysical theory suggests that a burned-out star whose mass is at least three solar

masses will collapse under its own gravity to form a black hole. If it does, what is the radius

of its event horizon? K, _'_U' — -t u‘b
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Astrophysical theory suggests that a burned-out star whose mass is at least three solar

masses will collapse under its own gravity to form a black hole. If it does, what is the radius

of its event horizon? K U —fe'}f_e—
I_" | - < y >
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Astrophysical theory suggests that a burned-out star whose mass is at least three solar

masses will collapse under its own gravity to form a black hole. If it does, what is the radius

of its event horizon? _9_
fit t K,-I'U.:m = Kl:_ul
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Astrophysical theory suggests that a burned-out star whose mass is at least three solar

masses will collapse under its own gravity to form a black hole. If it does, what is the radius

of its event horizon? _9_
fit t K,-I'U.:m = Kl:_ul

< %—M\/?’: G’C‘SM sdm

=2
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Astrophysical theory suggests that a burned-out star whose mass is at least three solar

masses will collapse under its own gravity to form a black hole. If it does, what is the radius

of its event horizon? K, "’U. — ){;9}23:9_:3 K, — -ul
2 %-0‘\/7'3 G’C‘S/us)¢
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Astrophysical theory suggests that a burned-out star whose mass is at least three solar

masses will collapse under its own gravity to form a black hole. If it does, what is the radius

of its event horizon? _9_
fit t K,-I'U.:m = Kl:_ul

> %’0“’1: GRMIA = V= E6CMs

158
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Astrophysical theory suggests that a burned-out star whose mass is at least three solar

masses will collapse under its own gravity to form a black hole. If it does, what is the radius

of its event horizon? K, "’U. =ﬁ}ﬁ:9_$ K, — _ul
> 1A= GGMIK > iz 6GMs

158
> T = 6 G/M;
V=
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Astrophysical theory suggests that a burned-out star whose mass is at least three solar

masses will collapse under its own gravity to form a black hole. If it does, what is the radius

of its event horizon? _9_
fit t K,*U.:W = Kl-_-’-‘/{l

> %’0“’1: GRMIA = V= E6CMs

158
= R = 6 G/M; Now , ;g)?' V=¢C
'V'C_
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Astrophysical theory suggests that a burned-out star whose mass is at least three solar

masses will collapse under its own gravity to form a black hole. If it does, what is the radius

of its event horizon? _9_
fit t K,*U.:W = Kl-_-'_UI

> %’0“’1: GRMIA = V= E6CMs

158
= TR = 6 G-Ms /V,)«J/ S.Q)F' V=¢C
V©
yr M ?5 — 6G-M;s
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Astrophysical theory suggests that a burned-out star whose mass is at least three solar

masses will collapse under its own gravity to form a black hole. If it does, what is the radius

ot its event horizons: _9_
fit t : K,-I'U.—;m = K:='-UI

> %’0“’1: GRMIA = V= E6CMs

1<
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Astrophysical theory suggests that a burned-out star whose mass is at least three solar

masses will collapse under its own gravity to form a black hole. If it does, what is the radius

ot its event horizons: _9_
fit t : K,-I'U.—;m = K:='-UI

> %’0“’1: GRMIA = V= E6CMs

1<
# TZ — 6 G /\/,‘)«J/ Sa} V=¢C
N VL
S ~1l 0
L gt Rs = 6GMs_ 646670 &IT9xd ns
> c* o1 ¢ 06

> Rs = ‘3.87{2103/1/1

\!msu




Astrophysical theory suggests that a burned-out star whose mass is at least three solar

masses will collapse under its own gravity to form a black hole. If it does, what is the radius

ot its event horizons: _9_
fit t : K,-I'U.—;m = K:='-UI

> %’0“’1: GRMIA = V= E6CMs

1<
# TZ — 6 G /\/,‘)«J/ Sa} V=¢C
N VL
S ~1l 0
L gt Rs = 6GMs_ 646670 &IT9xd ns
> c* o1 ¢ 06

= Rs= 9.8 (oM = 8.3 Km
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star to form an accretion disk around
the black hole.

@Thc gas in the —___
accretion disk is
compressed and heated
to high temperatures,
becoming an intense
source of x rays.

B]m‘:k

hole

@ Gas in the accretion disk that does not
fall into the black hole is ejected in two
fast-moving jets.




Keck/UCLA .
Galactic €enter Group 1995-2017

This false-color image shows the motions of stars at the center of our galaxy over a 17-year period. Analysis of
these orbits by using Kepler's third law indicates that the stars are moving about an unseen object that is some
4.1 x 10% times the mass of the sun. The scale bar indicates a length of 10 m (670 times the distance from the
earth to the sun).
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