ASTR 620: Planetary Processes

Professor Eric Nielsen .

Lecture 5: Dissipative
Processes



Logistics
 Masks are encouragead

* No l[aptops, phones, or other electronic devices
during class (I'll let you know in advance it we'll
need laptops for an activity) You may use a tablet
to take notes if prefer, but please only use it for
note-taking.

e Remember to bring you response card to class



Review of the last class

+ |, and a baseball, are in deep space. The baseball is
at rest (v=0). | hit the baseball and it starts traveling at
3 m/s. | hit the baseball again, and it now travels at 6

m/s. How does the energy | gave the baseball in each
hit compare?

+ (A) — Both energies are the same
+ (B) — | gave the baseball more energy in the first hit

+ (C) — | gave the baseball more energy in the
second hit



Review of the last class

+ These Lagrange points are on a line connecting the
two large bodies:

+ (A)— L1 and L2

+ (B) — L2 only

+ (C)—L1and L3

- (D) — L1, L2, and L3

- (E) — L4 and L5



Review of the last class

» |f 'm at the Sun/Venus L2 point:

- (A) — | orbit the Sun, and my orbital period is equal to Venus' orbital
period

- (B) — | orbit Venus, and my orbital period is equal to Venus’ orbital
period

+ (C) — | orbit the Sun, and my orbital period is equal to Venus’
rotational period

- (D) — | orbit Venus, and my orbital period is equal to Venus’ rotational
period

- (E) — | orbit the Sun, and my orbital period is equal to the Sun’s
rotational period



Review of the last class

- Aplanet has moons and rings. Most likely:

+ (A) — The moons are outside the Hill radius, the rings are between
the Hill radius and the Roche limit

+ (B) — The moons are both inside and outside the Hill radius, the rings
are between the Hill radius and the Roche limit

+ (C) — The moons are inside the Roche limit, the rings are between
the Hill radius and the Roche limit

+ (D) — The moons are between the Hill radius and the Roche limit, the
rings are within the Roche limit

+ (E) — The moons are between the Hill radius and the Roche limit, the
rings are outside the Hill radius



Review of the last class

- Why is Jupiter’s moon lo so volcanically active?
+ (A) — Jupiter's magnetic field heats lo’s interior

- (B) — lo has a pertfectly circular orbit, so tidal forces from
Jupiter are very large

+ (C) — lo has a very eccentric orbit, so tidal forces from
Jupiter are very large

+ (D) — lo has a small but non-zero eccentricity, so tidal
forces from Jupiter are very large

+ (E) — That’s no moon



Dissipative Processes

- We've talked mainly about how the gravity moves (or
destroys) objects in the solar system

- But there are other processes (involving radiation)
that can alter the orbits of small objects (gas, dust,
and rocks)

Jupiter
3 P

NASA/Petr Scheirich



Overview of Processes

Process What is it? Size of Particles

outward spiral of small

Radiation Pressure . micron
particles
Poynting-Robertson inward spiral .
centimeter
Drag toward Sun

orbit change due to
Yarkovski Effect uneven temperatures meter-kilometer

across surface

drag due to particles
Corpuscular Drag interacting with solar sub-micron

wind

drag induced by

planetary atmosphere small bodies

gas drag




Radiation Pressure

- Photons carry momentum

- When solar photons are absorbed or reflected by a
particle, that momentum is transferred to the particle

- Radiation pressure provides an outward force (away

from the Sun) on any object that reflects or absorbs
photons

NASA



Radiation Pressure

- A spherical particle of size R intercepts power
(energy/time) from the Sun:

2 2
dE _ LonR® _ LoR

dt ~ dnd? T Ad2
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. A photon has momentum p = —

C

and energy: E = hu

- and so the conversion from energy to momentum of
each photon is:

p}/— hl/ 1

E}, chy ¢



Radiation Pressure

Radiation Pressure Coefficient

- We quantify how transmissive/absorptive/reflective © Glaze Labs Resserch

- Putting it together:

the material is by Qpr

dp L RZQPR Total Reflection  Total Absorption  Total Transmission
0 Q =2 0 =} Q =0

dt 4cd? N N N
- Which, from Newton’s second law, is the force

imparted by radiation pressure:

2
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Radiation Pressure

L®R2QPR & taze Labs Resench

=
d 4cd?

rd

- The gravitational force felt by the same spherical

particle is:
GM@m : | w .
F — Total Reflection  Total Absorption  Total Transmission
aray d2 Qpn::? QPR: 1 QPR:()
4 p3
GMQ?ZR I,
. Or,ifithas adensity p: F,, ,, = 7
- So the ratio of radiational force to gravitational force: @
2
Fraa  LoR“Opp o 3d* 3Lo0pr d

Foa 4cd? 4rGM4R3p B 167GM cRp



Radiation Pressure

Radiation Pressure Coefficient

& taze Labs Resench
I rad ﬁ _ 3L O QPR W W WA
Foa 167GM cRp
) Whether the fOrce felt by d partlde due tO the Sun S Total Reflection  Total Absorption  Total Transmission
gravity is larger or smaller than the force from the Q. =2 Q=1 Q,.=0
Sun’s luminosity doesn’t depend on distance!

- |t depends only on the particle properties: size,
reflectivity, density

- As R becomes large, ,B becomes small, and radiation @
pressure becomes less important




Radiation Pressure .-

Fmd _ ﬁ _ 3L(DQPR
Foa 167GM cRp

- At small particle sizes, [ goes to O:

» Particles are mostly transparent (Qpr = 0) to light
with wavelength smaller than the particle size, and
most solar photons are in the visible

- At large particle sizes, [ goes to 0, since it goes as 1/R

- Radiation pressure is most important for particles

between about 0.1 - 1 micron
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1.8

Response Card
Question

1.6

Fmd . ﬁ _ 3L(DQPR 14
Foa 167GM cRp )
- The plot to the right is for particles orbiting our Sun. If we were to
make a plot for particles orbiting a main sequence A star instead: _ 10
+ (A) — It would look the same 2
<_ 0.8
- (B) — The curves would shift to the left, but have the same peak &
B 06
* (C) — The curves would shift to the right, but have the same peak v
Q

+ (D) — The curves would shift to the left, but have a larger peak 04

- (E) — The curves would shift to the right, but have a larger peak o 2[

0.0
Burns et al. 1979
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Radiation Pressure
and Comet Talls

astronomy.swin.edu.au

“wikipedia


http://astronomy.swin.edu.au

Radiation Pressure
and Kepler

NASA

Kepler's Second Light: How K2 Will Work

Solar Panels
Photons of sunlight exert pressure
on the spacecraft. If properly
positioned, the spacecraft
can be balanced against the

pressure much as a Spacecraft rotated
pencil can be balanced to prevent sunlight from

on your finger. _AME ‘ entering telescope
S START

Reaction ___— ~.";'
Whee! 3 i
Field
of View

#2
Solar Balance

Ridge Reaction
Wheel 1

TOP-DOWN VIEWS OF SPACECRAFT
UNSTABLE STABLE
[

Solar Balance
Ridge

N\

Solar Paneals

Telescope ~~._Solar panel
illuminated
START
Field
of View
#1

When the spacecraft is balanced, the telescope is

stable enough to monitor distant stars in search

of transiting planets. A specific portion of the sky is

studied for approximately 83 days, until it is necessary

to rotate the spacecraft to prevent sunlight from entering

the telescope. There are approximately 4.5 viewing periods
| or campaigns per orbit or year. - =

- CONCEPTUAL ILLUSTRATION OF SPACECRAFT

(IS DUE TO FHOTON PRESSURE, NOT SOLAR WD, )




Radiation Pressure
and Solar Salils
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Order of Magnitude:
Solar Sails

NASA's Advanced Composite Solar Sail will have a mass of 16 kg
and a square solar salil that's 10 meters on a side.

Fraa

ra

F

grav

(1) What is = [3 for this spacecraft?

(2) Whatis F . for this spacecraft, from the Sun, ignoring gravity

gray

from the Earth, when it starts at 1AU?

In the reference frame where Earth is stationary (so the initial
velocity of the spacecraft is 0), and ignoring the problem of escaping
Earth’s gravity, and ignoring the change in the Sun’s gravity:

(3) How fast is the spacecraft traveling after 1 year, in km/s? NASA



Order of Magnitude:
Solar Sails

- m=16 kg A = (10 meters)?
LA GM_m
. F rad — = QPR Fgmv = >
drcd? d?
Fmd
(1) What is = [j for this spacecraft?
. Fgmv
I LA
Combining the equations: rad = f = oACrk
’ Foray drcGM om
- Then, plugging in numbers:
F. . p (4x10%7erg/s)(10°cm)*(2) 4x2x10°° 10°° 02— 19
— — — — — — C
Foray 47(3x1010cm/s)(7x10-8<5)(2x103g)(16x103g)  4mx3x2x16x7x10%5  10°x10°8

gs?



Order of Magnitude:
Solar Sails

. (2) What is I aray for this spacecraft, ignoring gravity from the Earth, when it starts at 1AU?

gs?

CWL3
GM_m (7x107°=5)(2x107g)(16x10°8) 50,1028 1030 4
= = = = 10%dynes

F = —
ST d? (1.5x1013¢cm)? 2x102%6 1026

- In the reference frame where Earth is stationary (so the initial velocity of the spacecratft is 0), and ignoring the
problem of escaping Earth’s gravity:

- (3) How fast is the spacecratft traveling after 1 year, in km/s?

dv

Frad — grav *ﬁ — 104dyn€S * OOl — 1()2dynes F = ma = ]/}/lE

= 0.2x10%m/s = 2x10°cm/s = 2km/s

; Fdt  (10°dynes)(3x10’s) 10’
y == — = —
m (16x103g) 5x103



MakeAGIF.com




Response Card Question

- |n visible light, what is the brightest object in the Solar
System?

+ (A) — Earth

+ (B) — Jupiter
+ (C) — Mercury
+ (D) — Sun

+ (E) — Something else



Response Card Question

» In visible light, what is the second brightest object In
the Solar System?

+ (A) — Earth

+ (B) — Jupiter
+ (C) — Mercury
+ (D) — Sun

+ (E) — Something else



Poynting-Robertson Drag

- Radiation pressure is important for particles about
0.1-1 micron in size (they get ejected from the solar

system)

- Particles about a centimeter in size experience
Poynting-Robertson Drag, and spiral inward into the

Sun

- Particles experience a "headwind” of solar photons as
they orbit, slowing them down

NASA



Poynting-Robertson Drag

- Can describe PR drag from either reference frame of
the particle, or reference frame of the Sun

- In either case, particle absorbs photons from the Sun,
and reradiates them in all directions

- In particle’s reference frame, aberration of angles is
important:

+ because of the speed of light is finite, there’s a
component of the photon’s velocity pointing
against the particle’s orbital velocity, slowing

particle down

 In Sun’s reference frame, the particle doesn’t feel a
headwind from absorbed photons, but the particle

does not emit isotropically

- Particle emits more in direction of travel, slowing
particle down
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Poynting-Robertson Drag

- Body'’s orbital velocity is v
- From body’s reference frame, star moves at -v

- Light has a component of velocity opposite to the
body’'s motion
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astro.pas.rochester.edu

Body not
in orbit

Body 1n
orbit at
speed v.


http://astro.pas.rochester.edu

Poynting-Robertson Drag

» |n particle’s frame:

- absorbed solar photons are not perpendicular to
orbital velocity

* emission is isotropic
+ |In Sun’s frame;

» absorbed solar photons are perpendicular to
orbital velocity

* emission is not isotropic
- |In either reference frame the effect is the same: the

particle loses orbital speed (that energy and angular
momentum is carried off by photons)

Incident
Rodnotuon
tan" (v/c)
IN PARTICLE'S FRAME
(4 +v/c)R
Incident Vv
—+
Radiation
(4-v/c) Py

IN REST FRAME OF SUN

astro.pas.rochester.edu



http://astro.pas.rochester.edu

Poynting-Robertson Drag

- For a particle with orbital speed v, and radial speed v, (if the orbit is mm??eo’:!tio!’on
I
circular, v, = 0), the total radiation force (radiation pressure and PR so (,&,7\
drag) is: |
N L@QPRA 2V’, R VH A v
. Fl/'dd ~ 2 (1 - )7‘ -
drcd C C
- PR drag is pointing in opposite direction as orbital motion: particle IN PARTICLE'S FRAME
slows down
. C . V (4 +v/c)R
. PR drag is a relativistic effect, so proportional to — 0
C
Incident Tv
e
Radiation
(4-v/c) R,

IN REST FRAME OF SUN

astro.pas.rochester.edu



http://astro.pas.rochester.edu

Timescales

- For radiation pressure and PR drag:

2
r
TR 400=Y

. For f = 1 (R=0.24 microns): 400 years at 1 AU

. For # = 10™* (R=0.24 cm): 4 million years at 1 AU

- Micron-sized dust particles are removed much more

rapidly than cm-sized particles.

- |f we see micron-sized or cm-sized particles in our solar

system or an exoplanetary system (and we do!) they

must be replenished as quickly as radiation pressure is

removing them
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Zodlacal Light

+ Dust clouds in orbital plane of solar system planets
scatters sunlight

+ Optical depth of 10-7, total mass of 10-° Earth masses

» Complex structure:

background density

8 dust trails from short-period comets

dust bands from asteroid families in Main Belt

2 resonant dust rings

astrobob, national geographic



Zodlacal Light

<

Cométs . S— .. | . Zodiacal
' Cloud

»

Asteroid Y | .
Belt

astrobites



Zodiacal Light and
Imaging exoplanets

“exozodi” (zodiacal light around other stars) is

an important issue for imaging extrasolar
planets

Modern Solar System in true color

Can be mitigated with larger telescopes: less
exozodi per resolution element

There is ongoing research to determine how

other stars’ zodiacal emission compares to the
solar system’s

Inner 12 AU x 12 AU

Credit: A. Roberge & the Haystacks team

astrobites



Debris Disks

ol 'sq

Originally called the “Vega
Phenomenon,” for stars that,
like Vega, had more infrared
emission than expected

Now understood to be
exozodiacal dust that emits at
mid-infrared wavelengths and
scatters starlight at visible and
near-infrared wavelengths

~50% of young (<100 Myr)
stars have a detectable debris
disk, dropping to ~1% at 1 Gyr

Have complicated structures,
and extend out to 10s to 100s
of AU
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Debris Disks

X )

Sometimes called "Second
generation” disks: this is NOT |

the gas and dust that planets  Exiss
formed out of (those are called [

“protoplanetary disks”) 'IE} Gy
| RN |
W e
PR drag and radiation %"‘@ s
pressure should be removing  [Pe# g

- HD. 61005% -+ “ " HD 106906
dust in these systems T
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of planetesimals in these X
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Yarkovsky Effect

- For larger bodies (meters to km), the rotational period
IS much shorter than the time it takes for heat to
diffuse across the body

- The surface temperature is hotter on the dayside
compared to the nightside

- Hotter areas of the asteroid emit (by blackbody) more
than colder areas

NASA



Yarkovsky Effect

The Sun

Cooler, so lower frequency
and lower intensity infrared
light emitted.

Direction of Orbit

/

Warmer, so higher frequency -/>] g
and higher intensity infrared

light emitted. Direction of Rotation

The Yarkovsky Effect

astroprofspage.com


http://astroprofspage.com

Response Card Question

-+ Consider two asteroids, both orbit the Sun counterclockwise when
viewed from above. Asteroid 1 is rotating counterclockwise,
Asteroid 2 is rotating clockwise. How will their orbital paths
change due to the Yarkovsky Effect?

+ (A) — Asteroid 1 and Asteroid 2 will both move closer to the Sun

» (B) — Asteroid 1 and Asteroid 2 will both move further away
from the Sun

» (C) — Asteroid 1 will move closer to the Sun, Asteroid 2 will
move further away

» (D) — Asteroid 1 will move further away from the Sun, Asteroid 2
will move closer



Yarkovsky Effect

- Assume evening to morning temperature difference is
AT, then net force experience by the object is:

3 26T4 AT
F — 7R

= COS
yark 3 i T W

- Obliquity () is angle between angular momentum
vector of object’s spin and it's orbit around the Sun

- Near Earth asteroid Golevka: radar ranging showed is
orbit had shifted by 15 km between 1991 and 2003.

NASA



Yarkovsky Effect

» Direction of drift depends on whether the rotation of
the body is prograde or retrograde: 2 o

+ Prograde (angular momentum of spin and orbit
are aligned) results in an outward drift

+ Retrograde (angular momentum of spin and orbit ot
are 180 degrees apart) results in an inward drift <

Yarkovsky
drift

g

Orbital motion

Nature

b Retrograde rotation

! " Thermal
re-radiation




For next time

- Reading: de Pater & Lissaeuer Chaper 2, section 2.7.5-2.7.6



