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What is the story of our
Solar System?
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Patterns in the Solar System
n teach us about our origins
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Flat, orderly architecture
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anets orbit in the same

ection-as-the Sun spins
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_ Snow lines

; Too hot for water
to be in ice form

Cold enough for = /& S
water to be in ice forfh and build g




Along the way, the discovery of
exoplanets refined our origin story.

10[0[0] —

2000 — —

Number of Exoplanets Known

1000 |— —

1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Year



Patterns in the Solar System
are not always followed
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Patterns in the Solar System
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Planets can migrate
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Planets can migrate
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otar. System planets orbit in
. m as the Sun spins
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- Exoplanet orbits aren’t necessarily

., alignec with ste llar spin
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Dynamical interactions between planets
must be common
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We have a basic understanding
of how we got here
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ut what will happen to the
olar System in the future?
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What happens to planetary
systems after the stars run
out of hydrogen fuel and
leave the main sequence?



Almost all of the planets we know today orbit
stars that will become white dwarfs.

Neutron Stars

Straight to
White Dwarfs

White Dwarfs via
Red Giant Branch

As of Oct 1, 2020



In this talk:

1. What do we know about the fate of
- planetary systems around white dwarfs?

.. ‘ ¢ "

2. What have we learned from studying two
particularly interesting white dwarfs?

3. What might we learn in the future?
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The Sun Today
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The Sun Today

Image: NASA/SDO



The Sun in 7 billion years
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As the sun runs out of hydrogen,
it becomes a red giant 10 times
its original size.

Image: NASA/SDO



A _ | .
‘\}u before it'completely runs
- out of}ﬂ'dtbgen,jt briefly expands to
. almost 200 times its original size.

§ F -
Y P T

-




The Sun in 7 billion years

It then collapses to about 20
times its original size and begins
burning helium in its core.

Image: NASA/SDO
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The Sun in 7 Billion

After helium i éus'ted, there
is nothing else the sun can burn
so it sheds its outer layers and the

core begins contracting.
Image: NASA/Walt Feimer



The Sun in 7 Billion

After helium i éus'ted, there
is nothing else the sun can burn
so it sheds its outer layers and the

core begins contracting.
Image: NASA/Walt Feimer



- White Dwarfs

Burnt out Earth-sized cores of stars llke A
the Sun when they run-out of nuclear fueh;?*j'.‘::_

i Typlcally half the 300,000 times
. massofthesun less massive
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What happens to the
planets during this
process’?



Image: NASA/JPL



Planets orbiting farther than about 1 AU from their
stars will survive post-main-sequence evolution

clipse timing variations for
he WD binary NN Serpentis
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Do planets ever come
back close to the white
dwarf after the red
giant phase’



Yes: evidence is in white

dwarf “metal pollution®
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White Dwarfs have
strong gravity
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White Dwarfs have
strong gravity
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Gravity causes heavy
elements to sink down




White Dwarf Structure

DA type: DB type:
Hydrogen Envelope Helium Envelope

Hydrogen Helium
Helium

Carbon/Oxygen and Carbon/Oxygen and
trace heavy elements trace heavy elements




White Dwarf Spectra
should only have H and He

W

Barstow+ 2001



White dwarfs with

heavy element pollution

I Caknun1

- m
¥ A

Hydrogen

3850.0 3 )U() 0 39500 4000.0 4050.0

A [A] Koester+ 1997



White dwarfs with
heavy element pollutmn

Wavelength (A)

Dufour+ 2010



Dusty disk/metal
connection

Ton 345 . 18500 K

10
Wavelength (um)

Farihi+ 2010 Jura+ 2007



Evidence for accrete
planetary material?

Zuckerman+ 2007



Ancient Planetary Systems

can become unstable
o



Ancient Planetary Systems

can become unstable
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On close passages, objects
can be disrupted

Eesa

Www.spacetelescope.org



Disrupted material then forms a disk
and accretes onto the white dwarf




But how does this process
take place?

» |s accretion episodic or steady-state?

- What are the characteristics of the debris? Is it
pure dust, or are there larger bodies?

» What is the size of the dust particle?

« Are the accreted objects differentiated (core/
mantle)?



Planets with orbits aligned with our
line of sight transit their stars and
cause the star’s brightness to dim.
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0.95 meter diameter
105 square degree FOV
30 minute cadence

12 degrees

Kepler Space Telescope

12 degrees




Planet candidate transiting

white dwarf WD 1145+017

—4
-,
N

—4
o
=)

O
Qo

f 8
.. o

Relative Brightness

o ©

o
XA
4.5 hour per|0d Vanderburg+ 2016a

O
©O©
s

Hours from Midtransit



Ground-based
follow-up data

FLWO: V-band, April 11, 2015 UT
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Ground-based

follow-up data
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Ground-based

ow-up data
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Disintegrating Planets
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Disintegrating Planets
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Transit Depth Variations

KIC 12557548 WD 11454017
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WD 1145+017 is a metal-

rich WD with a disk
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We are watchmg the dlsruptlon
of a minor planet in real tlme

-

Image: Mark A. Garlick



Additional Stable Periods in

multiple bodies?

Harmonic-summed Lomb-Scargle Periodogram
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Periods are stable for months-years
— implies massive bodies/fragments
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Observations of WD 1145+017
six months later
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Rapid evolution: 10x increase in
transit activity



Large changes in transit
depth/dust production

WD1145 ACTIVITY LEVEL voszo
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Episodic accretion, not steady state?




Multiple transits spread throughout
the orbit

Relative Brightness + Offset

Rappaport et al. 2016
(including Vanderburg)



One large asteroid
releasing fragments?

: -:3';. -

%ﬁ)&;‘.h}g
et

f?‘:{‘-' g

Disruption of a differentiated asteroid
seems to match transit behavior

2000 km



Simultaneous Multi-wavelength
Transits show the same transit depth
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s WD 1145+017 unusual or
typical?

Can we use WD 1145-like objects to
make general inferences about white
dwarf planet accretion?



Transiting Exoplanet Survey Satellite (TESS)

Four 0.105 meter diameter cameras
2304 square degree FOV
10 minute cadence for the whole sky

2 minute or 20s for selected targets 2.4 degree:c,

96 degrees

Image: NASA



TESS detects transits of a white dwarf

Candidate 1. Bast-fit Period = 1.4078342 days. Duration = 0.12076387 hours. Rp/R* = 0.22196564.
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TESS detects transits of a white dwarf

Candidate 1. Bast-fit Period = 1.4078342 days. Duration = 0.12076387 hours. Rp/R* = 0.22196564.
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Ground-based observations reveal a
Jupiter-sized companion, and no asymmetry.
An intact planet?
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What is the object’s mass?

Giant Planet Brown Dwarf Low-mass Star

Mass: =0.25-13 Myupiter ~ Mass: =13-80 Myupiter Mass: =80 Myupiter
Radius: =1 RJupiter Radius: =1 RJupiter Radius: =1 RJupiter

Image: NASA Image: NASA Image: J Pinfield



Usually, we determine masses by
measuring the Doppler shift of the
star due to the orbiting companion

Animation: ESO




The white dwarf is old (=6 Gyr), cold
(4700 K), and has no spectral lines, so
Doppler measurements are impossible.

® HETARS2

Vanderburg et al. 2020



Instead, constrain mass with Spitzer: same transit depth
in optical/IR data implies mass less than 11.7 M,.(95%
confidence)
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So, this is very likely a giant planet orbiting close
to a white dwarf star. We call it WD 1856 b.



The system to scale




The system to scale







WD 1856 b must have originally orbited
outside about 1 AU and migrated inwards



How could the planet migrate?
Common Envelope Evolution

Giant star

o < Planet

Giant core
(will become
white dwarf)

S

le-11 1le-10 1e-09 1e-08 le-07 le-06 le-05
Density (g/ cm” )

Passy et al. (2012).



How could the planet migrate?
Common Envelope Evolution
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Does WD 1856 b have enough
mass to eject the envelope?
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High-eccentricity Migration
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High-eccentricity Migration




High-eccentricity Migrati



High-eccentricity Migrati



Like how tennis balls don’t bounce as high
each successive time, the planet doesn’t
return to same semimajor axis and circularizes

https://gfycat.com/ko/vaguelimpingbuzzard



How does the planet get

such high eccentricity?

Planet/Planet

. Kozai-Lidov effect
scattering

» G 229-20 A/B

\ =
o WD 1856
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Lots of ideas from the
community so far
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The system to scale




The system to scale

If WD 1856 b could survive the journey close to
its star, maybe a smaller (rocky) planet could too.



Transmission spectroscopy

Wavelength
1.8 microns
2.1 microns
2.3 microns

Animation: NASA



Atmospherlc BlOSlgnatures

0.4 microns




Small Stars are optimal

N \J

The same sized planet causes a larger
signal on a smaller star



White dwarfs take this to
an extreme

Image: Jack Madden



Biosighature gases could be
readily detectable with JWST
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Biosighature gases could be
readily detectable with JWST
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A shortcut to detecting biosignatures?

Gaia identifies
white dwarfs

JWST studies the
atmospheres

A

TESS finds
transiting planets



Transiting planets and material around
white dwarfs can teach us about post-
main-sequence planetary evolution.

The disintegrating material around WD 1145+017 has provided new
insights into how white dwarfs disrupt and accrete asteroids and
minor planets.

The giant planet candidate around WD 1856+534 demonstrates
large planets can migrate close to white dwarfs and survive the
process.

If Earth-sized planets can migrate in a similar way close to white
dwarfs, they could end up orbiting in the white dwarf’s habitable
zone, and plausibly support a second generation of life. If we find
such a planet, we could study its atmosphere in detail with JWST.
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. POSS I Blue: 1952 , Pan-STARRS i: 2012

4 TESS Sector 14: 2019

Vanderburg et al. 2020



3
o
+
9
2
=
2
@
2
2
T
«

i 'o'?\ id transi
Minutos from Mid tranit Vanderburg et al. 2020




1000

F Pure Hydrogen
L 50% Hydrogen, 50% Helium
800 = Pure Helium
L Blackbody
. 600
== =
- \
3, r \
\-; B T \
" 400 N
200
I PanSTARRS ~ 2MASS WISE
ol oo e e
0 1 2 3 4

Wavelength (microns)

Vanderburg et al. 2020



. l L - . ' . L L

1.04 Pure Hydrogen Model
' 50% Hydrogen/50% Helium Model

Pure Helium Model -
HET LRS2 Spectrum °

_ 1.02
TS ; |
’ / \ ' ‘ : | d }

§ ‘_s' x b AN I A ¥, HoN o} pl'\s ."..'.q
Ak AR el KA R U
S " ‘; ' |
O
=

0.98

0.96

630 640 650 660 670 680

Wavelength (nm)

Vanderburg et al. 2020




aoratian ae)

Vanderburg et al. 2020



Eccentricity o (088G, Incination (deg,

Vanderburg et al. 2020



30007
Less active (older) <—— —» More active (younger)

T

20007 G 229-20 A/B

N 2D
-U. o4&

10007

T T T T T T

Number of Stars - Type M3 and M4

v L) L] | ¥ L

1.0 0.5 0 0.5 1.0
Ha Equivalent Width (Angstroms)

Vanderburg et al. 2020




g
O

IIITTI]TITIIIITIIIIII

-
on
\

~—————

1

—
—

V)
=
©
2 1.5
o)
O
_

O
I\
WD 1856

lllllllllllllllllllllllllllll

| I I

Vanderburg et al. 2020




llllllllllllllllllllllllllllllllll

e
—
—

—
o
.

lllllllllllllllllllllllllllllll111lllll

1.0 15 20 25 3.0 35 40 45 5.0
Donor Mass (Mg)

Vanderburg et al. 2020




| ]
Prior tc AGE phase

Frior ¢ 30% of envelope 108t  m——
Any point in evolution

Syslem Age > 13.8 Gyr

2.0
Donor Mass (Mg

Vanderburg et al. 2020




