ASTR/ PHYS 1 060

The Unlverse

Chapter 13 High Mass Star Evolutlon
and their Remnants: NSs and BHs

Chapter 13 Reading Assignment due now!

Makeup in-class assignment from
Wednesday due now (for late credit)

ASTR/PHYS 1060: The Universe

Are your grades in Canvas correct???

Midterms available up front

Turn in extra credit planetarium and
public observing reports up front when
complete
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H Burning in High Mass Stars: CNO Cycle

(a) CNO cycle
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High Mass Stars = High Core Temps = CNO

Llamas live hard and fast.
CNO cycling is my bag,
baby
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Evolution of High
Mass Stars

Time spent on the Main Sequence is short: why?

A) CNO is much more efficient

Visual luminosity relative to Sun

B) Massive stars use up their fuel more
quickly

C) Not all the hydrogen in the core gets
burned

D) The core is much smaller than a low
mass star

ASTR/PHYS 1060: The Universe

As stars pass through

back and forth across the instability strip,

the H-R diagram. they become pulsating
\ | variable stars.

B ...then move horizontally]
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B3 Cepheid variables occupy
a region near the top of
the instability strip, while
RR Lyrae stars are located
farther down. '
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MASSIVE
MAIN-SEQUENCE
STAR

H burning to He
/{ in convective core
——Nonburning
envelope

y

A massive
main-sequence
star burns
hydrogen in a #
convective core...

- =/ gty

He burning to C

/ H burning to He
/ 1 _—~Nonburning
a e envelope
iImmediately
begins burning

helium in its core
as it leaves the *
main sequence.

/

E) The ash of one reaction

4
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HIGHLY EVOLVED ;
MASSIVE STAR

Evolution
of High

Mass :f K =
Stars s

B} The end:
A degenerate iron

C burning to
Na, Ne, Mg

He burning to C

H burning to He
/ Nonburning
/envelope

becomes the fuel for the
next as the star evolves
a layered structure.

\\
]

Degenerate Fe core
S, Si burning to Fe
O burning to S, Si

C burning to Na,
Ne, Mg

He burning to C
LH burning to He

—Nonburning
envelope

—

B As in a low-
mass red giant,
burning occurs
in a tiny, dense
region at the

core sits within
“onionlike” shells of
progressive nuclear
burning.
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center of the
giant bloated
star.

Ne burning to O, Mg

Visual luminosity relative to Sun

As stars pass through
the instability strip,
they become pulsating
variable stars.

B) ...then move horizontally
back and forth across
the H-R diagram.

High-mass stars leave
the main sequence...

B3 Cepheid variables occupy
a region near the top of
the instability strip, while
RR Lyrae stars are located
farther down. '
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Based on this graph, what do you think the
heaviest element is that is fused Inside of stars?

Hydrogen

Deuterium
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] A) Carbon
B :
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B Carbon Fission :
@ D) Uranium
> Helium Oxygen Uranium )
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Number of particles in nucleus
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Aside: Standard Candles

PERIOD - LUMINOSITY RELATIONSHIP
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What happens when close binary stars evolve?

Two low-mass main- Star 1 Star 2
sequence stars orbit

their center of mass. I >

Roche lobes

What is this??? /

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 13




What happens when close binary stars evolve?

The more massive
star 1 begins 10 evolve... e —

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 13
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What happens when close binary stars evolve?

...until it overfills its
Roche lobe and begins
transferring mass onto
its companion, star 2.

Star 2 gains mass,
becoming a hotter,
more luminous main-
sequence star.

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 13
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What happens when close binary stars evolve?
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What happens when close binary stars evolve?

When star 2 evolves
beyond the main
sequence, It too
overfills its Roche lobe

and begins transferring
mass onto its white
dwarf companion.
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What happens when close binary stars evolve?

A “nova” is what?

A) Material from Star 2 hits the surface of the
white dwarf, causing it to heat up
B) Material from Star 2 accumulates on the

surface until it’s hot enough to burn (fuse
H -> He)
C) Enough material falls on the white dwarf
to cause the entire star to explode

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 13
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What happens when close binary stars evolve?

It star 1 survives,
two white dwarfs are
eventually left behind...

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 13

15



What happens when close binary stars evolve?

[

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 13

...but if star 1 explodes as a Type la
supernova, star 2 remains as an isolated
giant evolving to become a lone white dwardf.
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Type la Supernovae

If the white dwarf mass
exceeds the Chandrasekhar
imit, it begins to collapse...

\ J

N

| The Type la supernova

...pushi th .
pushing up the consumes the white

temperature until carbon
ignites and burns explosively. dwarf completely.

. J
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Back to Massive Star Evolution

Eta Carinae
binary star

What causes massive stars
to have strong winds?

A) High surface
temperatures

B) Light elements in their
atmospheres

C) Strong radiation
pressure (from photons)

D) Like Llamas, they’re
quite gassy
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Type |l Supernovae

-t v .
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Betelgeuse: Future Supernova

... were a supernova to go off within about 30 light-
years of us, that would lead to major effects on the
Earth, possibly mass extinctions. X-rays and more
energetic gamma-rays from the supernova could
destroy the ozone layer that protects us from solar
ultraviolet rays. It also could ionize nitrogen and
oxygen in the atmosphere, leading to the formation
of large amounts of smog-like nitrous oxide in the

atmosphere.
- Mark Reid, Harvard-Smithsonian CfA

430 light-years away (safe distance, unless it
explodes as a gamma ray burst pointed at us)

May appear as bright as the full moon, visible during

the day!
ASTR/PHYS 1060: The Universe Fall 2018: Chapter 13
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http://adsabs.harvard.edu/abs/1993hep.ph....3206E
http://www.nature.com/nature/journal/v263/n5576/abs/263398a0.html
http://www.nature.com/nature/journal/v263/n5576/abs/263398a0.html

A question for Neil DeGrasse Tyson...

http://www.youtube.com/watch?v=9D05¢e|8u-gU



http://www.youtube.com/watch?v=9D05ej8u-gU

ASTR/ PHYS 1 060

The Unlverse

Chapter 13 High Mass Star Evolutlon
and their Remnants: NSs and BHs

Chapter 14 Reading Assignment due on
Monday (not yet in Canvas) Are your grades in Canvas correct???

Turn in extra credit planetarium and public Midterms available up front
observing reports up front when complete
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Type |l Supernovae

Degenerate Fe core
S, Si burning to Fe
O burning to S, Si
Ne burning to O, Mg

C burning to Na,
Ne, Mg
He burning to C

H burning to He

HIGHLY EVOLVED ‘
MASSIVE STAR

—Nonburning
envelope
B As in a low-
mass red giant,
, burning occurs
The end: § in ati
- A degenerate iron 0.01 Ko | o & dﬁnse
ENErAie ’ s region at the
core sits within 1,000 R center of the
“onionlike™ shells of giant bloated
progressive nuclear star.
 burning. } ‘ J
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~

Not even electron degeneracy
pressure can stop the collapse

of an iron ash core.

— - /
3 - 4
, = Iron nucleus © ,,,ﬂ‘"
St?:;nr’r?iﬁz - Iron core of evolved @ ®
: massive star )
i g/ i e P
X " ™ o B
! B g ° &
As the core collapses, the core " § 1&‘“\
temperature climbs so high that \
071‘ photons photodisintegrate iron...
/ Electron )
Q ~ o ol
J ’ ...and the core becomes so dense | Neutron
that electrons are absorbed by protons | _# o
in atomic nuclei, forming neutrons o 4 B
and releasing neutrinos. Proton Neutrino (v)

N\

3 Photodisintegration and
electron absorption reduce
the pressure in the core.
The collapse accelerates... ) -~
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Type |l Supernovae

-
3 Photodisintegration and
electron absorption reduce
the pressure in the core.
 The collapse accelerates... “~ /
e
e b}

Neutron star/

B .. .until nuclear forces suddenly become
repulsive. The overcompressed core
bounces, driving its outer layers

| outward through the star. | "

/

€) ...and leaving behind the |
collapsed remains of the
core, a neutron star.

...blasting forth in a ]

Type Il supernova...

Shock wave
the outer layers of the star...

The shock continues through]

B The expanding shock is strengthened
by the pressure of a hot bubble of
trapped neutrinos from the core.

. J
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Supernova Remnants

Cygnus Loop

(c)

[|/VAVAVAVAVAVAVA

X

ASTR/PHYS 1060: The Universe
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I e Heavy elements are created
T s in massive stars, with the
o heaviest elements created in
e srees | @NA returned to interstellar

| point of nuclear burning.J
space by supernovae

[¢ D
More massive elements are
formed by neutron capture.
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Created In supernovae caused by NS-NS
mergers??

e - Process e«
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EVOLUTION OF STARS

Planetary Nebula

Small Star .
White Dwarf

—_—

Supernova

Red Supergiant

Neutron Star
Large Star

. .
Stellar Cloud ;

with
Protostars

IMAGES NOT TO SCALE Black Hole
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Stellar Remnant Activity

Goal: Contrast the end-stages of stars’ lives,
black holes, neutron stars, and white dwarfs.

Group Activity: Groups of 3-4
Hand In one sheet for the group
Roles:
Secretary (write on the sheet)
Spokesperson (for class discussion)
Group Leader (keep on task)

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 13
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ASTR/ PHYS 1 060

The Umverse

Chapter 13 ngh Mass Star
Evolution and their Remnants:
NSs and BHs

Chapter 14 Reading Assignment due on Wednesday

Turn in extra credit planetarium and public
observing reports up front when complete

Midterms available up front
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Aside: what if the LHC did make a black hole?

collapse not instantaneous - the “free fall time” for the Earth to collapse, if all other
forces turned off somehow, is about a half hour —> similar to if you drilled a hole through
the Earth and fell unimpeded to the center

black hole would still have to grow, plus the solid Earth would take time to “hollow out”

Destruction of Vulcan from the 2009
Star Trek movie

this is just so wrong

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 13 32



Aside: what if the LHC did make a black hole?

but the LHC can’t make a dangerous black hole at least
—> only accelerates particles to energies of ~10 TeV (1014 eV), while cosmic rays hit the
atmosphere with energies up to 100 EeV (1020 eV), yet we’re still here

crew of the Lexx visit Earth, discover
it’s on the brink of destruction

from the sci-fi show Lexx, which you
should tell no one | told you existed

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 13
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Crab Nebula
1844 Sketch by William Parsons

https://www.youtube.com/watch?v=WTKA2biEVgg



SEE  Neutron Stars / Pulsars

.

Filaments of gas - % s : Sy.nc'hr.E)tron
ejected by the R - * - emission from
. supernova explosion 2 * pulsaswind
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Neutron Stars are born
with strong magnetic
fields (get stronger as

the core collapses)

B) Electrons and positrons moving in the neutron star's As the neutron star

&) Neutron stars have enormously
strong magnetic ficlds. magnetic field produce radiation that is beamed away rotates. these beams

from the poles of the neutron star. sweep around like the
beam of a lighthouse.

Field accelerates
electrons and positrons,
which causes them to
emit radiation across
the spectrum

We see the beam once
or twice each time the
Lighthouse beam

star rotates

_— Magnelic
field

Rotation period

/\f‘f\ ~3 | _ 4
) ~ \s
1 g . 7,
8]
’/‘ff/fl | AR
N o
¢ ) As the beams sweep past an

/J-r-/’(f):rﬁ observer, the neutron star appears

%{ lo pulse on and olf, earmning it
the name pulsar
ASTR/PHYS 1060: The Universe

Primary pulse

Primary pulse
Secondary pulse

Secondary pulse

Brightness —

Time —»
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http://www.youtube.com/watch?v=t5uA1RJsDhw&feature=related

Low magnetic field neutron stars and black holes
are observed through accretion

Accretion
disk

~

g Neutron

Evolving star star

i1t

An evolving star overflows its
Roche lobe, pouring matter onto
its neutron star companion. \

B Infalling matter heats the ...and feeds relativistic
accretion disk to X-ray— jets from the rotating
emitting temperatures... neutron star.
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Neutron star accreting material from a high mass star

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 13



How do we know black holes
ACTUALLY exist in the
Universe?

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 13
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Highly suggestive results that black holes exist

0"
) J
-~
L
g
;. | ‘ i
50-5 . o -~
Keck/UCLA Galactic >, _ & y ~ o
Center Group E‘ p ‘ - s = .

" _ Animation of gas falling into SMBH in M87 galaxy
Stars orbiting SMBH in center of our galaxy
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Cygnus X-1: First X-ray source and confirmed black hole

el Bl
. . -t
[OUR OF CYGNUS X-1

JASA's Chandra X-ray Observatory r

L

https://www.youtube.com/watch?v=ZdjCpSCh02g

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 13



Andromeda Galaxy (M31) NUSTAR

Cygnus X-1

Soft Intermediate

—_— :
d iy

— LN
L —

ty

INOSI

h
Interi

X-ray Lum

Spectral Hardness
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The Umverse

Chapter 13 ngh Mass Star
Evolution and their Remnants:
NSs and BHs

Chapter 14 Reading Assignment due on Wednesday

Turn in extra credit planetarium and public
observing reports up front when complete

Midterms available up front
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To understand black holes and
extreme gravity, we need help
from Einstein and Hawking

But first, what do you know about black holes and/or relativity?

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 13
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Reference Frames

In everyday experience velocities simply add...

r A ball thrown at 25 mph ‘

Reference frame , ,
relative to a car moving

of the red car

Reference frame
of observer

' ...moves at 75 mph relative ‘
to an observer by the side

at 50 mph...

e

of the road...
_ £
SRRy, Upal = /5 Mph
S e
& < 50 mph 50 mph

w Stationary

Reference frame
of the green car

" ...and at 125 mph in the
reference frame of an

Special Relativity (postulates)
1) Physical laws same for all reference frames
2) Speed of light is always measured to be ¢

ASTR/PHYS 1060: The Universe

& —
_— Uball = 125 mph

oncoming car.

4

100 mph
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Reference frame of r By analogy with the ball in the panel

left, igh hat i
Reference Frames planetboun |l uemgnteectialing |

the light's velocity would be 1.5c...

...but as v nears c, things are different.

Reference frame i . e i

of the vellow A moving spaceship fires a laser. In the
yh' reference frame of the spaceship, the

SHAacesinp light travels at the speed of light, c.

Ulight = €
D NP SN
| —
!

&

Stationary . '
Observers in any reference

frame always measure the
speed of light in a vacuum to
be ¢, regardless of their motion!

Reference frame
of the blue
spaceship

Ulight = € 7
=

= ="

Stationary

Special Relativity (postulates)
1) Physical laws same for all reference frames
2) Speed of light is always measured to be ¢
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Time Dilation

The passage of
time is not the
same everywhere!

t’ = ;

2
C2

1

© 2012 Encyclopaedia Britannica, Inc.
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Muons created by cosmic rays colliding with the

atmosphere exhibit time dilation

L

s
CZ

Faster a muon is traveling, the
slower time passes for it, so it
survives longer before decaying

ASTR/PHYS 1060: The Universe

| Imagine that 1,000 |

N

muons are produced |
at a height of 15 km

v—090 u—0999c
| U—099C v—099990

15 km

: 108 495 800

'Number of muons reaching
ground before decaying.

Fall 2018: Chapter 13
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Implications of Special Relativity

E = mc?
when moving, have Kinetic energy
—> Increase your mass!

Time passes more
slowly for moving
reference frames

ASTR/PHYS 1060: The Universe

Speed of Light is the
universal speed limit
(can only approach it)

Length of moving
objects contract in the
direction of motion

Fall 2018: Chapter 13
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General Relativity: analogous case for gravity

“Stationary”

A spacecraft that is “stationary” in deep space
and a spacecraft that is moving at a constant
velocity both represent inertial reference
frames. Both are floating freely in space.

ASTR/PHYS 1060: The Universe

A spacecraft that is "stationary” in deep space
and a spacecraft that is moving at a constant
velocity both represent inertial reference
frames. Both are floating freely in space.

\ [

Moving at constant velocity

. v =0.9999 c

A spaceship falling freely in a gravitational
SCEVRETTOR =Wl field also represents an inertial reference
Bl R ¢l frame. even though it is accelerating.

/W‘ ’ .
5 B The equivalence between

S “free fall” and “free float” is
i the basis of general relativity.

Fall 2018: Chapter 13
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General Relativity: analogous case for gravity

= minertial n

ASTR/PHYS 1060: The Universe

Sitting in

NG

room with no gravity...

an accelerating

-

still in a gravitational field.

...Is the same as sitting

EIG ravity

¢ 3
. .
ol "' .

Acceleration

[ —

p-~T

o, me

I J ¥

-—l~ -

Both are accelerated reference frames
iIn which forces are pushing objects away
from their natural geodesics.

R—— - | - ‘-.}.

T~ Inertial and gravitational mass both resist
these forces. They are the same thing.

\

Equivalence Principle

Fall 2018: Chapter 13
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Space-time is curved

Fall 2018: Chapter 13

gnd representing
space- time
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S0-16 S0-2

© 50-20 e \
50-5 © N g

S0-30 : B § it - Cldsest approach
Keck/UCLA Galactic |

Center Group

Gravitational Redshift

1%95.5

: ; ‘ \
501* 5 i

Orbital period
. 16 years

S0-17

19 May 2018.

20 billion kilometres = . |
120 x Earth—-Sun /

Supermassive black hole
(4 million solar masses)

W P
BETRNRRT N ! Orbit of 82

. . < Maximum speed

> 25 million km/h
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What are Black Holes?

Particular solutions to Einstein’s equations of General Relativity
Inevitable end-state of ultra-dense matter

Inside the event horizon, the escape velocity is
larger than the speed of light (c)

Matter inside the event horizon must fall to the center,
toward the singularity

Black holes have “no hair” - defined only by their
) mass, charge, and spin (rotation)

WY Pt E7I#2, . “y -
WA, —> all other info about what formed it is lost
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The black hole In Interstellar

called Gargantua, b/c it’s supermassive (like the one in the centers of galaxies)

keeps Matthew McConaughey from “spaghettification” as he crosses the event horizon
—> stellar mass black holes have huuuuuge tidal forces here that would kill you!

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 13
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D 'n a vacuum, virtual particle-antiparticle pairs
spontaneously appear and then annihilate each other.

\ Particle —__ {\ ——Antiparticle

B3 When a pair forms near the event

horizon of a black hole, one of the __.while the
pair may fall into the black hole... other escapes.

ﬂ The stream of
particles from
the black hole is
called Hawking
radiation.

ASTR/PHYS 1060: The Universe

Black holes are not completely
black after all

Emit Hawking radiation
Hawking himself popularized the explanation used in the textbook,
but that explanation is wrong!

The virtual “particles,” which have large quantum waveforms
(uncertainty in their position is as large as the black hole), separate at
a distance several times larger than the event horizon

They result mainly from space-time changing dynamically when the
black hole forms, creating thermal radiation

Temperature is very tiny, but carries away energy, causing the black
hole to lose mass (E=mc?2), but it takes a looooong time (~1066 years)
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GraVitatiOnaI Waves: LIGO - A GIGANTIC INTERFEROMETER

GRAVITATIONAL WAVE BLACK HOLE SPACETIME

MIRROR The light MIRROR
waves bounce

N 2
and return:

<

A "beam splitter” splits the
light and sends out two
identical beams along the

4 km long arms.

A gravitational wave affects the

ZI- interferometer's arms differently;
when one extends the other contracts
as they are passed by the peaks and
troughs of the gravitational waves.

Laser light is sent into
the instrument to
measure changes in
the length of the two

gL - arms. ’JJJ_,.H' Normally, the light returns unchang-
3 : ,_é:-;:_:::-’ ed to the beam splitter from both
- P o ( arms and the light waves cancel
od "\\\\_ s each other out.

CANCEL EACH
OTHER OUT

-><><x)

BEAM SPLITTER

| LIGHT WAVES

LIGHT DETECTOR

—
-

If the arms are disturbed by a

gravitational wave, the light waves T W) 9 I LIGHT WAVES HIT

Virgo facility near Pisa, Italy o 1L e timvatlad ifreront drcta,

ces. Light then escapes through the  ggam SPLITTER  LIGHT DETECTOR

Other deteCtorS in LOUiSiana and splitter and hits the detector.
Washington state

Illustration: ©Johan Jarnestad/The Royal Swedish Academy of Sciences
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First 5 BH-BH mergers
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BHs and NSs with known masses
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Known Neutron Stars
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First NS-NS merger, explosion also seen

\ | Swope +10.9 h

, Fermi/
16h 12h gh

IPN Fermi /
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