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~ The lees of S’rars

% Star Birth: 9/10/26
i Nuclear Exp|05|ons Contained by Gravity

b Lives & Deaths of Small Stars: 9/17/26
- (%) Planetary Nebulae and Whl’re Dwarfsl

gkt Deaths of Large Stars: 9/ 24/26
0 Super'novae Neu’rron S’rar's and Black Holes'

.--* Black Holes: 10/1/26
@Spaghe‘r’rlflca’rlon
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S’rar DeaThs

" Ln‘espan dea’rh depend on s’rars mass . e

~ 1010 |
T = ]'O M olar' masses years '

Main Sequence S

*Small Stars (O | N\so| < Ms’rar' s 8M50|)

@ Lon9|sh lives (10's of billions of years) .
D No star smaller than 0. 8 Msol has ||ved out its In‘el

s O Plcmefary Nebula to White Dwarf |
_’* Giant Stars (M > 8Mx,, M, ~100 MSO,)
(% Lives can be very short (millions of year's)
@ Supernova to I\leu‘rr'on Star or Black Hole




" Star Death Depends on Mass
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~ Core Collapse Supernovae

* Type II Ib & Ic .
_@ Cor'e Ief’r as neuTron sTar black hole or no’rhmg

Birth of a Neutro'n Star and Supernova Remnant

(not to scale)

http://chandra.harvard.edu/resources/illustrations/supernova.html

. LF Y . ' i
red giant l ‘l : -

Core Implosion === Supernova Explosion === Supernova Remnant


http://chandra.harvard.edu/resources/illustrations/supernova.html

‘White Dwarf Supernovae '

.i‘«’ Type Ia N s et .
3 @ Fusion starting in White Dwar'f as it HemT
.~ approaches 1.4 Mg (Chandmsekhar Limit) .,_
_ % Merger of two WDs L el
'® WD draws matter off compamon —
% Most of Earth's Fe is from thesel!

TyPE 1A (THERMONUCLEAR) SUPERNOVA

“http://chandra.harvard.edu/resources/illustrations/supernova html
\

.
e v
. SR ‘
b

=

super-critical accretion onto a white dwarf star ————— thermonuclear supernova explosion —+ supernova remnant without a neutron star


http://chandra.harvard.edu/resources/illustrations/supernova.html
https://upload.wikimedia.org/wikipedia/commons/a/a7/Artist%E2%80%99s_impression_of_two_white_dwarf_stars_merging_and_creating_a_Type_Ia_supernova.ogg
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This periodic table depicts the primary source on Earth for each element. In cases where two sources contribute fairly equally, both appear.
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~ States of Matter
* Normal Gas )/\ ‘R = 100Rgq ¢,
. e .

v Degenerate e gas 3@OKll -, = = =1800-<
: A g Earth
* Degenerate n® gas @e®® | =\A;\S°' - 100 billion %,

eBlaiilol 0y
@ QuanTum Foam | _
) space‘rlme & maTTerenergy recombmed

Photo by Marc Staves 2011 e



Ou‘rlme

. * Revnew S’rar DeaThs 7
@ Small PN & WD Lar'ge SN & NS or BH
(%) States of Matter z
'.“it( General Rela‘ruvn‘ry Gravu‘ry & ngh‘r
~ (® Total Eclipses & Galaxy CIusTers
, * Black Holes | | |

& Escape Velocn‘ry & Spaghe‘r’rlflca’rlon
* (% Defecting Black Holes

. D X=Rays, Inwsnble Companlons Dir'ec’r Imagmg L

§ i‘( -The Adven’rure Con’rlnues

-

Photo by Marc Staves 2011



‘General Relativity

* Accelera’ruon bends ||gh’r

Light beam
appears to
bend

Shlp
_ acceler'a’res i
upward while
- beam is
- crossing

- Observer sees
- beam crossing
B ship-

Photo by Marc Staves 2011 P



‘General Relativity

A Observa’rlons Elavator

" can't tell gravu‘ry
from

| accelera’ruon

# Acceleration
bends light so

= Gravity. must
| bend ||ghT| 4




Gravu‘ry Bends Path of nghT

% Star posmons change when near Sun'
' @ Seen dumng total ecllpse
- ®A conflrma’rlon of General Relativity

Apparent
position #;-"'.
of star .~
o -

Actual
position
of star

Earth



Gravu’ry Bends Path of ngh’r

% Star posmons change when near Sun'

' @ Seen dumng total echpse

- ®A COI’\fII"mClTIOH of General Relativity
Apparent

position
of star

—
Actual
Non-bent position
IighT beam P of star
misses
Earth

Light beam must
bend to hit Earth

Observer "sees" star in different sky position

Earth
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OI"bITS

_*van‘y bends the path of matter into orbn‘s
e NewTon s Mountain -

* Orbit is falling without hl’r’rmg surface
@ Orbl’ral speed | -

 Viow Barth orbic = 7,900 m/s = 17,700 ph

| -@.L-igh’f sphere = Orbifr where Vsp-eed 5:Ce

Photo by Marc Staves 2011 P . . http:'//gal'ileoandeinstein.phys.virginia.e(.i'u/more_stuff/ﬂashIets/Nethtn/home.html


http://galileoandeinstein.phys.virginia.edu/more_stuff/flashlets/NewtMtn/home.html
http://galileoandeinstein.physics.virginia.edu/more_stuff/flashlets/NewtMtn/NewtMtn.html

- Gravity Bends Path of Light

IR nghT can “or'blT" black holes

3GM |

AT Light Sphere C2

For a 1 Solar ME(SS Black_Héle. _ smf \\gkx |
-r'lt_ighT Sphere™ 4500 m'. |

Star's =
|mage | ;J
*_
*

Star



Gravu’rahonal Lensmg

. 2 Galaxy Lensmg
| @ Light rays bend around hearby galaxy |
~ focus to create image of distant galaxy'-

i
-
-

~|-_lensed image seen of
“background galaxy

‘ {?& | £ 2 "background galaxy

4

- foreground ga Iaxy o :
—— \Q)Q:\a\’é\

oRTe s

Photo by Marc Sta https://www.eso.org/public/ imagéé‘/ eso1313b/



- JWST Galaxy Images

. % Galaxy Clus’rer SMACS™ 0723
(% ~4billion ly from Earth ‘
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Hubble Image T JWSTTImaEa‘-

v
-
. 5 i N -~
» »: :
- ° e
‘: -, -
-



Pvapy
rw-w

Arcs &
smears are
I'rr ages of

nore distant ¢

gaJQXstJ

Stars have

spikes due to

telescope
structure

‘-

B
L1
.
-
. - .
d § oK
‘> o
.

- 4
*
‘s
] 4
.- J
e
-
-+

~h
-~
- ~
-
-
..-'\
.- "
* »
e 2
. i
. . %
N
.' 7!
L



- o
ke
- N

dl\/JJ,uJ "'ur' (*Ju*r/r*'*
mgr: vz studiediin lensec




Ou‘rlme

. * Revuew S’rar DeaThs | o

@ Small: PN & WD, Lar'ge SN & NE or BH
. (% States of. Matter | .

R General Rela’rnw’ry Gravn‘y & LnghwL

- &) Total Eclipses & Galaxy Clus‘rers

‘ i‘f Black Holes = | % _

| @Escape Velocrry & Spaghe’r’nflca‘rlon
) De’rechng Black Holes: -

. D X=Rays, Invusnble Companlons Dir'ec’r Imagmg L

§ i‘( 'The Adven’rure Con’rmues

- -

| : ‘...' ‘.::7;‘ }:3:: : I .
Photo by Marc Staves 2011 . b



- Escape Velocity

& Speed for' an obJec’r to escape to mfml‘ry' 3
| @ Event homzon — escape speed = ¢

G Gravu’ra’ruonal Cons’ran’r
M Mass of wor'ld '
R Radlus of wor'ld

V

escape

% km/s - 25,000 i
@ea\ V. ;. =59.5 km/s = 133,000 mph .
Vesa 7 6175 km/s = 1,381,000 mph :
N R = 300,060 T
. =671,000,000 mph
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vau’ry Bends Path of nghT

W ngh’r can't escape black holes

i 2GM For a 1 Solar Mass Black Hole
| 5 REventHorizon C2 | REven’r Homzon- 2952 m

Photosphere Event horizon

Light leaving

Escapes JES(:a;::e-s .
X \ black hole
L Captured ﬁ Captured | .
'/% / - escapes
8 (bj

outside 'EH'.

Photo by Marc Staves 2011 o



Gravu‘ry Bends Path of nghT
| o nghT can't escape black holes

2GM For' a 1 Solar Mass Black Hole
REven’r HOI"IZOH— 2952 m .

Photdsphere Event horizon

/.  Light leaving
' black hole

B escapes’
" outside EH

% Biackhole

Event horizon

| ig-h-‘r, at EH
can't escape



' Escape Velocu’ry & Event Horizon

% Event Horlzon is where escape speed = ¢.
~ ®Light inside EH can not escape BH |
# % Objects falling into BH feel Tldal for'ces
o Gan geT to EH and fall inll

‘Tidal |
Forces
'squeeze and
lengthen
astronaut - .
falling in ... *
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‘Black Holes

A De’rechg Black Holes

(® Bright X- Ray sources orbiting sTar's
) Cygnhus X-1 ... no star at X- -ray source
) X-Rays from accretion
D particles accelerate as they spiral in
Y Emit at higher and higher frequencies (energies)
V? X-Rays = “"death:scream” of infalling matter o
& Direct imaging by EvenT Hor'lzon Telescope
D) M87 and SgrA* |

@ Bupolar Je’rs e

a0 Super'massuve Black Holes in Galaxies

. Y Jets of material create radio *plumes"
- \?*AQD's PhD. Thesis project:



‘Black Holes

A De’rechg Black Holes

~(® Bright X- Ray sour'ces orbiting sTar's
).Cygnus X-1 ... no star q‘r X-ray source
) X-Rays from accretion

D particles accelerate as ’rhey spiral in
- Y Emif at higher and higher frequencies (energies)
Y X-Rays = “death:scream” of infalling matter

@ Direct imaging by EvenT Horlzon Telescope
. ) M87:and SgrA* | - -
@ Bipolan JeTs o i

&) Supermassnve Black Holes in Galaxies

+ 2 etsof material creaTe radio ' ‘plumes”
~AGDEEND; Thesis project. i
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- Black Holes
Stellar Remnants
| Deneb o
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‘Black Holes

A DeTechg Black Holes

(% Bright X- Ray sources orbiting sTars
) Cygnus X-1... no star aT X- -ray source |
) X- -Rays from accreftion

) parhcles accelerate as They 5p|ral in
Y Emit,at, higher: and higher frequencies (energies)
2 X=Rays = “death:scream®.of infalling matter

@ Dlr'ec’r imaging by Even’r Hor'lzon Telescope '
D M87and SgrA* |
@ Blpolar Je’rs e

D Supermassuve Black Holes in Galaxies

- 92 Jets of material creaTe radlo plumes A
‘Y’ AODS PhD Thesus pl"OJZCT | —

Photo by Marc Staves 201 Tk



M87 Virgo A, Virgo X- 1

. *Superglan’r elhphcal galaxy
(% 53.5 Million light years (ly) away

@ 6:trillion times the mass of the Sun (M@)
M) M|Iky Way has about 1.4 trillion M '

@ Stellar envelope 490,000 ly in diameter
D Milky Way's is 330,000 ly in dlameTer |
*cObsenvations g
(% Optical: M87, NGC 4486
@ Radio: Vlr'go A
@ X r'ay Vlrgo X |



Radno Galaxues

*Radla’re m radio frequencues
@ Like waves from cell tower to your phone

Y-eqg. AT&T 4G/LTE 710 716 MHz & 740-746 MHz .

D e.g. Verizon 746-757 MHz & 776-787 MHz

*De‘rec’red by receivers

@ Images crea’red from da’ra in compu’rer's
Y NOT like images viewed on your phonell

A http: //www aroundtheworld|ne|ghtyyears com/wp-content/uploads/2012/01/DSC_0132-1-2.jpg

———

Photo byM Jlm OOh



~ Radio Galaxies
- *Electrons "glow" inradio
- (® electrons spiral along magnetic field lines

- Radiate due to acceleration
- . (centripetal acceleration)
“beamed" in forward direction

(relativistic motion)

" 'Sync_hro’rmn r‘adidT_ion ; |



= i< V"‘90 A raduo emissions de‘recTed 1947 -
. (® Stanley & Slee 1950 Australia f

g Confirmed to be frcm M87 1953
® Thought to originate in jet

- *Virgo X-1 X-ray emicsions detected in 1967
@ M||||on degr'ee gas g,lowmg |

E e o
- =



M87: Vlrgo A

AVLA Radlo |mages | . &
' @ The 20 cm image of M87 I knew in ’rhe 19805

~4,000 ly . e Lo e
f ~ Angle of the jet

~ changes due to

- orientation of
~ telescope. Jetis
-same one seen-in.
| optical. -

~17,000 ly

http://www,a0c.nrao.edu/~jeilek/research/M87Virgo.html|

Image Credit: F. Owen, NRAO & J. Eilek, NMINT



M87: Vlr'go A

. *VLA Raduo |mages |
" @ The 90 cm image of M87

Wider field image -
of lower energy
- plasma shows
bubbles &
~ turbulence -

Image Credit: F. Owen, NRAO & J.
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M87: Vlrgo A

VLA Radlo |mages |
' @ The 2 cm image of M87

Higher resolution

~4.,000 ly . ~image of higher
f energy plasma

4 - shows jet emerging

~ from nucleus

http://Www,a0C.nrao.¢

Image Credit: F. Owen, NR


http://www.aoc.nrao.edu/%7Efowen/M87_jet.html

M87 Vlr'go A

) *VLBA Radlo images:. hlgher' resoluflon

@ The 2 cm image of M87 ey
Even higher
 resolution image

- from nucleus

4

http://www.a0¢ -
sl /’ 2000—05—08

Image Credit: F. Ower| ,

~4.000 ly q
f/’ shows jet emerging
o : | |

~10 ly




M87 Vlrgo A

) *VLBA Radlo images:. hlgher' resoluflon
@ The 7 mm image of M87 -

http://www.a0¢

Image Credit: F. Ower|,



https://www.researchgate.net/publication/260938446_Energy_densities_of_magnetic_field_and_relativistic_electrons_at_the_innermost_region_of_the_M87_jet
https://www.researchgate.net/publication/260938446_Energy_densities_of_magnetic_field_and_relativistic_electrons_at_the_innermost_region_of_the_M87_jet

What object smaller than

0.03 ly can shoot maTemal
out 300 ,000 Iy‘)?

~450,000 ly SR
'I_I_|_I_I_I_I_|'

' ~0.03 ly = 60 times
Neptune’s orbit

~



https://www.researchgate.net/publication/260938446_Energy_densities_of_magnetic_field_and_relativistic_electrons_at_the_innermost_region_of_the_M87_jet
https://www.researchgate.net/publication/260938446_Energy_densities_of_magnetic_field_and_relativistic_electrons_at_the_innermost_region_of_the_M87_jet

~ Event Horizons Telescope

W A Telescope the size of Earth
e | ® Raduo ob.serva‘rlo_ns _synchromzed & combined!

https://eventhorizontelescope.org/array

SPT


https://eventhorizontelescope.org/array

Even’r Hor'lzon
_:_ Telescope (EHT)

hig Observations at
- same times:

® Atomic clock ’nmers

- % Data recorded on
hord drives o’r sn’res

* Hard drives flown
- by commercial
“aircraft to MIT ond

- Max; Plonck for
' ono|y5|s

Photo by Marc Stav es 2011 °




Location Location Location

adio telescopes

igital conversion

A TATAYE \._.."".u:l’ Ll g Jﬁh-l'nuﬁ'«-lﬁ'-j'ﬁ o Anslag. FavavATA 'if'-dﬂ - ard drives at
II:"""I:"‘_-"I;"DYQéH% Jﬁ"f'h""r?ﬂ.i :] Eig‘]:.. o Ay all 100 ; Dig"‘al conversion [ediotelescopes |

ASCLITISET] | £ 100101110 fpiey : Digitall

PRI A‘tﬂ mic Clﬂclﬁ

: . Hard drives at
Radio telescopes |



‘Accretion Disks
o Ma’rer'lal splr'als into black hole ‘

@ accelerates as it geTs closer
Y Particles fly off in all directions

% charged particles create magnetic fleld
D Very strong, spiraling out from black hole
D Constrains particles to create jets

L DAVID DARLING
 http://www.daviddarling.info/index.html

-3

https://www.physicsqftheuniverse.com/topics_blackholes_e\'/ent..html .
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Image of a Black Hole
A M87 Giant Galaxy in Virgo |

® Radiation from material orbiting black hole
imaged by Event Horizons Telescope in 2019

L

>+ Event Horizon Telescope

https://eventhorizontelescope.org/
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 Black Hole Images

K N_ASA':‘ ._B'Ic'l'Ck.. Hole'S'_ W_ar'p'ed'Wor"l d

Accretion disk

The hot, thin, rotating disk formed by matter
slowly spiraling toward the black hole.

Photo by Marc Staves 2011 * | @ & =

Photon ring
tale? s Aring of light composed of multiple distorted
Image Of the dISk S far Slde images of the disk. The light making up these
images has orbited the black hole two, three
or even more times before escaping to us.
They become thinner and fainter closer to the
black hole.

The black hole's gravitational field alters the
path of light from the far side of the disk,
producing this part of the image.

Black hole shadow

This is an area roughly twice the size of the
event horizon — the black hole’s point of no
return — that is formed by its gravitational
lensing and capture of light rays.

Doppler beaming

Light from glowing gas in the accretion disk is
brighter on the side where material is moving
toward us, fainter on the side where it's moving
away from us.

Image of the disk’s underside
Light rays from beneath the far side of the disk
are gravitationally “lensed” to produce this part
of the image.

https://www.nasa.gov/feature/goddard/2019/nasa-visualization-shows-a-black-hole-s-warped-world
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Black Hole Images _
*NASA Black Holes Warped World |
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- Black Hole in M87
% M87 Giant Galaxy in Virgo |

® Radiation from material orbiting black hole
imaged by Event Horizons Telescope in 2019

>+ Event Horizon Telescope

https://eventhorizontelescope.org/
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Ce e rof the

Atacama LGr'ge Millimeter Ar'r'(]y https://www.eso.org/public/images/eso2208-eht-mwc/
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Orbits of six stars around Sagittarius A*. This 2.2-micron adaptive-

S Ta rl S O rl b l T | n optics image, a mere 1 arcsecond square, was taken in 2002; symbols
9 show the positions of the six stars for each of the previous 7 years as

well. The white orbits are best fits to these positions. Four of the or-

bits have only short arcs of data and thus are very tentative, but the
a GC l C e n e r' stars 50-2 and 50-16 have swung through half or more of their el-
lipses, allowing their orbits to be specified weII.S{}-Iﬁ SWUNQ a mere

60 astronomical units from the black hole. LCourtesy A. Tanner, 5. Hom-
stein, A. Ghez, and Keck Observatory.

Near Infrared SO 16 swung a mere MQTion
®*60 AU from in7
. - the black holel years
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Stars Orbiting
Galac’rlc Center

Mear Infrared

‘IE

RE lght-,Er:

’ 8,000 a.u.

+5gr A*

‘ Sagittarius = Sgr

Orbits of six stars around Sagittarius A*. This 2.2-micron adaptive-
optics image, a mere 1 arcsecond square, was taken in 2002; symbols
show the positions of the six stars for each of the previous 7 years as
well. The white orbits are best fits to these positions. Four of the or-
bits have only short arcs of data and thus are very tentative, but the
stars 50-2 and 50-16 have swung through half or more of their el-
lipses, allowing their orbits to be specified weII.S{}-Iﬁ SWUNQ a mere
60 astronomical units from the black hole. LCourtesy A. Tanner, 5. Hom-
stein, A. Ghez, and Keck Observatory.
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S’rars Orbiting Galactic Center

" Mass needed in center of orbits =
4.1 million times The mass of SolI

I’rp //wm.asfro ucla. e.ghezgroup/gc/ imades_science.html

0.1"

1997 . 10 light days . ‘

S0-2 ; .

S0-38
S0-1

» SO-3

¢ SO-5 |
S0-8 :

so-16 f§ .

» SO-17

e S0-20

/N f
5. . o e SO0-102
P i ‘ -’
actlci I‘I'OUP 1995-2016 : LN



http://www.astro.ucla.edu/%7Eghezgroup/gc/images_science.html

http://www.as1

b 0.1"

Galactic



http://www.astro.ucla.edu/%7Eghezgroup/gc/images_science.html




Image of a Black Hole

_ *Sagﬁr’ramus A* Center of the Mulky Way

@ Stars orbit center at h|9h speeds!
D)) Obser'ved from 1995 until 2019
) Or'bl‘ral speeds guve mass of object in cenTer

Sgr A*
Mercury's orbit

MMW B‘lack .Hole = 4. 3 mil “0“ Msin

Milky Way's black hole is 4.3
million fimes the Sun's mass
ina volume much smaller Than
’rhe Sun rBH (0 g

Sun's diameter

2 million miles =
8 x 1Q-° degr‘ees 'Ie :

Photo by Marc Staveé_).O'i 1 '_ . ’ . 2 i _ ‘ o . o donUT (0] 4] The SUI"fClCQ Of The mOOH




Black Hole Images

| *M 87 VS Sgr' A* Plu’ro orbit ~100 X Mer'curys

M87* Sgr A*

ager 1 F " Sun's diameter
. Pluto's ork .

Mercury's orbit

https://www.eso.org/public/images/¢s02208-eht-mwe/




Black Hole Images

. *Why or'cmge9 _
% Human eye can see more levels

Y.Black — orange = yellow — white
) S’randar'd for |mages in low frequencues (J WST)

Photo by Marc Staves 2011
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- We are the Legacy of the Stars

We are ahvel

i | We are made of sTar's -
' And we KNOW ’rha’r we ar'el
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We are made of sTar's
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~ the Earth |
* the mountains and rusty nails!
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Are made of STARS and we know. |T|
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the Earth |
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