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I ike stars that explode (aka SUPERNOVAE).

il try to understand: :
' 1. WHICH stars explode?

2. HOW do they explode?

3. What do they tell us about the
FATE OF THE UNIVERSE? !






® BETELGEUSE:

® The Great Dimming Event

® When will 1t explode?
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OK, SO WHAT EVEN IS A
SUPERNOVA? (PL: SUPERNOVAE)
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OK, SO WHAT EVEN IS A
SUPERNOVA? (PL: SUPERNOVAE)

RIGHT & POW_RFUL
- XPLOSIVE DEATH
OF A STAR

_XPLOSIONS
HE UN\V_RS

IN 1 MONTH,
“MITS AS MUCH ENERGY |
AS THE SUN WILL EVER EMIT #

OVER ITS "4
10 B\LL\ON YEAR LIFETIME

SPEEDS 10-20%
SPEED OF LIGHT"
(ENERGY = 1028
TONS OF TNT)

5 OUTSHINE GALAXIES
MADE OF HUNDREDS
OF BILLIONS
OF STARS

*light = cosmic speed limit



Why should we care
about supernovae?
Why are they cool?




Supernovae trigger star formation
& disperse elements throughout
the interstellar medium.

THUS, THEIR DEATHS
TRIGGER THE BIRTHS OF
NEW STARS.

FIRE Simulation



FIRE Simulation

By: Kareem El-Badry (my cousin!)



COSMOLOGICAL

SIMULATION OF GALAXY

EVOLUTION
S E—

Cloud stars
forms

Gas supernovae
cools explode

Gas gets
blown out
of galaxy

FIRE Simulation

By: Kareem El-Badry (my cousin!)

z={). 34

1 kpc

Timescale ~3 Gigayears

Temperature color map.

Purple dots are cooler



Supernovae are the birthplace of

heavy elements in the Universe.




Carl Sagan (my hero)




FIRE Simulation:
Flying through a Milky-Way-1like Galaxy
1in the X-Ray

HOW COMMON ARE
SUPERNOVAE?

1 supernova per second 1n

the Universe

1-3 supernovae seen from

FEarth per day

1-2 supernovae per galaxy
(L1ke the Milky Way) per 100

years

Phil Hopkins, Caltech 2015
FIRE Simulations



What do these

supernovae actually
look like from Earth?




HISTORICAL
SUPERNOVAE

Formation of Supernova Remnants

‘D‘. O
0@ ©
Expelled gas O O
travels outwards
& runs 1into
surroundilng
material

Cas;'shadows at night
&

was V‘.Lé’?(ble durlng

the day fok months

- .

..

Gas heats up @©
surrounding
O medium & glows

Seen %?ﬂ‘ncle..t observers
G ‘l _— ‘O y
- j r? ‘ b »
Sw1tzerlaﬂd“ E‘@pt & 'y a2
It

China, Japan,;and
Americat™ e

SN 1006

Chanda X-Ray Satellite Telescope



Bright enough to be Seen by ancient observers in:

seen in daylight for. e | |
*23 days! : ek i ng, ,Japan, Arab countries,
: S G 0 O S L 0 | American folks

IJ\ | SRR L ?‘,,.*gefg”>;.“'
SU ERNOVAE . . . . ‘ ﬁl . ;/

Formation of Supernova Remnants 2

O O O 5%
° @ O - e
Expelled gas O O
travels outwards Gas heats up Q@
& runs into surrounding e

surrounding O medium & glows 205 . g
material . ‘ I ‘ ¢ g
‘l'1. O e -

e e 1D the night
NG sky for 653 days

Crab Nebula /
SN 1054

Hubble Space Telescope



Hand shows
relra Easvie sihge
of sky objects

oTar =
supernova

Crescent moon shows
phase / position of
Moeis e Fatfirve to

the supernova on
Judsesds 11805 4

L Al 8 S e L W L T R Sl AP A L

Rendition of SN 1054 by Ancestral
Puebloans (Hisatsinom in Hopi) in

Penasco Blanco - a Chacoan Ancestra
Puebloan great house(Chaco Canyon)-

Petroglyph from 1054.

| é
) 2
iIn New Mexico, USA. ;
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Tvcho’s SN Remnant

Chanda X-Ray Satellite Telescope

discovered SN by eye 1572

Tycho Brahe,



B Cas/SN 1572

i N C
Also seen 1n...

Tycho Brahe, discovered SN by eye 1572 Chanda X-Ray Satellite Telescope



o

Johannes Kepler (Brahe’s GRADUATE |
. CXO/HST/Spitzer Space Telescope
STUDENT), discovered SN by eye 1604


https://en.wikipedia.org/wiki/Chandra_X-ray_Observatory
https://en.wikipedia.org/wiki/Hubble_Space_Telescope
https://en.wikipedia.org/wiki/Spitzer_Space_Telescope
https://en.wikipedia.org/wiki/Chandra_X-ray_Observatory
https://en.wikipedia.org/wiki/Hubble_Space_Telescope
https://en.wikipedia.org/wiki/Spitzer_Space_Telescope

SN 1604

Kepler’s Supernova

haven't been any observed in our
galaxy since, over 400 years ago...

We are due for another onel!

Johannes Kepler (Brahe’s GRADUATE

. CXO/HST/Spitzer Space Telescope
STUDENT), discovered SN by eye 1604


https://en.wikipedia.org/wiki/Chandra_X-ray_Observatory
https://en.wikipedia.org/wiki/Hubble_Space_Telescope
https://en.wikipedia.org/wiki/Spitzer_Space_Telescope
https://en.wikipedia.org/wiki/Chandra_X-ray_Observatory
https://en.wikipedia.org/wiki/Hubble_Space_Telescope
https://en.wikipedia.org/wiki/Spitzer_Space_Telescope

our cosmic backyard.

The Large Magellanic Cloud, just
170,000 lightyears away (1018

miles).

This was the first naked-eye
supernova in the era of modern
astronomy.




ON 1987A

Formation of Supernova Remnants

e

Here, the ejecta slams 1nto the material
released by the progenitor system
~20, 000 years before the star exploded.

) ‘@
O ‘."I' O
Gas heats up Q@©

surrounding
© medium & glows

Expelled gas
travels outwards
& runs 1into
surrounding
material

Hubble Space
Telescope, NASA, ESA;
Video compilation: Mark McDonald

Tracing SN 1987A Across Cosmic Time
1994 — 2004

09/1994



OTHER
SUPERNOVAE
VISIBLE
FROM
EARTH

23 consecutive VLBI Images

SN 1993J

Galaxy: M§&1

Date: May 1993 — Feb 2000
Distance: 11 Megalightyears

Velocity of outflows:
10,000 mi/s —> 6,000 mi/s

Color scale: Brightness of

radio emission (blue =
faintest, red = brightest)




SN 1994D

Galaxy: NGC 4526

OTHER
SUPERNOVAE
FROM >

EARTH

Supernova as bright as

the core of the galaxy
(~100 billion stars)

Hubble Space Telescope



OTHER
SUPERNOVAE

VISIBLE

EARTH

Pedro Ré, Marine Biologist at



How are supernovae
formed?




I'ype la Supernova
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NASA / SDO



May 11, 2012 — April 7, 1947

Jupiter

NASA / SDO & the Carnegie
Institution



Iyvpe la sSupernova

Occurs in a binary system,
where the mass transfer

triggers a thermonuclear
supernova.

Single Degenerate System Double Degenerate System




Core Collapse Supernovae|
SN 1987A '
Galaxy: Large Magellanic Cloud

ESA, and F. Summers and G. Bacon 1 9 8 ;



Core Collapse Supernovae

Occurs at the end of a
massive star's life. The star
runs out of fuel, collapses,

and subsequently explodes

CORKEEE A
RED Slummmms 1 AN T

Stellar core




ormnl 1Mo = 1 SOLAR MASS = THE MASS OF OUR SUN
i
En’ﬁi

WHITE DWARF

DEAIR~
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NEUTRON

MASSIVE )i

STARS ——




ormal 1Mo = 1 SOLAR MASS = THE MASS OF OUR SUN
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En’ﬁi

WHITE

Supernovae are powerfu

the boundaries of our
physics knowledge.

DEAIH
OF
STARS ..o

stellar explosions that push [

SINGULARITY




NEUTRON
SIAR

© SARAFINA NANCE

STELLAR GRAVEYARD

They form some of the most exotic
phenomena in our Universe.
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SINGULARITY=




AND WHEN 2 OF THESE
SPEEDY OBJECTS COLLIDE...

They create gravitational waves.

COMBINATIONS:

2 BLACK HOLES
(BBH)

2 NEUTRON STARS
(BNS)

1 NEUTRON STAR + VAV
1 BLACK HOLE

(NSBH)
Binary Black Holes (BBH)
Spins: 0.91 & 0.3 by: Robert McGehee &

Mass Ratio: 6:1 Alex Streicher, SXS



Binary Black Holes (BBH)

Masses: ~30Mo
| Time: 1.3 billion years ago |

. x}. ""5

P Jfl‘ng'ex,treme Spacst‘imesc Project
' “ .. - -
‘.

& - |

www.black-holes*org



http://www.black-holes.org
http://www.black-holes.org

How do we tind
supernovae?




SEARCH FOR S

DES+0zDES, WiggleZ, GAMA, 2dF, 6dF, & SDSS

SUPERNOVAE

1 supernova per galaxy per 100
years

1 supernova per 100 galaxies per
year

100 supernovae per 10,000 galaxies

per year (1f you monitor frequently CENTER: Us
DOTS: GALAXIES OBSERVED
EEIIC)LJQ}Y]) Orange dots: DES + supernovae measured by OzDES.

Blue dots: WiggleZ Dark Energy Survey.
Green dots: Galaxy And Mass Assembly Survey (GAMA).
Red dots: 2dF Galaxy Redshift Survey.
Yellow dots: 6dF Galaxy Survey.

Animation by: Samuel Hinton Purple dots: Sloan Digital Sky Survey (SDSS).



SEARCH FOR S

DES+0zDES, WiggleZ, GAMA, 2dF, 6dF, & SDSS

SUPERNOVAE

1 supernova per galaxy per 100
years

Thus, we need to look at a )
whole bunch of galaxies every =

single night!!!

100 supernovae per 10,000 galaxies

per year (1f you monitor frequently CENTER: Us
DOTS: GALAXIES OBSERVED
EEIlC)ng}k]) Orange dots: DES + supernovae measured by OzDES.

Blue dots: WiggleZ Dark Energy Survey.
Green dots: Galaxy And Mass Assembly Survey (GAMA).
Red dots: 2dF Galaxy Redshift Survey.
Yellow dots: 6dF Galaxy Survey.

Animation by: Samuel Hinton Purple dots: Sloan Digital Sky Survey (SDSS).



N , LIGHTCURVES

SPECTRA

h—______.

NASA’s Goddard Space Flight Center



® BETELGEUSE:

® The Great Dimming Event

® When will 1t explode?

® Supernovae & the discovery of Dark Energy

® The rate of the expansion of the Universe

® The fates of the Universe
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A Red Supergiant in the

upper left shoulder of the
constellation Orion

X

Betelgeuse photo: ESO, PIERRE
KERVELLA, M. MONTARGES ET AL

Betelgeuse| *

X

Antares

Aldebaran
. » .

Sun * ngE'



Data viz from astronomer

B e t e l ge u S e : . | and daica visualization

lover: Nadieh Bremer

. i |IN cuLTURES AROUND THE WORLD| - = - |

EGYPTIAN NAVAJO TUPIL

Old Man

Sah First Sl1im One

. Betelgeuse

Betelgeuse

. DBetelgeuse

Inuit \J\@c,edon/d ’

2 ' ;



.. Data viz from astronomer

_ B e l e ‘ e S e ® and data visualization
| q;J. L;l ® lover: Nadieh Bremer

. - . |IN CULTURES AROUND THE WORLD |




ls Betelgeuse going to
explode soon?




THE GREAI

D I M M I N G EVENT BEFORE DIMMING AFTER DIMMING

-rom 10/2019 - 2/2020,
something really weird

happened.

Betelgeuse dimmed. A lot.

DOES THAT MEAN IT IS GOING
TO EXPLODE SOON?7?77

Jan 2019 Dec 2019

‘Brightness: +O.2‘ ‘Brightness: +1.12‘

SPHERE on ESO’s VLT
ESO / M. Montarges et al.



v © CCBY 4.0 / ESO/L. Calcada / A plume on Betelgeuse

e!
pout t° eXP\oé.cnce
a

Will Betelgeuse go supernova? Scielu...
uncover mystery of star's dimming brightness

Scientists were able to uncover the reason why the brightness of the Betelgeuse star has
been dimming

By Carlo Inigo Monzon n@ﬂ @m
e DA

Updated March 10, 2020 15:00 +08

SPHERE on ESO’s VLT
ESO / M. Montarges et al.



THE GREAI

s |-
-
gign .

PLANET gpR™

L. Calcada / A plume on Betelgeuse
irtist’s impression)

~ Short answer:

de?
04 «cnece

Will Betelgeuse go supernova? Scielu...
uncover mystery of star's dimming brightness

Scientists were able to uncover the reason why the brightness of the Betelgeuse star has
been dimming

By Carlo Inigo Monzon n E a E > m

Updated March 10, 2020 15:00 +08

SPHERE on ESO’s VLT
ESO / M. Montarges et al.
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~ Short answer:

de?
04 «cnece

Will Betelgeuse go supernova? Scielu...
uncover mystery of star's dimming brightness

Scientists were able to uncover the reason why the brightness of the Betelgeuse star has
been dimming

By Carlo Inigo Monzon n E a E > m

Updated March 10, 2020 15:00 +08

SPHERE on ESO’s VLT
ESO / M. Montarges et al.



What does the data say?

Betelgeuse has 2 distinct

Alpha O Visual Magnitude 23 Year Penod Analyss pe HOdS.

When combined, they create a
periodic "beating” effect, which
predicted the star would reach a

Relative POower

minimum brightness between
2/14/20 & 2/28/20.

Guess what? It did just that.

1500 2000

Vervods (Davy)

After that, it re-brightened...
right on schedule!!l
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‘heory #1

| Vein-like stuff on the
R ’
A surface are convective

‘1 cells bubbling — like
boiling water.

;,J'l “2.‘ PN
. PN ‘
o |

Data reductions : Vasco Henriques / Luc Rouppe

van der Voort
Date: 25 May 2017
Wavelength: 3950 A, near Ca II H and K



Theory #1

| Vein-like stuff on the
R |
A surface are convective

'] cells bubbling — like
boiling water.

Temperature not low
enough: this is not the
answer!

o*..
ve' \*

:?r-,'j.'!
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edish 1—m Solar Tele [ :

% .
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Solar Telescope (S5T), CHROMIS Wideband 395.0 nn T3 ' X ,fft:-"'_:. :lq b =9 .. i i ]]i;F L  EEEIIE

M, 25—May—20 ) 6'",—91"), D1:08:02 duration &312742 km

Data reductions : Vasco Henriques / Luc Rouppe
van der Voort

Date: 25 May 2017

Wavelength: 3950 A, near Ca II H and K



Betelgeuse burped out a
shell of material that
obscured the star, making

it appear dimmer.

NASA, ESA, M. Kornmesser

‘heory #2

Notice the star

EXPANDING & SHRINKING,

thus growing

BRIGHTER & DIMMER



Betelgeuse burped out a
shell of material that
obscured the star, making

it appear dimmer.

NASA, ESA, M. Kornmesser

Theory #2

We see evidence of
"gray” dust around
Betelgeuse — this seems
to be the right answer!

. g 4

Notice the star

EXPANDING & SHRINKING,

thus growing

BRIGHTER & DIMMER




It Betelgeuse is NOT

going to explode soon,
then when WILL it
explode?




Compare
Observations wi-
c10nNS

HIRR Diagram

— 15M-R - —  15M-NR 25M-NR
— 20"’1'R R ZthNR |§| Pn‘lt"‘_{,'_e'-l',kt'

Simulations comparing Betelgeuse'’s
observed characteristics
with its
simulated characteristics

place Betelgeuse at the base of the Red
Giant Branch

AKA not exploding for another

~ O0,000 years (or so)

Wheeler, Nance, et al.
2016



® BETELGEUSE:

® The Great Dimming Event

® When will 1t explode?

® Supernovae & the discovery of Dark Energy

® The rate of the expansion of the Universe

® The fates of the Universe



Searchlng the Cosmos
1th the

HUBBLE SPACE TELESCOPE




tant Supernova
LVer

DES16C2nm

O N

| Thought to have exploded
A type of supernova 10.5 BILLION YEARS AGO

called a Superluminous

(That's when the Universe was just
Supernova & 3.3 billion years old, 1/4 of its
= current age)

e 15th September 2015
- L

- =

Mat Smith & DES
Collaboration



All galaxies move away from
each other.

All galaxles have mass
(stars, planets, etc.) which
means they gravitationally

pull on each other.

All this pulling should slow
down the Hubble Expansion,
forcing distant galaxies to

slow down.

The Expanding Unlverse

Visualization of
Hubble’s Law (1929)

Hubble Law
recession speed = H, x distance

Distance




All galaxies move away from
each other.

All galaxles have mass
(stars, planets, etc.) which
means they gravitationally

pull on each other.

All this pulling should slow
down the Hubble Expansion,
forcing distant galaxies to

slow down.

The Expanding Unlverse

Way better visualization
of Hubble’s Law (1929)

that 1ncludes bread



All galaxies move away from
each other.

All galaxles have mass
(stars, planets, etc.) which
means they gravitationally

pull on each other.

All this pulling should slow
down the Hubble Expansion,
forcing distant galaxies to

slow down.

The Expanding Unlverse

Way better visualization
of Hubble’s Law (1929)

that 1ncludes bread



The Expanding Unlverse

| SN 1997c7 - SN 1997ce |SN 1997ck]
Instead, 1in 1997, astronomers , - 1 e -
found something very weird. _ el o 34
Distant supernovae appeared ¥ | -
fainter than expected.
’ /
Thus, they must be farther :
away than we thought. :
(N -
% g X
K
Distant Supernovae
Hubble Space Telescope * Wide Field Planetary Camera 2
Peter Garnavich ’ Harvard- PRC98-02 « January 8, 1998 « ST Scl OPO + P. Garnavich (Harvard-Smithsonian Center for Astrophysics) and NASA

Smithsonian Center for
Astrophysics, the High-z Supernova
Search Team, and NASA/ESA


http://www.nasa.gov/
http://www.esa.int/
http://www.nasa.gov/
http://www.esa.int/

The Expanding Unlverse

SN 1997¢c7 - JSN 1997ce |SN 1997ck]

Instead, 1in 1997, astronomers
found something very weird. : i W

Distant supernovae appeared
fainter than expected.

Thus, they must be farther
away than we thought.

Something must be forcing the . ‘;\
Universe to expand faster and
faster to explain the dim ' 1

supernovae, not slowing down

Distant Supernovae
as expected. But what? P

Hubble Space Telescope * Wide Field Planetary Camera 2

Peter Garnavich, Harvard- PRC98-02  January 8, 1998 « ST Scl OPO + P. Garnavich (Harvard-Smithsonian Center for Astrophysics) and NASA
Smithsonian Center for

Astrophysics, the High-z Supernova

Search Team, and NASA/ESA


http://www.nasa.gov/
http://www.esa.int/
http://www.nasa.gov/
http://www.esa.int/

'he Expanrdirng Accelera

Universe

1998 SCIENTIFIC BREAKTHROUGH
OF THE YEAR
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By MICHAEL D.LEMONICK

LBERT EINSTEIN NEVER DID LIKE THE
idea of anbigravity. It wasn't that he
had ‘o problem with farfetched no-
tions. Afterall, his special and gener-
al relativity theories made the astonishing
assertion that time, space and matter could’
be squeezed and stretehed like so much In-
dia rubber. The trouble was that some sort

~of antigravity foree=Einstein called it the

“eosmological  term”—was required to
make the predictions of general relativity

ST RARIOOM =S WY SN0

NOT S0 PUMS What ho called a'biimder:
may have beon a Nobel-callber discovary:
match what astronomers believed the ae-
tual universe looked like. And that extra
term marred the mathamatical elegnnce of
his beloved equations. The great physicist
was hugely relieved when the discovery of
the expanding universe in the 19205 let
him cross out what he declared was “my
greatest blunder.” c

But e might have been a bit too hosty.
Last week scientists made a powerful case
that Einstein’s blunder may actally have
been anather . Nobel-worthy - prediction:
Using the Hubble Space Telescope to find

EINSTEIN’:

He invented antigravity in desperation and
abandoned it first chance he got—but it may
be the most powerful force in the universe

|| dence yet that the éxpansion of

© GRAVITY

©® WHAT IT IS; An
attractive force that pulls >
mottor togothor llke a _
rubber band /

® HOW IT OPERATES:
Gravity weakens over
distance; wheh the
distance between two
galaxles donbles, the)
forca botwoen them s
ono-fourth as slmngl'

© WHAT THAT MEANS: f
As the unlverse oxpands,

gravity is less and loss
cffective at slowing the

Lexpansion |
| TOVEE Doy Dy Jod Lenss \

l.-.l

—

and study adistant super-
nova=an expleding star— .
sstronomers from two rival
research teams have: jointly
gathered  the  strongest eévi-

the uniserse is actually speeding
up, like a yocket withits throttle wide
open. And’ that ‘'means: something ‘is
pushing it.

What that something might be:is, at
thisipoint, anybady’s guess. “Shake a tree
full of theorists,” says Adom Riess of the
Space Telescope Sclence Institute in Balté-
more, Md., leader of the collaborttion, “and
20 ideas will fall out™ For now, the un-
known foree issimply being called “darken-
exgy,” to emphasize its mysterious nature.

But-its existence is becaming hard to
dispute. The Brst-hint came a couple of
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Supernova 11 billion
years ago, observed
by Hubble telescope
over past few years

T universe 8 b

years age, when two |,

independent teams ofastron-

omers tried to/calibrate the cosmic expan-
ston'using Type Ta supernovas;ia kind of
exploding star whose intrinsic brightness
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© . exerts an outward force
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\ given volume of space
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| when the distanco
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is highly consistent.

Comapaning the known bright-

ness of such a supernova with how beight it
appears in the Sy gives 2 good measure of

how' Ear away it is—and thus how loeg ogo |
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WHAT THAT MEANS:
As the universe expands

},‘ now, 14 billion years after
Ao the Big Bang, antigravity
- has overwholmed gravity,
y 50 tho expansion will get
/ faster and fastor

was emittec, Then, by

micasuring how fast cach su.

pemova i manving away from

Earth in the overall ballooning

of the universe, it'can be deter-

mined what the expansion rite was f

at different times in the past. '

To. everyone’s astonishment, ‘both
groups found that instead of the gradual,
gravity-driven slowdown they expected,
the rate was getting faster. Says Saul Perl-
multer” of Lawrence Berkeley National
Laboratory in California, who heads one
of the groups: “\We spoat at least a year
strugeling to understand what we were
secing:” In the end, both groups decided |
that dark energy, functioning as a kind of |
antigravity, was their best guess,
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more conventional explanation, such asin.
tergalactic dust, which could contarinate
the brightness mensurements. But the now
observations scam to have edosed that Joop-
bole. The newly identified sepernova went
off about 1 hillion years ago—about 50%
further. back'in time than the previous
record bolder. “If the dust were there,”
says Lawrence Berkeloy astrophysicist Po-
ter Nugent, amember of Perlmutter’s team
and Riess’s collaborator oo the new re-
search, “the supornova would have been
much dimmer than it was.”

The new SUPOIMOVR'S TEmOLencss Wik
even more impartint for another reason.
“1f dark energy is really the explanation for
what wo 20e,” says Riess, a member of the
rival team, “then'its effect should have
beon woaker in tho carly universe.” That's
becauso while the force of gravity between
galodes falls as tiey move farther apart,
dark energy is a property of space and gete
stronger as the universe expands. Shostly
after the Big Bang, when the universe took
up relstively. litle space,  there: wasn't
much dark encrgy. Now muoch bigger, tha
modem universe has mare space and thus
moro energy. to shove galades apart. Sure
enough, this distant supernova shows that
tho expansion was slower loag ago.

While the now observations 2o a Jong
way toward confirming that dark energy is
real, astronomers would love to soe a' fow
more distan! supemovis, just to be sure.
Unfortunately, that wontbe happening
scon. The Hubble pictures that Risss and
Nugent znalyzed were all taken purely by
chance, while the teléscope wis looking for
other things. Aiming at distant galaxies in
hopes a supemovit will g0 off s an ineffi-
cient use of the telescope’s valuablo time,
The best bet would be a catellite devoted
to such a project—and indeed, Perlmutter
and ‘others are working on that idea, al-
though it will| take years to get off the
ground, -

If- space really does secthe with dark
encrgy, tho fate of the universe, a matter of
longstanding debato, will be clear. With
more dark energy today than yesterday, and
more of the stuff tomorrow than teday, the
costnos should Ay spart faster and faster as
tirne goos by, There will be vo Big Crunch,
as somo have predicted, with billions, of
galavies falling in on one another in a Sery
apocalypse. Tens of billions of years from
now, our Milky Way galaxy will find jtself
alone in empty space, with its nearest
neighbors too far nway to see. In the end,
tho stars will simply wink out—and tho uni-

| verse will end not with a bang but with the
Critics ‘angued that' there might be a |

meekest of whimpers, L]
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But this expansion rate is

actually not well-constrained
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But this expansion rate is
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Remember -~ I Supernovae?

(aka big stars that
explode without the help
of a companion star)

s \:ngCT ED '\/IATL:,ZP/:q'< .

Pressure from
neutrinos that drives N '
the expansion & o
subsequent - -
explosion

I use these
babies
(specifically
Type I1I1IP) to

try TO measure

the rate of the
expansion of
the Universe!
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THE BIG CRUNCH

NASA/STScI/G. Bacon



THE BIG RIP
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We need your help

supernovae!

Help discover supernovae from
Pan-STARRSI.

-

http://supernova.galaxyzoo.org

|Difference 1image TUTORIAL

Does the source centred in the green crosshairs
R S R in the rightmost image look like a detection of a
P sl i it real supernova?

“detection”)

Yes

&,

p & > »

NEED SOME HELP WITH THIS TASK?
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IF YOU REMEMBER ANYTHING
FROM THIS TALK, REMEMBER THIS:

» THE UNIVERSE IS EXPANDING. THAT EXPANSION IS ACCELERATING THANKS TO :

: DARK ENERGY. WE FOUND THAT OUT BY STUDYING SUPERNOVAE.
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