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FUTURE

Long-term Cosmic Outcomes
What do you expect?

Size of the universe relative to today
Y2 1 (today) 2

Age of the universe

A Dark energy A Dark matter Ordinary matter

Dar!( Energy Before long mass will play an insignificant
Will Rule! role in restraining the acceleration of space.




Relative size of the universe

Long-term Cosmic Outcomes

Qp

0.3
0.3
1.0

now

T

Dark Matter + Dark Energy
affect the expansion of the universe ‘

Qv present
0.7
0.0
0.0

~ F

exp [(A/3)* 1] |

“runaway”
The bigger it gets —
the faster it grows

e

Q,, = all mass /

2X

now

3x
now

Adapted from O&M Fig 7.2
1

-10 Now
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“baryons”
& radiation
DM 5% A

Now:
Gravity now plays a

minor role

5%
L 1%

Gravity won't matter
much longer

Billions of Years

The Cosmic Future

Short-Term Cosmic Forecast
(< 100% present time)

<> Darker, colder, and less dense

< Existing gravitationally bound systems will persist
(and slowly become even denser)

<> High-mass star production will drop off. Supernova
rate will go down, as will the production of most
heavy elements.

< All star formation ends once the ISM is depleted

<> White dwarfs and neutron stars will eventually
deplete the reservoir of interstellar dust and gas.

<> Friction results in the Earth’s orbital death spiral
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EARTH HUMANITY HEAVENS
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What can we expect in 1,000 years, 10,000 years, a million, 10 quadrillion? -O- @ @
There may be trouble ahead...
SIZE = MAGNITUDE OF EVENT

[ONE THOUSAND YEARS FROM NOW

1,000
ings decayed " Mostwords extinct
If civllisation collapses, Due to rapld evolution of
most bulldings, bridges languages, no single present

&dams around today day wordwill have survived
will have fallen

2,000
Greenland ice melted *
Ice sheet completely melted with
extrame global warming (+8C)
Sea levels 6 metres higher

1,000
2372 New North Star
Hale-Bopp retums Gamma Cephel replaces Polarls
Comet last seen 1957 = 3,200
Due around 4385 AD S New North Star #2
= > lota Cephel wins the top spot
Mayan endtimes (again) ®©

3May 7138AD
You read It here first!

1000
O Carbon Dioxide
29% of carbon dloxide
released before 2100
still here

8,000 s N
PRI 10,000
Humanity’s birthday @ Carbon Dioxide

Rough length of the perfod

13,000
of human civilisation @

//////

Chemoby finally safe '8

1,000,000 1,000,000 g,
Betelgeuse explosion L Monuments >
Latesttime thered superglant Masslve stone structures

starw Il explode. Likely to be Ike Glza or sculptures at
easlly visbleIndaylight  Mount-Rushmore may still

exist. Everything else gone

1

Probe passes the Lambda
Aqullae system, 125 light
years from Earth

10°to 10%y

Mount Rushmore eroded

LAGEOS re-entry
The satellite’s orbits are programmed to
decay & re-enter Earth's atmosphere
carrying messages and maps to future
descendents of humanity

10,000,0 s
A new ocean formed
Red Sea flooded, dividing
the continent of Africa

0,000,000
Mediterranean gone =
Africa has collided with Eurasia,
sealing off the Medtterreanean
Basln and creating a mountain
range similar to the Himalayas

Australla and Indonesla merge.

Alantic ocean shrinks &2
America and Africa start
moaving back together until...

Earth’s axial tilt reversed
Earth tilted towards the Sun In June
— Northem hemisphere suffers
more extreme weather due to

14% of our carbon
dioxide still here —
assuming no solution
has been found

Pioneer 11 %

!

””I/; s
0,000 TEN THOUSAND YEARS :

higher percentage of land

: TR 18,860
% / ‘ Calendars concur

114 o

Islamic & Gregorlan calendars
share the sameyear: 20,860

ONE MILLION YEARS

1,000,000
. Glass decomposed

All glass created to datewlll

'/ have finally degraded
[ 1.450.000
: n, 14 )
‘s,

Galactic near miss
The star Gllese 710 passes
about 11 light years from the
Sun. Close enough to perturb
the Oort cloud, triggering
penetration of comets Into
the Inner solar system

Men extinct?
Some have proposed the Y
chromosome could dle out
= - making men Impossible.
— But new research shows
It's here to stay.

B 10.000,00:
@ Earth irradiated
StarT Pyxidl, 3,260 light years away
goes supernova. Close enough to bathe
the planet with gamma radlation,
triggering mass extinctions

0,000,001 50,000,001
: Antarctica ice melt . Galactic empire
Migrates north and melts,  TIme at which the entire
ralsing sea levels by 75m  galaxy could be colonised
even at sub-light speeds
Earth's orbit unpredictable
The effects of gravity multiply over

long perlods, making orbits chaotic
and Impossible to predict

ONE HUNDRED MILLION YEARS

' Galactic orbit
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Australla and Indonesla merge

7,
7,
“

105 to 10"y

i

150,000,000
Atfantic ocean shrinks &=

America and Africa start
moving back together untl...
250,000,000 <5
All continents fused
Three possible configurations
for the final supercontinent:

E®E®H®

Novopengaea  Amask  Pangasa Praxima

600.000.000

Total solar eclipses impossible
Tidal acceleration pushes the moon
too far away from Earth for total
solar eclipses to be Impossible

1,000,000,000 4%
Game over, man
The Sun's luminostty Increases 10%
Earth's surface temperature risesto 47C
The oceans evaporate. Atmosphere
becomes a“molst greenhouse” — small
pockets of water may still exist at
the poles, allowIng simple life
3.500,000,000 g
Earth like Venus ‘&
Surface conditions near
Identical (read: very nasty)

4.000,000,000

Milky Way vs Andromeda
Qur galaxy collides with a massive
neighbour forming a single, super
Milkomeda gdaxy

7.900,000,000
Sun hits max radius )0 _
256 times current stze. Mercury, Sun = white dwarf GENBICLONVERS
‘enus and maybe Earth destroyed  §acomes a carbon-oxygen
tar with about 54% of fts 14.400.000,000
curentmass  up = lack dwarf
Its temperature and luminosity
plummets, making it Invisible
to human eyes (not that they
exist anymore)

exist anymore)

100,000,000,000

Local group merge
All the local galaxles will start
to merge. The process will
take nearly one trillion years

1,00
Local group finishes merging

10" to 107y

110,00
Star's Fuel Exhausted
Allstarswlill have died.
The only objects left are remnants: white
dwarfs, neutron stars, and black holes

100,000,000,000,000,000,000

Earth dies =

If not consumed by a swollen Sun at 54bn
years, the Earth's orbit will have finally
decayed and it will plunge Into the sun

sancient

The effects of gravity multiply over
long perlods, making orbits chaotic
and Impossible to predict

240,000,000

Galactic orbit
The solar systemwlll have
completed one entire revolution
around the Milky Way

£00,000,00(
1‘ End of C3 photosynthesis
One of the three types of
photosynthasis will no
longer be possible. 99%
of all specles will die

800,000,000
ﬂ End of multicel lular life
C4 photosynthesls no longer
possible. Multicellular life dles

300,000,000
ﬁ End of most cellular life
CO2 starvation kills all cells
with a nucleus (eukaryotes)
Only those without nuckel
(prokaryotes) survive

2.300,000,000
ONE BILLION YEARS ) End of Earth's
magnetic field
Earth core freezes. Rotation
generates the magnetic
fleld — no rotation and no

800,000,000
fleld means no protection = et et b
fromthe Sun ﬁ The end of life

Surface temperature hits 147C.
Alllffe dles — seeyal

540 000
Sun's hydrogen exhausted
Begins to evolve Into a red glant

One potential end of the universa.
Allmatter Is tom apart by the expansion
of the universe. All distances become
Infinite — not good

One potential end of the universe.
Allmatter Is tom apart by the expansion
of the universe. All distances become
Infinite — not good

150, 000,000

Cosmic microwave background
The afterglow of radlation from the
Big Bang cools from-270C to near
absolute zero, making It undetectable
to current technology

1,000,000,00 00

End of star formation
Galaxles have lost the gas clouds needed
for star-formatlon. Earllest estimate

Lowest estimate for the end of stellar
birth. Beginning of the ‘Degenerate Era’
of universe-wide star death

ONE QUADRILLION YEARS

TEN QUADRILLION YEARS

o . BB C]
@iibstudio for FUTURE




BEYOND THE HORIZON

BEYOND THE HORIZON

The Universe doubles in size every 12 billion yrs

Suppose that the exponential expansion
(runaway inflation) of space and time
continues.

Our horizon grows at the speed of light.
But space-time expands even faster!

The speed of distant objects increases until,
eventually, their apparent speed exceeds c.
These objects disappear over the horizon
and are never observable again.

https://en.wikipedia.org/wiki/Future_of an_expanding_universe



BEYOND THE HORIZON

.. y‘
Vrgo S 1l Gr roups

: PR \Ge7se ; . NGC 6744 ,
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. i Ml‘"
Sculptor? Maffg| M81

e HNGC299T
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] o years astronomy (and mtergalactlc il >
transporta!wE s €ommunication) beyond-the tocal

Group becomes causally.impossible.

The Cosmic Future

Medium-Term Cosmic Forecast
( 10* x present time)

< The “Cosmic Sprawl”: Acceleration of the Cosmic

Expansion (if it continues) makes everyplace lonely
< 100 trillion (10%4) y: All ISM depleted

< Star formation ends

< The last red giant becomes a white dwarf

< Occasional flares as brown dwarfs collide

< Galaxies fade as their white dwarfs cool

< All chemical and nuclear energy depleted




The Cosmic Future

Ultimate Cosmic Forecast
(>101% x present time)

< 10* y: white dwarfs die from proton decay and
neutron stars decay from neutron beta decay

< > 1090 y: frigid and orderless ‘ULTRA-LOW-density sea’
of photons (sub radio energy) electrons, positrons.

The 2nd Law and local
quantum effects rule!

Frontiers of Cosmology Research

Experiment

The Energy Frontier
Origins of Mass '
7 ' Theory Simulation

Matter/Anti-matter
Asymmetry

Along Three Paths

0 Dark energy Accelerators
Neutrino Physics

Proton Decay

The Intensity The Cosmic

. . Detectors Computing
Frontier Frontier \

Enabled by
Advanced Technologies in:

Physics Frontiers



The Cosmic Future

Ultimate Cosmic Forecast
(>10° x present time)

<> 10*%y: white dwarfs die from proton decay and
neutron stars decay from neutron beta decay

<~ > 101 vy: frigid and orderless (but lumpy) ‘sea’ of
sparse photons (sub radio energy) electrons,
positrons.

The 2" Law and iblc|a||l’q-ualntum effects rule!

Frontiers of Cosmology Research

Along Three Paths

Enabled by
Advanced Technologies in:

Physics Frontiers



COSMIC HISTORY (10*3sto 1 hr)

One hour

3 to 20 minutes: Formation of helium nuclei

Big Bang nucleosynthesis

Lepton epoch

One second

One microsecond
Quark epoch
One picosecond

Electroweak epoch

Lepton/anti-lepton pairs annihilate.

Neutrinos cease to interact with other particles.

Formation of hydrogen nuclei

Quarks become confined within hadrons.

The "weak'™ force separates from the
electromagnetic force resulting in the four
separate forces we know today.

Reheating after inflation populates universe
with quarks and anti-quarks.

Inflationary epoch. The Universe expands exponentially

Grand unification epoch
1E-43 seconds

Separation of the strong force from the
electronuclear force.

Planck epoch

par time

Planck time, the smallest observable unit of time
and the time before which science is unable to
describe the universe. At this point, the force of
gravity separated from the electronuclear force.

COSMIC HISTORY (1 hr-10°yr)

One million years

a pPIlU! 0O O TOrm: aoDle atoms. FNolo
are no longer able to interact strongly with atoms.

Recombination- COSMic microwave background radiation streams
freely.

One thousand years

___ Oneyear Photon epoch

The Primordial Era

___ One hour_

70,000 years: Matter domination




COSMIC HISTORY (106 yr - 1019 yr)

1E100 years — Asupermassive black hole with mass
10 billion solar masses has evaporated.

— Anblack hole with the mass of the Sun
The Black Hole Era has evaporated.

All protons decay. The matter that stars and life
——————were built of no longer exists.
— Half of all protons have decayed.

The Degenerate Era
Galaxies no longer exist. Stars flung out of orbit
or consumed by black holes.
Solar systems no longer exist. Planets flung out
- of orbit or consumed by larger bodies.
Pne quadrillion years —___Sunhas become a Black Dwarf.
—Formation of new stars ceases.
One trillion years Stars cease to fuse.

Life on Earth 13.8 billion years: this present day
One billion years The Stelliferous Era ZOOM IN MORE 9.1 billion years. Formation of the Sun
16 DIl years. ZOOM IN Reionization — 600 million years. Formation of the first galaxy
100 million years. First star began to shlne
17 million zeﬂrs Habitable e ?o
Dark Ages 3 9,000 year: ydrogen and heflium nu e|
One million vears capture electrons to form stable atoms. Photons
€ mition years are no longer able to interact strongly with atoms.
Recombination- Fos'mic microwave background radiation streams
reely.

70,000 years: Matter domination

COSMIC HISTORY (1010 yr - 101000 yr)

1E1000 years

The Dark Era

1E100 years — A supermassive black hole with mass
10 billion solar masses has evaporated.

The BlackElolelEra —é\aglz%légglgl\ggh the mass of the Sun




