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e Universe with gravitational waves
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What is a gravitational wave? >
It Is a ripple In the fabric of spacetime
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Anything that have mass
caused this rubber sheet to bend

The more mass = the more that space gets bent and distorted by gravity
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Example

a big distortion of the space around it

If you try to move in straight line in such a
big distortion you will find yourself actually
moving in a circle

That's Is how orbits work:

there is not an actual force pulling the planets
around just the bending of space

R —
- —
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Gravitational waves are produced w
- masses accelerate changing the distortion
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Everything with mass and energ
can make gravitational waves

If you and | started dancing around
each other we would cause ripples
In the fabric of space and time

But these would be extremely small r
practically undetectable
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Gravity is very weak \

- In the scale of other forces In the univer

Strong - 107°m Very short range

.
&

g Weak nuclear Weak 107 18m Extremely short range
QL

c Gravit ,

= ¥ Gravity Infinite range
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When black holes merge
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When black holes merge
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First observation of gravitation
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First observation of gravitation

binary black hole merger
-0.55s
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First observation of gravitation

binary black hole merger
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First observation of gravitation

binary black hole merger
-0.51s
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First observation of gravitation
binary black hole merger
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First observation of gravitation
binary black hole merger
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First observation of gravitation

binary black hole merger
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First observation of gravitation

binary black hole merger
-0.05s
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First observation of gravitation

binary black hole merger
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First observation of gravitation

binary black hole merger
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First observation of gravitation

Inary black hole merger
.01 6

B et f. .'.f.“.‘. 24 .
. >al p > ¥ . sese - .I“Q\
. . ' g i 5 . PR A
- $4 Y 3 T LA USSSANN - wegele 54
: Y S ; 5 ‘ '\E:{¢’\'r ’ L Pa _- ;"
+ =2 e ’
b LAY
to e PN
et b

3
-'.. .
.
¢ x

o :
AN .

R TN AL :

\.I‘-" ", -l,l-l’\ n:-:-:.’ .':':: .' i . '
.AA a \

Pt
' 4
St
BTSN L‘:. .\?
.~.’1 L :;‘
ety v .
A >e .
Le33s 3 oy . a 13
oy ') :i‘\ '.$ ! ) “'|'” . M
M : . . / l
- LA b h .‘:' " NV ! " ;
. Y
J IANS .
.-" ety
.0. l';’i}
-
q" S
‘
'

e "oVt
4 ) .i
.. LAt ees 00
. r 3 LA
O A L
£0' MLALTLN
_‘Ir.,f\
.’._‘)rj
lad" & a®
—

———
———
S —— -
L —

| uis Anchorcloqui



First observation of gravitation

| -
binary black hole merger
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First observation of gravitation
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First observation of gravitation
binary black hole merger
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First observation of gravitation

binary black hole merger
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First observation of gravitation
binary black hole merger
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First observation of gravitation
binary black hole merger
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First observation of gravitation

binary black hole merger
0.002s
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First observation of gravitation

binary black hole merger
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First observation of gravitation
binary black hole merger
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First observation of gravitationc
binary black hole merger
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First observation of gravitation

binary black hole merger
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First observation of gravitation
binary black hole merger
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First observation of gravitation

binarv black hole merager
0.04s
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First observation of gravitation

binarv black hole merger
0.05s
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First observation of gravitation

binarv black hole merger
0.07s

| uis Anchorcloqui



Einstein’s Theory of General Relativi

> Space-time tells matter how to move

> Matter tells space-time how to curve

> (Gravitational Waves m ripples in fabric
of space-time

> Black Holes w final fase in collapse of matter
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Compact (NS-NS) binary merge
with strong outflows that powers a kilo

GRB

Kilonova Tet

Neutrinos
Outflows

1. Pre-merger stage w the binary with GW emission \\

2. The coalescence of the binary <

3. The formation of a hyper-accretion disc around the BH after the merger

with neutrino-dominated accretion flow (NDAF) and gamma rays
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How would you observe ripples In sp

If the space between you and me compressed or stretched = we wouldn't notice it if
we had made marks on our metaphorical rubber sheet

(for example using equally space rocks)

because these marks would also get
stretched further apart

= —
———
—
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‘However we there is one ruler that doesn't get stretched = Oone made using the speed of light
If the space between two points gets stretched w light will take longer to go from one to the other
and if the space gets squeezed = light take less time to cross the two points

——
—
-
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The LIGO experiment has 4 km long tunnels
and uses lasers to measure changes in the
distance between the ends of the tunnels

When a gravitational waves comes in
stretches the space in one direction

and squeezes space In the other direction

e ks e
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By measuring the interference of the lasers as they bounced between the different
points we can measure very precisely whether the space in between has stretched or
compressed
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The precision needed iIs incredible

To detect a gravitational wave you need to be able to tell when something changes in
length by a few parts in 107!

It's like being able to tell-that.a stick 1 m long has shrunk by 5 mm
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Laser Interferometer Gravitational-

- Observatory

LIGO - A GIGANTIC INTERFEROMETER

GRAVITATIONAL WAVE

MIRROR

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

If the arms are disturbed by a

BLACK HOLE

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

4 km long arms.

gravitational wave, the light waves L W) u

will have travelled different distan-
ces. Light then escapes through the BEAM SPLITTER LIGHT DETECTOR

splitter and hits the detector.

SPACETIME

The light MIRROR

waves bounce

s
and return: w

A gravitational wave affects the

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

Normally, the light returns unchang-
ed to the beam splitter from both
arms and the light waves cancel
each other out.

LIGHT WAVES
CANCEL EACH
-» >O<)< . OTHER OUT

BEAM SPLITTER LIGHT DETECTOR

LIGHT WAVES HIT
THE LIGHT DETECTOR

Ilustration: @Johan Jarnestad/The Royal Swedish Academy of Sciences
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Detecting gravitational waves is "
new way of studying the universe

Any time there is a new way to observe the universe we discover thing that we didn't expect
It's really about looking-for new things that we didn't know existed examining the extreme
edges of our knowledge of physics-and testing theories about how the universe works
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S

Gravitational Wave Standard Sirens

Gravitational waves offer a novel independent way to measure the expansion of the universe w
bypassing the assumptions of the traditional cosmic distance ladder

Mechanism:

The amplitude of a gravitational wave signal directly encodes the absolute luminosity distance
to its source

By independently determining the source's redshift (a measure of how fast it is moving away from us),
we can plot the distance-redshift relationship and measure the Hubble constant

Sources like merging binary neutron stars are called standard sirens because their gravitational wave
signals serve as a standard ruler in the cosmos
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A standard siren measurement of Hubb

Ho [km/s/Mpc]

832.5 1 e -
KP GW170817 o
80.0 - SHoES
77.5 CPH HST+ HSZI-Z
SHoES | GAIA2
75.0 i *
72.5 } % T
X
70.0 X
W3 o}
W5 15 X BNS
67.5
w1 W7 WQI I ¢ PI18 e
65.0 P13 “BAO P34
62.5 w Dist. Ladder e ACDM X Std. Sirens
2000 2005 2010 2015 2020
year
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From GWs to astrophysics and cosmology

. JWU\HP — ! AJW“W / o

A t—p
@2 2 )

Bright sirens Dark sirens

Redshift from EM counterpart « Statistically infer z from

E.g. GWI170817 galaxies in localization volume

Meed neutron stars! « Eg. GW170814

Bright counterpart at high-z? « Need good localization and
complete galaxy catalogs!
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Space holds the key to f

uture gra wave
experiments
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Laser Interferometer Space Antenna

3 satellites

2.5 milllon km arms

50 million km behind Earth
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What is the main working principle of LIGO?
A. Electromagnetic radiation
B. Gravitational wave detection
C. Particle acceleration

D. Quantum entanglement
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What is the name of the upcoming space-based gravitational wave

observatory called?

A. LISA
B. Hubble

C. Spitzer

D. Chandra



What is the name of the upcoming space-based gravitational wave

observatory called?

B. Hubble
C. Spitzer

D. Chandra



What does LIGO stand for?
A. Light used for gravitational observations
B. Laser interferometric gravitational wave observatory
C. Lunar gravitational orbit

D. Luminosity of gravitational objects
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A. Light used for gravitational observations

C. Lunar gravitational orbit

D. Luminosity of gravitational objects



Which scientist first predicted the existence of gravitational waves?

A. Isaac Newton
B. Albert Einstein
C. Stephen Hawking

D. Nicolaus Copernicus
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Which celestial event was the source of the first observed gravitational waves?

A. Neutron star merger
B. Supernova explosion
C. Black hole merger

D. White dwarf detonation
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B. Supernova explosion

D. White dwarf detonation



What is the approximate length of LIGO arms?
A. 1 km

B. 4 km

C. 4m

D. 10 km
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A. 1 km

C.4m

D. 10 km



