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Cosa e un’onda?

The Electric Field of an Oscillating Charge

Elettromagnetismo ci dice che una carica elettrica
che oscilla produce una perturbazione (onda) nel
campo elettrico.




Onde Gravitazionali

Masse ferme

Curvatura dello spazio-tempo

Perturbazione della curvatura
dello spazio tempo

ONDE GRAVITAZIONALI (GW)



Onde Gravitazionali

Einstein, A., Rosen, N.:
On Gravitational Waves.
Journal of the Franklin Institute 223 (1937), 43-54.

Peer
Review




Peer Review = revisione tra pari




Onde Gravitazionali

Come si rivelano le onde gravitazionali?




Onde Gravitazionali
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LIGO = LASER INTERFEROMETER GRAVITATIONAL-WAVE OBSERVATORY



Onde Gravitazionali
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Cosa s1 misura in pratica

Perche’ LIGO ha bracci
lunghi Km?




Frequency (Hz)

Onde Gravitazionali: la scoperta
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Proviamo a fare un esperimento assieme




* Domande fondamentali

Da quale direzione arriva I’onda?

cos@= ot/ (cDyy)




Onde Gravitazionali
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* Domande fondamentali

Da quale direzione arriva I’onda?

cos@= ot/ (cDyy)




Quanto Dista?

400.000.000 Parsec




LIGO Hanford Data (shifted)

Strain (10?)
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Inspiral Merger Ring-
down
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BBH: quanta massa!!

_LIGO Hanford Data (shifted)
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BBH: tutto si1 conserva ...

1.0 _LIGO Hanford Data (shifted)
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Strain (10?)
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n = 62 M~ +3 Mg
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L= " 05 ~ 3 x 10°° erg/sec




\ BBH: quanto sono grandi?
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L= 3 x 10>° erg/sec

Raggio ~ 4 - 6 km

1) Esistono BH di 30 - 40 masse solari
2) Esistono BH in coppia
3) Le onde gravitazionali esistono (100 anni dopo altra conferma) -



Domande fondamentali
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Domande fondamentali

The principle of radiatively driven winds LO Sapevate Che e e
le stelle dimagriscono durante
la loro vita

Photons

Se voglio 50 M, di BH la stella
deve perdere poca massa ...

The photon isabsorbed  and reemitted again Fac C i amo un e Sperimento




> < Domande fondamentali
A

Come posso formare UNA COPPIA di buchi neri con questa massa?

“ab 1n1t10” “cattura dinamica”
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Onde Gravitazionali
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Onde Gravitazionali: LISA - eLISA
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Onde Gravitazionali: Pulsar Timing Array




Characteristic Strain

Onde Gravitazionali
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Onde Gravitazionali

Perche’ se aumento la
massa vedo onde a
frequenze piu’ basse?




Onde Gravitazionali




Onde Gravitazionali

https://www.zooniverse.org/projects?discipline=astronomy&page=1&status=live

zooniverse.org E

Signin Register =

J GRAVITY SPY ABOUT CLASSIFY TALK COLLECT BLOG

FIELD GUIDE

- scientists at LIGO search for gravitational
waves, the elusive ripples of spacetime.



IL DOPPIO SENSO DELLA SCIENZA
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Il doppio senso della scienza (G. Ghirlanda — Brera 21/12/2016)

Caltech site on GW detection (with videos):
https://www.caltech.edu/news/gravitational-waves-detected-100-years-
after-einstein-s-prediction-49777

Brian Green site: http://www.briangreene.org

Diventate cacciatori di onde gravitazionali a casa con il vostro computer:
https://www.zooniverse.org/projects?discipline=astronomy&page=1&status=live
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[BLACK HOLE] / MASS

A BLACK HOLE IS ONE OF THE SIMPLEST OBJEL:TS IN THE UNIVERSE.
IT HAS ONLY TWO CHARACTERISTICS: ITS MASS (WHICH DETERMINES
ITS SIZE), AND ITS SPIN (HOW MUCH SPACETIME SWIRLS AROUND)

WHEN YOU HAVE TWO BLACK HOLES IN A BINARY SYSTEM, THINGS
GET MORE COMPLICATED. WE NOW HAVE THE MASSES AND SPINS OF
BOTH BLACK HOLES, THE SPINS STAY THE SAME SIZE DURING THE
ORBIT, BUT THEIR DIRECTIONS WOBBLE AROUND IN A PROCESS
CALLED PRECESSION. THE GRAVITATIONAL WAVES REACHING EARTH
FROM THE BINARY ALSO DEPEND ON WHERE THE BINARY IS AND
WHICH WAY IT IS ORIENTATED.

PRECESSION

)

[SPIN]

AS THE BLACK HOLES ORBIT EACH OTHER, THEIR SPINS CHANGE DIRECTION,

THIS ALSO CAUSES THE ORIENTATION OF THE ORBIT TO TOPPLE BACKWARDS

AND FORWARDS A LITTLE. THIS PRECESSION LEAVES AN IMPRINT ON THE
GRAVITATIONAL WAVES: THEY BECOME LOUDER AND QUIETER AS THE SPINS
WOBBLE AROUND. THE PRECESSION DEPENDS ON DIRECTIONS OF THE TWO

SPINS, COMPARED TO EACH OTHER AND COMPARED TO THAT OF THE ORBIT.

THE SPIN OF THE MORE MASSIVE BLACK HOLE HAS A LARGER EFFECT THAN
THAT OF THE SMALLER ONE.

'WE DON'T SEE MUCH SIGN OF PRECESSION IN GW150914. THIS MAY BE BE-

CAUSE SPINS ARE SMALL, ITS INCLINATION MEANS THE WOBBLES AREN'T VISI-
BLE. OR A COMBINATION OF BOTH. SINCE THE INSPIRAL IS SHORT, WE WOULD

NOT EXPECT TO SEE A LARGE EFFECT IN ANY CASE.

| S

N k) . TN

[REDSHIFT]

THE EXPANSION OF THE UNIVERSE AFFECTS GRAVITATIONAL WAVES IN A
COUPLE OF WAYS. AS THE UNIVERSE EXPANDS, IT STRETCHES THE WAVES
TRAVELLING THROUGH IT. THIS IS WELL KNOWN IN ASTRONOMY AND IS
CALLED REDSHIFT, AS IT MAKES VISIBLE LIGHT MORE RED. TO HAVE A
LARGE EFFECT, THE WAVES MUST HAVE TRAVELLED A LONG WAY.

THE FIRST EFFECT IS THAT THE FREQUENCY OF THE WAVE CHANGES. THIS
HAS THE SAME IMPACT AS CHANGING THE MASSES: THINGS FURTHER
AWAY APPEAR MORE MASSIVE. THE SECOND EFFECT IS TO CHANGE THE
AMPLITUDE, WHICH IS THE SAME AS CHANGING THE DISTANCE: WE OFTEN
TALK ABOUT THE LUMINOSITY DISTANCE, WHICH ABSORBS THIS EFFECT,
BUT ISN'T THE SAME AS IF WE MEASURED THE DISTANCE TO THE SOURCE
USING A TAPE MEASURE.

TF WE GET ENOUGH MEASUREMENTS OF HOW GRAVITATIONAL WAVES ARE
REDSHIFTED, WE COULD POSSIBLY LEARN SOMETHING ABOUT HOW THE

UNIVERSE IS EXPANDING.
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[CHIRP MASS]

THE WAY THE SIGNAL CHANGES DURING THE INSPIRAL IS
PRIMARILY FIXED BY A COMBINATION OF THE BLACK HOLE
MASSES WE CALL THE CHIRP MASS. IF WE SEE LOTS OF
CYCLES OF INSPIRAL, WE CAN MEASURE THE CHIRP MASS
REALLY WELL (BETTER THAN A FRACTION OF A PERCENT)
WHEN THINKING ABOUT WHAT WE CAN LEARN FROM GRAVI-
TATIONAL WAVES, PEOPLE OFTEN FIRST THINK ABOUT THE

MASS.

[STAGES]

GENERAL RELATIVITY). THE,

ONE OF THE REASONS WE DIVIDE UP THE GRAVITATIONAL WAVE SIGNAL IS BECAUSE DIFFERENT
TECHNIQUES CAN BE USED TO CALCULATE THE WAVES AT DIFFERENT POINTS. THE EARLY

CAN BE CALCULATED USING POST-NEWTONIAN THEORY (THIS STARTS WITH NEWTON'S

THEORY OF GRAVITY AND ADDS LITTLE EXTRA BITS TO ACCOUNT FOR HOW THINGS CHANGE IN
CAN BE CALCULATED USING BLACK HOLE PERTURBATION

THEORY (THIS STARTS WITH THE FINAL SHAPE OF THE BLACK HOLE, AND SEES HOW IT REACTS

%ﬂg AN ONLY BE CALCULATED USING NUMERICAL RELATIVITY

(SIMULATIONS OF THE FULL EQUATIONS OF GENERAL RELATIVITY WHICH TAKE LOTS OF COMPUT -
ING POWER): THIS HAS ONLY BEEN PQSSIBLE IN THE LAST 10 YEARS, SO THE MERGER WAS THE

TO SMALL CHANGES). THE

LAST PART OF THE PUZZLE.

TF WE HAD A BINARY CONTAINING NEUTRON STARS INSTEAD OF BLACK HOLES, THE INSPIRAL

WOULD BE MUCH THE SAME, [BUT THERE WOULD NOT BE THE SAME MERGER AND RINGDOWN.

THE SIGNAL WOULD BE MUCH MESSIER. POSSIBLY FEATURING NEUTRON STARS BEING RIPPED
APART, BEFORE COLLIDING AND COLLAPSING TO A FINAL BLACK HOLE.

C:D INSPIRAL
@ MERGER
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THE SIZE OF THE SIGNAL, ITS AMPLITUDE, DEPENDS ON HOW FAR AWAY
THE BINARY IS. IF THE DISTANCE WERE TWICE AS BIG, THE AMPLITUDE
WOULD BE HALF THE QUIETER A SIGNAL IS, THE HARDER IT IS TO DETECT,

L) AND THE LESS WE CAN LEARN ABOUT ITS PROPERTIES.

HEAVIER SYSTEMS PRODUCE LOUDER GRAVITATIONAL WAVES AS THERE IS
MORE MASS MOVING AROUND TO CREATE THE WAVES.

-1 THE SIGNAL AMPLITUDE DEPENDS UPON THE WAY THE BINARY IS FACING

(ITS INCLINATION). AND ITS POSITION IN THE SKY: THE DETECTORS ARE NOT

EQUALLY SENSITIVE TO GRAVITATIONAL WAVES FROM ALL DIRECTIONS (THE
SIGNAL IS LOUDEST WHEN THE SOURCE IS DIRECTLY ABOVE OR BELOW A

DETECTOR. Ve

Seceseccecccccsccccce

(‘ ) [P)NGlDOWN]

THE RINGDOWN PART OF THE SIGNAL COMES FROM THE FINAL BLACK HOLE, SO
IT DEPENDS UPON ITS MASS AND SPIN. THE FINAL MASS IS ALMOST THE SAME AS
THE TOTAL MASS OF THE TWO INITIAL BLACK HOLES (SOME ENERGY IS LOST,
CARRIED AWAY BY THE GRAVITATIONAL WAVES). THE FINAL SPIN DEPENDS
UPON THE SPIN OF THE INITIAL BLACK HOLES AND HOW THEY WERE ORBITING
AROUND EACH OTHER WHEN THEY MERGED.

[INCLINATION]

THE WAY THE BINARY IS FACING THE EARTH DETERMINES THE
GRAVITATIONAL WAVES WE SEE. IF IT IS EDGE ON, THE SIGNAL IS
QUIETER, BUT IT IS EASIER TO SPOT SMALL CHANGES CAUSED BY

THE BLACK HOLES’ SPINS. TF IT IS FACING US, THE SIGNAL IS
LOUDER, BUT IT'S HARDER TO TELL IF THE ORBIT WOBBLES BE-
CAUSE OF PRECESSION. WE HAVE A GREATER CHANCE OF DE-
TECTING A FACE-ON BINARY BECAUSE THEY CAN BE DETECTED
FROM FURTHER AWAY.

o040 : TIME (S)

cecsccscsse

Mo+ M,
[TOTAL MASS]

[SKY]

WITH MULTIPLE DETECTORS, WE CAN WORK OUT WHICH DIRECTION

THE GRAVITATIONAL WAVES CAME FROM BY LOOKING AT THE TIMES
WHEN THE SIGNALS ARRIVED AT EACH DETECTOR. THIS IS SIMILAR TO
HOW YOU CAN LOCATE THE SOURCE OF A SOUND USING YOUR EARS.

THE TOTAL MASS OF THE SYSTEM DETERMINES HOW LONG IT TAKES FOR
THINGS TO HAPPEN. HEAVY SYSTEMS ARE BIGGER, AND SO CHANGE MORE
SLOWLY. THE GRAVITATIONAL WAVES ARE AT LOWER FREQUENCIES, WHICH

MEANS THAT LIGO CAN ONLY SEE THE FINAL PARTS. LIGHTER SYSTEMS PRO-
DUCE GRAVITATIONAL WAVES AT HIGHER FREQUENCIES, SO WE CAN MEASURE
MORE OF THE INSPIRAL.

THE TOTAL MASS OF THE SYSTEM SETS WHICH PARAMETERS ARE MOST
EASILY MEASURED. FOR REALLY MASSIVE SYSTEMS WE MEASURE THE TOTAL
MASS BEST (AS WE ONLY SEE THE MERGER AND RINGDOWN). BUT FOR LIGHT
SYSTEMS, LIKE BINARY NEUTRON STARS, WE MEASURE THE CHIRP MASS BEST
(AS WE ONLY SEE THE INSPIRAL). GW150914 IS SOMEWHERE IN THE MIDDLE.

WE CAN GET SOME EXTRA INFORMATION ABOUT THE DIRECTION FROM
HOW LOUD EACH SIGNAL IS (SINCE EACH OF THE DETECTORS HAS ITS
BEST SENSITIVITY IN A DIFFERENT DIRECTION), AND WHERE THE WAVE
IS IN ITS CYCLE.




