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B, M, ASTroOnNORAY

Current e.m. telescopes are
mapping almost the entire
Universe

visible

VLT (Very Large Telescope)

Galileo’s telescope
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B, M, ASTroOnNORAY

Current e.m. telescopes are
mapping almost the entire
Universe

Keywords: visible

— Map itin all the accessible
wavelenghts

Arecibo Radio Telescopes VLA

V. Fafone - Light, neutrinos and gravitational waves



B, M, ASTroOnNORAY

e Current e.m. telescopes are
mapping almost the entire

Universe
visible

 Keywords:

— Map itin all the accessible
wavelenghts

WMAP

Hubble

Microwaves telescopes




2. M. AsStronommy

e Current e.m. telescopes are
mapping almost the entire
Universe

visible

 Keywords:

— Mapitinall the accessible
wavelenghts

uwaves .t ¢ infrared

E-ELT (infrared telescope)




5, M, ASTronORAY

e Current e.m. telescopes are
mapping almost the entire
Universe

visible

 Keywords:

— Map itin all the accessible
wavelenghts

GAMMA-RAY LARGE AREA SPACE TELESCOPE

NASA's Fermi telescope reveals best-over view of the gamma-ray sky

11 10 Layers of 0.5 rad Length Converter (pb)
B 12 Layers of XY Silicon Strips

~w Gamma Rays

— Positrons/Electrons

Fermi (GLAST) telescope









How elo we know wihat happens
inside the sun?
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How do we know what happens
inside the sun?

Einstein (1905): Formulated Theory of Special & E
Relativity, with that came E=mc? "&"' n.
Aston (1920): Found that the atomic mass of

Helium was one part in 120 less than four Hydrogen

atoms

| qH He
Eddington (1920): Stated that Sun burns Hydrogen

into Helium producing heat and light

Bethe (1939): Explained “CNO” cycle responsible for +EI.

Sun’s energy production
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How de we know what happens
insicle the sun?

e We think that in the Sun we have nuclear reactions

Y Energy ”
Proton ff
9 r/"(
Proton
= & —
= 4He
9
Proton \
v v
9
Proton 1

e How can we prove this is the reaction taking place inside the Sun?

 Neutrinos are the signature we have to say there are nuclear reactions inside
the Sun, differently from light which comes from the outer regions
e Detect solar vs!
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Heow o we know winat happens
insicle the sun?

Thees Generahans
of Mamar (Famians)

e Bosons

Lepinns

','-1[1]
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How de we know what happens
insicle the sun?

How can we measure vs coming from Sun?

1. How many vs come from the Sun? ne

e Each second, in the center of the Sun, 600

million tons of Hydrogen become 596 million H >96 million tons
tons of Helium = 4 tons of mass per second \G/
become energy and vs =2 huge flux 600 million tons .
\ I 7
each second 60 billions of neutrinos crossa  —— &
surface of 1 cm? i.e. a surface like a thumb  — —
nail. e b
/ \
Iy
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How de we know what happens
insicle the sun?

How can we measure vs coming from Sun? . \\
2. How can we measure them?

e vsare very elusive and penetrating 2 we need to
shield the detector from other types of radiation

(e.g. cosmic rays)

- Underground detectors!

V. Fafone -




The INFN Gran Sasse Laboratory

5 P Vi el Y The lab of cosmic silence
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VS rom Supernovae

* Only0.1% of the emitted energy in a
SN is through e.m. radiation

* 99.9% is emitted as neutrinos

e wvsare the tool to investigate the
internal structure, the dynamics of the

collapse

The Vela Pulsar (PSR J0835-4510)
A radio, optical, X-ray- and gamma-emitting pulsar

associated with the Vela SN Remnant in the
constellation of Vela.

Malky Way Cenvter
|

’
S s =

-
Blazar 3C454.3
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VS rom Supernovae

Crab Nebula
Distance: 6000 year-light, diameter 10 year-light, expansion velocity 1800 km/s

SN remnants observed on July 4" 1054 in Cina and in America, visible also
during the day for 23 days

In the center there is a Pulsar (not visible in the picture) rotating at a frequency of
30Hz

The Crab Nebuka in Taurus - (VLT KUEYEN + FORS2)
il

Below you can see the original engraving by the
chinese astronomers and its translation

10544 7H 48 [Reg®|dits: - TE=H 58X
WEEER BRZkt. ¥, ERUCEAH > BHE
07 SFRE - EARH > AU - BRE  ET
T+=H-

In the “ShongHuiYao” book, which means “Collection of the
Shong dinasty” it is written: “In month March of year ZhiHe
(May 1054), the astronomer noticing that the KeXing star
was decreasing its intensity, foresees that the star will
disappear. In the morning of May 13t of the same year (July
4™, 1054) a new star is born at east like a celestial guardian.
The star is so bright during daylight as the polar star is during
the night, with a particularly bright and white corona, for 23
days”
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That’s all, Sir?
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Do not forget gravity

V. Fafone - Light, neutrinos and gravitational waves



General Relativity: @ hew theory of Gravity

Einstein (1915): Gravity is not a force, but a property of space & time
Concentrations of mass or energy distort (warp) spacetime

Objects follow
shortest path
through this
warped spacetime
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General Relativity: @ hew theory of Gravity

REVOLUTION IN
SCIENCE.

NEW THEORY OF THg
UNIVERSE,

NEWTONIAN IDEXS
OVERTHROWN.

Yesterday afternoon in the rooms of tha
Royal Society, at a joint session of the Royal
and Astronomical Societies, the results oby
tained by British observers of the total solgy
eclipse of May 29 were discussed.

The greatest possible interest had been
aroused in scientific circles by the hope that
rival theories of a fundamental physical
problem would he put to the test. and there was
a very large attendance of astronomers and
physicists. Tt was generally accepted that the
observations were decisive in the verifying of
the prediction of the famous physicist, Einstein,
stated by the President of the Royal Society
as being the most remarkable scientific event,
since the discovery of the predicted existence
of the Pplzn}(-t. Neptune. -Bu_t- there was difier

ALBER
EINSTEIN

London Times, 6
November 1919
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An application of GR to everyeay life: the GPS

DOPS IHORKS

X~
GPS sateflites broadcast radio signals providing

their locations, status, and precise time {1}
from on-board atomic clocks.

{c}

The GPS radio signals travel through space at the
speed of light {c}. more than 299,792 km/second.

-

A GPS device receives the radio signals,
noting their exact time of arrival {t,}. and
uses these to calculate its distance from
each satellite in view.

The GPS Master Controt Station tracks the R
satediites v @ a plobal manitoring network

and marages their health-on a daily basis.

Ground antennas arcund the world

send data updates and operationa!
commands to the satelites.

IS A CONSTELLATION .
OF 24 OR MORE - ‘
SATELLITES FLYING o A
20,350 KM ABOVE THE B 3
SURFACE OF THE EARTH.

EACH ONE CIRCLES THE

Ta caiculate its gistance from 3 satellite, 3 EPS
device applies this formula to the sateilite’s signal:
distance = rate X time
where rate is (C} and ke is how jong the signal
traveled theough space.

The signal's travel time is the difference
between the time broadcast by the satellite I,}
and the time the signal is receved {[?}.

The Air Force jaunches new sateilites to replace
aging ooes when needed. The new satellites offer
and rel@bil

PEr 24 e

) Once a GPS device knows its distance from at least
four satellites, it can use geometry to determine
its location on Earth in three dimensions.

How does GPS help farmers? Learn more about the
Giobal Positioning System and its many applications at

AT —————
www. orPrs. 00V
"
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A prediction of GR: black holes

Neutron Star Black Hole

———————
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A prediction of GR: gravitational waves

Ripples in spacetime moving at the speed of light



W

Try at home!

=1 ="1000 kg
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Sources of GW

e Gravitational collapse

At the end of its life a star collapses — supernova
This event is accompanied by the emission of GWs.

When a massive star explodes, it creates a shell of hot gas that glows brightly in X-
rays. These X-rays reveal the dynamics of the explosion.
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Seurces of GW

Gravitational collapse

Pre-supernova star

GW emitted Collapse of the core

Interaction of shock
with collapsing envelope

Star brightens byru 108 times




Seurces of GW

e Neutron stars (Pulsars)
Very compact objects (R~10 km) made by neutrons. Very high density (1012 - 1014 g/cm3). The
estimated number rotating of NS in our Galaxy is about 109 about 1000 are observed as pulsars.

f=10-100 Hz

MPI{R-Bonn Pulsar Group




Sources of GW

* Binary systems

This artist concept depicts two white dwarfs called RX J0806.3+1527 or J0806, swirling closer together, traveling in excess of a
million miles per hour. As their orbit gets smaller and smaller, leading up to a merger, the system should release more and more
energy in gravitational waves. This particular pair might have the smallest orbit of any known binary system. They complete an orbit
in 321.5 seconds - barely more than five minutes.
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Sources of GW

e Binary systems (NS-NS)
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Sources oFf GW

e Binary systems (NS-BH)

Scientists have seen tantalizing, first-time evidence of a black hole eating a neutron star: first stretching the neutron
star into a crescent, swallowing it, and then gulping up crumbs of the broken star in the minutes and hours that
followed.



e Binary systems (BH-BH)

This sequence begins with the Chandra Deep Field-North in X. Black holes that are also found in submillimeter
observations, indicating active star formation in their host galaxies, are then marked. The view then zooms
onto one pair of particularly close black holes (known as SMG 123616.1+621513). Astronomers believe these
black holes and their galaxies are orbiting each other and will eventually merge. The sequence ends by
showing an animation of this scenario.
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Comparison between observations of the binary pulsar

PS5R1913+16, and the prediction of general relativity based on
Evidence for : ; )
loss of orbital energy via gravitational waves
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How can we measure a GW?




How can we measure a GW?




Detecting @Ws with light

H
Rainer Weiss |
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: : Michelson interferometer
« Amplitude of a strong wave is about 10-%

 The effect of the GW is proportional to the length of the interferometer arms =
long arms are needed (of the order of a few km)
e ForL=1km,=>AL ~101m - 1/1000 dimension of a proton
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Detecting GWs with light
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Detecting GWs with light
ﬁ
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How te build 8 GW eetector
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&) Meodeling the GW source
-0.76s
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* Initial masses of the two BHs: 36 M_,and 29 M,

sol

* Final mass =62 M_

e 3 solar masses have been converted in gravitational energy

E = mc?
50 x light emitted by all the stars in the Universe

in a few tenths of seconds

e Distance = 1,3 billions light years




More signals detected
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Meore sighals cetected

Masses of the BH progenitors

' ' ' 1.0 Main Companion
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GW astronomy

e

»

.

Visible

gamma rays M DN S microwaves

GWs can bring us info unaccessible to all other messengers: light,
neutrinos and cosmic rays






Multimessenger Science

. Current (Iack of) understandmg of the Universe

‘_'Q.) - 3 “‘Q(
“e T0 rebo[,npose a photograph
___of the Umverse we need to

Atoms
4.6%

Dark

23% B ItfiRo astronomy .

"e;‘"
Wy o <
- s, : 'ﬁ.‘ ‘.-' ‘:\\.\':... -"... | . - 5
Multi-messenger observation!*o =« - .-
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The most incomprehensible thing about the
Universe is that it is comprehensible.

- Albert Einstein
The Universe is comprehensible because it is

governed by scientific laws; that is to say, its
behaviour can be modelled.

\ - Stephen Hawking
.



The End
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