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Deteccion de rayos cosmicos: el observatorio Pierre Auger

s Extended Air Showers
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Un observatorio “hibrido”
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The Pierre Auger Observatory in Argentina

50 km

A very high-energy cosmic ray (~10" eV) simultaneously detected by the
Fluorescence Detector (FD) and the Surface Detector (SD) — 21* May 2007
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Tasks in AugerNext:

A: Improvement of MHz measurements
Measurement of GHz emission
Improvement of Photodetection

Improvement of data communication

Improvement of muon measurements /‘
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Detectores de muones subterrancos: AMIGA

Water Cherenkov muon measurements / array (AERA) GHz
Tanks (SD) with SD (RPC) measurements
Underground Scintillators
Data communication (AMIGA) Fluoreacence
Telescopes (FD)



Sy

—

e

ppdbe.

oy Fnih

i

sl ptadiioneli ) ¢

-—'zv"\

a ",a.t\ 5

)

e

Ay

M
e,

."

a4

o~y b




Auger: resultados

— —— -
850 I 4 data + Ostat A E
L proton 1

s+ _ . 4  OOUpF_& T oo |
o - &
: :
< ;
80 750 :
/; 5
m -
= i J
> 700 $
— - =asoso s
. — EPOS-LHC . ;
650 — — Sibyll2.1 . ron
+ QGSJetll-04 ]

L

 aaaal " b a aaaal A

10'8 10" 102
E [eV]




Auger: resultados
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3D trajectories projected on X—Y plane
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Deteccion de ondas gravitacionales

Newtonian vs General Relativistic gravity

Newtonian field equations GR field equations

871G
ab ab
V20 =4 1Gp G = A T
/ /
/ /

Source: mass density Source: energy-momentum tensor
(includes mass densities/currents)

Gravitational field: scalar ¢

Gravitational field: metric tensor Gab




e Electromagnetism: accelerating charges produce EM radiation.

e Gravitation: accelerating masses produce gravitational radiation.
(another hint: gravity has finite speed.)




Two seminal papers 1916

2QQ e g / %
688 Sitzung der physikalisch-mathematischen Klasse vom 22. Juni 191¢

Niherungsweise Integration der Feldgleichungey
der Gravitation.

Von A. EinsTEIN.

Bei der Behandlung der meisten speziellen (nicht prinzipiellen) Probleme
auf dem Gebiete der Gravitationstheorie kann man sich damit begniigen,
die g,, in erster Niherung zu berechnen. Dabei bedient man sich mit
Vorteil der imaginéiren Zeitvariable x, = if aus denselben Griinden wie
in der speziellen Relativititstheorie. Unter »erster Niherung« ist dabei
verstanden, daB die durch die Gleichung

ga = —3d,, 4., (1)
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154  Gesamtsitzung vom 14. Februar 1918. — Mitteilung vom 31. Januar

Uber Gravitationswellen.

Von A. EINSTEIN.

(Vorgelegt am 31. Januar 1918 [s. oben S. 79].)

l)i(' wichtige Frage, wie die Ausbreitung der Gravitationsfelder er-
folgt, ist schon vor anderthalb Jahren in einer Akademiearbeit von
mir behandelt worden'. Da aber meine damalige Darstellung des Gegen-
standes nicht geniigend durchsichtig und auBerdem durch einen be-
dauerlichen Rechenfehler verunstaltet ist, mu ich hier nochmals auf
die Angelegenheit zuriickkommen.

Wie damals beschrinke ich mich auch hier auf den Fall, daf
das betrachtete zeitriumliche Kontinuum sich von einem »galileischen «
nur sehr wenig unterscheidet. Um fiir alle Indizes

Gup = —0,,+Y (1)
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GWs 1n linear gravity

e We consider weak gravitational fields:

Juv ~ Nuv + h;u/ + O(hiu)

T

flat Minkowski metric

e The GR field equations in vacuum reduce to the standard wave equation:

82
(g —v2) o = o =

e Comment: GR gravity like electromagnetism has a “gauge” freedom
associated with the choice of coordinate system. The above equation
applies in the so-called “transverse-traceless (TT)” gauge where

how =0,  h* =0




Wave solutions

e Solving the previous wave equation in weak gravity is easy. The
solutions represent “plane waves”:

P
hu, = A, € .\"”

wave-vector

* Basic properties: A, k" =0, kok® =0

/ \

transverse waves null vector = propagation along light rays

e Amplitude: A*Y = h+€iy + hyel” 00 0 0
T 01 00

two polarizations 00-10
00 0 O




GWs: more properties

« EM waves: at lowest order the radiation can be emitted by a dipole
source (I=1). Monopolar radiation is forbidden as a result of charge
conservation.

« GWs: the lowest allowed multipole is the quadrupole (1=2). The
monopole is forbidden as a result of mass conservation. Similarly,
dipole radiation is absent as a result of momentum conservation.

« GWs represents propagating “ripples in spacetime” or, more accurately,
a propagating curvature perturbation. The perturbed curvature
(Riemann tensor) is given by (in the TT gauge):

1 .
Riono = —56)%% , ik=1,2.3




Basic estimates

¢ Another estimate for the GW amplitude can be derived from the flux formula

LGW 03
Fow = - O h|?
W= 42 167TG| h

e We obtain:

h ~ 1022 Ecw 1/2 1 kHz ( T )_1/2 15 Mpc
v 10_4 M '0) fGW 1 ms T

for example, this formula could describe the GW strain from a supernova explosion at
the Virgo cluster during which the energy £y is released in GWs at a frequency of

1 kHz, and with signal duration of the order of 1 ms.

e This is why GWs are hard to detect: for a GW detector with arm length of [ = 4 km
we are looking for changes in the arm-length of the order of

Al=hl=4x10"1"ecm !l

I' proton ~ 0.87x10717 cm




GWs: polarization

e GWs come in two polarizations:

(19 »” K__»

+” polarization X~ polarization







+ Waves



GWs and curvature

e As we mentioned, GWs represent a fluctuating curvature field.

Abinary system of compact massive objects rapidly
orbiting each other produces ripples in spacetime.
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GWs vs EM waves

e Similarities:

v Propagation with the speed of light.
v Amplitude decreases as ~ 1/r.

v Frequency redshift (Doppler, gravitational, cosmological).

e Differences:

v  GWs propagate through matter with little interaction. Hard to detect, but they
carry uncontaminated information about their sources.

v Strong GWs are generated by bulk (coherent) motion. They require strong
gravity/high velocities (compact objects like black holes and neutron star).

v'EM waves originate from small-scale, incoherent motion of charged particles.
They are subject to “environmental” contamination (interstellar absorption etc.).




GW can propagate from the
inflationary period, if 1t existed, to

the pl’esent, COIltI'aI'y tO EM waves Previous Farthest ga|axy
recordholder Hubble has seen

Redshift (z)
0 20
Cosmic
~ “Dark Ages”
| & GWs
Qg @ 5.
~ First stars?
Present
day
0 13.5 13.8

Billions of years ago

: B-modes in the polarization.
Temperature Variation (microkelvins) E | g | Q U B | C instru ment
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Effect on test particles

« We consider a pair of test particles on the cartesian axis Ox at
distances = from the origin and we assume a GW traveling
in the z-direction.

« Their distance will be given by the relation:

dl* = g, dz"dx" = ... = —g1dz® =
9uv g11

= (1 — h11)(220)* = [1 — hy cos(wt)] (2z0)?

1
dl ~ [1 = §h+ cos(wt)] (220)




PSR 1913+16: a Nobel-prize GW source

e The now famous Hulse & Taylor binary neutron star system provided the first

astrophysical evidence of the existence of GWs !

e The system’s parameters: r = 5Kpe, M;~ My ~14M,, T =T7h 45min

¢ Using the previous equations we can predict:

T=-24x%x10"2sec/sec, faw=T7Tx10"°Hz, h~10"23, 7x35x10%yr




Theory vs observations

e How can the orbital parameters be
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measured with such high precision?

“-..‘V Line of Zero Urbital Decay

e One of the neutron stars is a pulsar,

emitting extremely stable periodic

radio pulses. The emission is
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A toy model GW detector

¢ Consider a GW propagating along the z-axis (with a “+” polarization and frequency w),
impinging on an idealized detector consisting of two masses joined by a spring (of length
L) along the x-axis

M M:

0O—0220.©

e The resulting motion is that of a forced oscillator (with friction T, natural frequencyw)):

L | 1 |
E+E/T+wié = —§w2Lh+e“"t

* The solution is: w?Lh

£=

2(w2 — w? +iw/T)

eiwt

e The maximum amplitude is achieved at w A wq and has a size: Smax = §WO7'Lh+

® The detector can be optimized by increasing «“o L




Bar detectors

Joseph Weber

e Bar detectors are narrow bandwidth instruments (like the previous toy-

model)
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Detectors: laser interferometry

« A laser interferometer is an alternative choice for GW detection, offering a
combination of very high sensitivities over a broad frequency band.

e Suspended mirrors play the role of “test-particles”, placed in perpendicular
directions. The light is reflected on the mirrors and returns back to the beam
splitter and then to a photodetector where the fringe pattern is monitored.

test mass

light storage arm

beam
splitter photodetector

» ) - -
power recycling mirror




Catching a wave
How a laser-interferometer observatory works

Before the wave

DETECTOR

Beams in step
5
BEAM
SPLITTER MIRROR

o Arm 1 9

(3

MIRROR

During the wave

DETECTOR

Beams out of step

BEAM
SPLITTER MIRROR

]

GRAVITATIONAL WAVE

<>
2
<> Arm 2 lengthens
<>

MIRROR S v

The sends outa beam € thatis divided

by a beam splitter @. The half-beams produced follow

paths of identical length €), reflecting off mirrors to
recombine @, then travel in step to the detector ©.

Source: The Economist

Economist.com

When a gravitational wave arrives, it disturbs space-
time, lengthening (in this example) the light’s path
along arm 2; when the beams recombine and arrive
at the detector, they are no longer in step.




Noise 1In interferometric detectors

e Seismic noise (low frequencies). At frequencies below 60 Hz, the noise in the
interferometers is dominated by seismic noise. The vibrations of the ground couple
to the mirrors via the wire suspensions which support them. This effect is strongly
suppressed by properly designed suspension systems. Still, seismic noise is very
difficult to eliminate at frequencies below 5-10 Hz.

Photon shot noise (high frequencies).
The precision of the measurements

Is restricted by fluctuations in the fringe
pattern due to fluctuations in the number
of detected photons. The number of
detected photons is proportional to the
intensity of the laser beam. Statistical
fluctuations in the number of detected _

photons imply an uncertainty in the w8 | — Hntr"m," _

measurement of the arm length. L. P VA W e S

Frequency (Hx)

Equisalent strain noise,  h(r/H~Hz




Templates for GWs from BBH coalescence

(Brady, Craighton, Thorne 1998) (Buonanno & Damour 2000)
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Detectors: the present (I)

The twin LIGO detectors (L = 4 km) at Livingston Louisiana and
Hanford Washington (US).




Livingston

Pt
ot




Strain noise (Hz~%/?)
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Metal masses
(15t & 2" pendulums)

“Main Chain”

Penultimate mass
(3" pendulum)

0.4 mm fused ’ Reaction
silica fibers

Side-view of reaction

Test mass : and test masses
(4 pendulum)




LIGO's interferometer 1is
classified as a

Dual Recycled,
Fabry-Perot Michelson
Interferometer.

aLIGO started
operations 1n 2015

kilometers
The length of the L-shaped interferometers that

contain Advanced LIGO’s instrumentation and
approximately 40 city blocks in length.

laser beams 1 / 1000z et

Actually one that is split into two rays that go
back and forth in interferometer vacuum tubes
between precisely configured mirrors.

The degree of movement LIGO laser
beams could detect in the mirrors;
Advanced LIGO is 10 times more sensitive.

nanosecond

after Big Bang ] o -] OOOHZ

‘Th‘e cosmi-c gravilaﬁc'mal' DaCIOELe o Advanced LIGO's increased frequency range,
this time period that scientists hope to capture which is key to observing signals from
to test theories about the universe’s development coalescing black holes and pulsars

The California Institute of Technology and Massachusetts Institute of Technology designed and operate the NSF-funded Advanced Laser
Gravitational Wave Observatories (Advanced LIGO) that are aimed to see and record gravitational waves for the first time, allowing us to
learn more about phenomenon like supernovae and colliding black holes that propagate these ripples in the fabric of time and space.

@ NATIONAL SCIENCE FOUNDATION




Gravitational waves detected by LIGO!

Signals in synchrony
When shifted by 0.007 seconds, the signal from LIGO's
: : . T : 1 ‘ T observatory in Washington (red) neatly matches

- 1.0|.LGO Livingston Data | LIGO Hanford Data | the signal from the one in Louisiana (blue).

o osf J I | ® LIGO Hanford data (shifted) @ LIGO Livingston data
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LIGO

The First Observation
of Gravitational Waves

Inspiral Merger Ring-
down

e see

— Numerical relativity
I Reconstructed (template)
I

Separation (Rg)

0.35
Time (s)

Primary black hole mass
Secondary black hole mass

Final black hole mass

Final black hole spin

Luminosity distance

Source redshift z




In 2017, Reiner Weiss, Barry Barish, and Kip Thorne
received the Nobel Prize in Physics "tor decisive
contributions to the LIGO detector and the
observation of gravitational waves." Weiss was
awarded one-half of the total prize money, with
Barish and Thorne each received a one-qguarter
prize.
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List of gravitational wave events

GW150914

LVT151012

GW151226

GW170104

GW170608

GW170814

GW170817

Detection
time
(UTC)

2015-09-14
09:50:45

2015-10-12
09:54:43

2015-12-26
03:38:53

2017-01-04
10:11:58

2017-06-08
02:01:16

2017-08-14
10:30:43

2017-08-17
12:41:04

Date
published

2016-02-11

2016-06-15

2016-06-15

2017-06-01

2017-11-16

2017-09-27

2017-10-16

Location
areal" 1]
(deg?)

600; mostly to
the south

1600

850

1200

520; northern
hemisphere

60; towards
Eridanus

28; NGC
4993

Luminosity
distance

(Mpc)" 2

440 *100

1000 200

440 1150

880 *300

340 F130

540 "0

8
40 7,

Energy
radiated

(2Mo)" 3

3002

0.3
1510,

+0.1
1.0 0.2

2005

List of binary merger events
Primary Secondary

Mass
(Mo)

Mass

.
(Mo) ype

Type

+5.0

354 o0 +3.3

5 6
BHI" 5] BHIN®l | 298 7,7

13 %2

+2.3
7.5 23

19.4 129

2
7J:2

253145
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Masses in the Stellar Graveyard

in Solar Masses
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FREQUENCY [HZ] FREQUENCY [HZ]

FREQUENCY [HZ]
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GW170817/

Binary neutron star merger

A LIGO / Virgo gravitational wave detection with

associated electromagnetic events observed by over

70 observatories.

12:41:04 UTC
Q A gravitational wave from a

binary neutron star merger is detected.

Q gravitational wave signal

Two neutron stars, each the size
of a city but with at least the
mass of the sun, collided with
each other.

GW170817 allows us to
measure the expansion rate of
the universe directly using
gravitational waves for the first
time,.

Detecting gravitational waves
from a neutron star merger
allows us to find out more about
the structure of these unusual
objects.

This multimessenger event
provides confirmation that
neutron star mergers can
produce short gamma ray bursts.

The observation of a kilonova
allowed us to show that neutron
star mergers could be
responsible for the production
most of the heavy elements, like
gold, in the universe.

Observing both electromagnetic
and gravitational waves from the
event provides compelling
evidence that gravitational
waves travel at the same speed
as light.

Distance

130 million light years

@ Discovered
17 August 2017
™\ Type

gamma ray burst

A short gamma ray burst is an
intense beam of gamma ray
radiation which is produced ..'
just after the merger. ~

5

kilonova

Decaying neutron-rich
material creates a glowing
kilonova, producing heavy
metals like gold and
platinum.

radio remnant

As material moves away from
the merger it produces a
shockwave in the interstellar
medium - the tenuous material
between stars. This produces
emission which can last for
years.

\-® Neutron star merger

\.’

A~ + 2 seconds
A gamma ray burst
is detected.

+10 hours 52 minutes
A new bright source of optical
light is detected in a galaxy
called NGC 4993, in the
constellation of Hydra.

+11 hours 36 minutes
Infrared emission observed.

+15 hours

Bright ultraviolet emission
detected.

+9 days

X-ray emission detected.

+16 days
Radio emission
detected.

Crashing neutron stars can make gamma-ray burst jets

Magnetic fields

Neutron stars

Masses: 1.5 suns
Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

Simulation begins

illiseconds

13.8m

illiseconds

Black hole forms
Mass: 2.9 suns
Horizon diameter: 5.6 miles (9 km)

“

Jet-like
magnetic field
_emerges

t )

Credit: N

The most intensively observed
astronomical event in history: more
than 5000 scientist involved.




Next steps

l

- To detect long gamma-ray bursts

l

- To detect supernovae 1n other galaxies

l

- To detect GW from close binaries (not mergers)
- To detect supermassive black hole binaries

Fig.2. GRB 990720 light curve (left panel) and light curve obtained
with a precessing disk (right panel).

Romero et al.;: A&A 2010



Implications of the detections:

- Q@ravitational waves exist and travel at the speed of light
- Black holes exist. Pop III black holes?

- @ravitational waves transport energy —> spacetime has energy in absence
of matter/radiation e
- Spacetime has a dimensionality of n=4 or higher. i
- Short GRBs are mergers of neutron stars u By 3
- Heavy elements are synthesized in kilo-novas \\! gt
| . . . LER\ L |
Constraints on modified theories of gravity z




Gravitational wave detection wi
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da de ondas gravitacionales con pulsares desde el IAR
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Going to space: the LISA detector

¢ Space-based detectors: “noise-free” environment, abundance of space!

e Long-arm baseline, low frequency sensitivity

To be launched
around 2034

LISA (NASA-ESA)




Strain
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Going underground: the ET

N

Strain [1/(Hz)/2]

® The Einstein Telescope will be the next generation underground detector

1 10 102 10° 104
Frequency (Hz)

The arms will be 10 km long
(compared to 4 km for LIGO, and 3

km for Virgo), and like LISA, there
will be three arms in an equilateral
triangle, with two detectors in each
corner.
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