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Overview:

m /ntroduction: optical astronomy

m Multi-wavelength astronomy

m Super-massive BH and AGN

m Uneasy messenger: cosmic rays

m New messenger — neutrinos

m Signal from first neutrino source

m Neutron stars, pulsars and BH

m New messenger — gravitational waves

m Gravitational Waves from binary neutron star
merge and multi-messenger signal.

m Conclutions



Introduction: optical
astronomy



How do telescopes work ?

Two lenses (at least) are needed to manipulate images of distant objects.
This is Galileo’s first telescope (1609). The design was copied from Lippershey.

Objective Eyepiece
object
A
image v . - About 2’ long.
Converging lens Diverging lens
Distances to
<— , fi >
image and object —f —>
are very large. 2

fiand f, are the lenses’ focal lengths. Galileo’s first telescope had
The object and image are both at “infinity”.

- afid : : a magnification of about 3.
The magnification, m is the ratio f,/f,. TThE e o TEEE 16 oo e
The ima'ge i§ upright. That’s important for science (1610) had 10-30.
terrestrial viewing, but not for astronomy.

Galileo was not a professional optician.
He used existing designs.

From J.Thaler




What Galileo Saw

Ptolemaic Cosmology:

Moons of Jupiter
The Earth is not the only center of motion.

Phases of Venus
Venus does not shine by its own light.
It goes around the Sun, not the Earth.

Craters & mountains on the Moon
The Moon is similar to the Earth.
The heavenly realm is not perfect.

Sunspots

The Sun is also imperfect, and is spinning. Epicycle

—

This (multiple centers or motion) was
the that Copernicus was right.
The Earth is not the center of the universe.

;
Bloick

From J.Thaler ST r————— ma——————— et i

Most astronomers had already accepted
the Copernican theory. .




The Speed of Light

Between 1671 and 1690, Cassini, Romer, & Huygens studied discrepancies in the orbit
of lo. They measured that when the Earth and Jupiter are on opposite sides of the Sun,
the orbit lags by about 22 minutes, compared to when they are on the same side.

Earth <.

/ e . Earth
/ opposite e
' side \
same, .
side ' - o lo
Sun e
Jupiter

They attributed this to the time it takes light to travel across Earth’s orbit.

Their answer, 132,000 mi/sec was about 30% smaller than the currently accepted value.
(Their time measurements were incorrect.)

Astronomy and physics have|a

continuing, close relationship|

From J.Thaler



The Rotation of the Earth

If you've ever used a telescope, you've noticed the annoying fact that the Earth
rotates. Objects move out of the field of view.

For naked-eye observation, this is merely an annoyance.
For long exposure astrophotography, this is a disaster.

About a 30-minute exposure.

North pole

From J.Thaler



The Equatorial Mount

How to compensate for the Earth’s rotation:

Mount the telescope on an axle aligned with the Earth’s axis.

Rotate the axle counter to the Earth’s rotation.

This will stabilize the object in the vield of view, enabling more precise viewing.

To the

north pole Hale 200” Cassegrain reflector on Mt. Palomar

' cm Cassegrain, at Sapporo west (largest equatorial mount)

Counterweigll\t: % | 4 AR 7\, 7 L
| R 4 P < .'

4 e, | P
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\ - & 4\ \L ! - % v
| ' \ . & s 8 4 s ; “ No telescope ‘tube”
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Henry brother's
photographic refractor,
Paris observatory (ca.

1887)

The 60-inch reflector (Mount Wilson observatory) (ca. 1908)




Computers (1)

Computers and electronics enable several big advances:

« Bigger telescopes, using altitude-azimuth mounts.
Following the circular path of a star with only horizontal and vertical controls
is like drawing a circle with an Etch-a-Sketch. Computers are good at that.

» Better optics. A mirror or lens surface can be made (at some cost) with an
arbitrary shape.

 Digital photography , using CCDs.
° CCDs are more sensitive than film, and easier to calibrate.
Images can be transmitted to scientists over the internet.
Some telescopes in Chile send their data to NCSA for analysis.
Digital images can be analyzed more quickly (by computer!).

(o]

(o}

- Large data sets About 300 1 -
. 0 0 0 . ou Imes more than
The LSST camera will have 3 gigapixels, and each image will be 10 Megapixel camera

6 gigabytes. In 10 years, it will take nearly a million pictures. -
The final data set will be ~ 100 petabytes (100 million gigabytes). 5927 Piion

Peta = quadrillion

From J.Thaler



Computers (2)

* Robotic telescopes (no humans involved!)
Example: The PROMPT project (led by UNC), is
used for optical follow-up of gamma-ray bursts
(huge explosions at the centers of galaxies).
These bursts are very short, and a few-second
response time is needed. The internet is required.

° Space-based astronomy.

e !

e ———
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PROMPT, at Cerro Tololo, Chile

The Hubble Space Telescope
From J.Thaler



Computers (3) oo

Y V. v V.V VYV
Adaptive OptiCS: Inhomogeneous atmosphere

Looking at stars through the atmosphere is like looking at .‘ [
objects .‘ .

at the bottom of a swimming pool. If we can quickly
measure the distortion (before the distortion changes), we
can correct it. ]
This requires: S~ — —~
» Powerful computers (1000 measurements per second).
« Flexible mirrors, supported by computer controlled

Distorted light

{
|

Galactic Center 2.2 microns

13"x13" Field. 15 minutes exposure. , o Vl\'. % l. as need ed .
' ' mited) [resolution.

0.57" seeing

0.12" seeing

From J.Thaler



Exoplanet Images

These pictures were taken with 8-meter telescopes (one in Chile and one in

Hawaii) without adaptive optics.
The point is, we can see exoplanets now. We’ll study them with the next

generation of very large telescopes.

Both stars are sun-like and are a few hundred light-years away.
All four planets are super-Jupiters (8 to 70 times as massive). They are quite far
from the star — comparable to or farther than the distance to Pluto.

From J.Thaler



Computers (4)

» Multiple mirrors. The Thirty Meter Telescope (TMT, construction about to
begin)
will have a 30 m mirror that consists of 492 1.5 m hexagonal mirrors. It is not
practical to consider a single 30 m (98 ft) piece of glass.

Alignment of the mirror segments so they function as a sinale “mirror” is
similar to
adaptive optics.

B0 88
ssiceset
o [ e =

"~ ‘ y //
Ty ""

s

From J.Thaler



The Longest Photographic Exposure

In 2003, the Hubble Space Telescope’s ACS camera took a one million second

(about 11 days) exposure. There are very few stars in this photo, and
The Hubble

about 10,000 galaxies, the faintest of which are about a billionth as bng@,{ra Deep Field
as can be seen by eye. : - : -

We are seeing the light that they
emitted about 13 billion years ago.
(because they are so far away)




Spectroscopy

One can determine the chemical composition of
astronomical objects by measuring the spectra of
the light they emit.

One can also measure the speed toward or away

from the telescope by observing the spectral

(Doppler) shift.

The shift (to the red) shown here corresponds to
9% the speed of light away from the observer:
Lab

) | T | J | 1 |
Star 4909 LOOD 6009 7000
9 e
f T T T T T 1
4000 5000 6000 7000

Wavelength in Angstroms

EMISSION SPECTRA

CONTINUOUS SPECTRUM gases uner high pieesaurs tive contincous seectrs) Incandescent
R L
.- o s 2
el sl e 1oeds
7500 7000 6500 6000 5000 4500 ‘4000 A
BRIGHT LINE SPECTRA inder low pressure ke bright line spectrs) Mercury

!lt!lum
!a!mlum

trontium

arium

!alcium

!o!lum
!e|lum

-I -_ !y!rogen

7500 7000 6500 6000 5500 5000 4500 4000

Spectroscopy requires a lot of light: Long exposures and large telescopes.

In cosmology, one talks about redshift, z, the fractional change of wavelength.

From J.Thaler



Gaia mission ESA

By naked eye 4500 stars
Small telescope 100 000
From Earth: millions
Gaia 1 500 000 000

Miky Way 250 000 000 000




WiIIi rschel

Discovery of Infrared Radiation - 1800




Build your own
Herschel demo




Multi-wavelength astronomy

An object can appear radically different depending on the type of light
collected from it:
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Constellation Orion
left: visual-wavelength view
right: far-infrared view




Atmospheric

There’ s a problem for IR/UV, etc
astronomy...

1 T

1 1 I
0inm  toam 10nm 100nm 1uym  10pm

1

T 1 1
100 pm 1 mm 1em

Wavelength

Gamma Rays, X-Rays and Ultraviolet
Light blocked by the upper almosphere
(bast obsanved from space)

Visble Lght
observable
from Earth,
with some
almosphenc
distoriion.

Most of the

Infrared spectrum Redio Waves observable
absorbed by from Earth

atmospharic
gasses (best
observed

from spaca).

Long-wavelangth
Radio Waves
blocked.




There’ s a problem for IR/UV, etc
astronomy...
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Observatories v space, hioh dbove Earths absorbino afﬁbsﬁha&é;_
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Multi-VWWavelength
Astronomy



MODERN TELESCOPES
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Waveband

CEINNEREVE

X-rays

Ultra-violet
Optical
Infra-red

Microwave

Radio

from M. Burleigh

Wavelength
/Energy

100keV-100TeV
<1-100keV

900-3000A
3000-10,000A

1-100 micron

1cm

>1m

Temperature

>108K
106-108K

104-10°K
103-10*K
10-103K
<10K

<10K

What can be
studied

SN, pulsars, accretion
disks, gamma-ray bursts

Hot gas in clusters of
galaxies, stellar coronae,
accretion disks,

Hot stars, white dwarfs,
instellar gas

Sun-like stars.

Dust, planets, brown
dwarfs

Background radiation of
the Universe (remnant of
Big Bang)

Radiation from electrons
moving in a magnetic
field: pulsars




(Herschel)




Usefulness of multi-wavelength observations

X rays

hard 9amma rays

Crab Nebula

1010 1015
Frequency v (Hz)

profitably

from J. Paul ISAPP 2012 — Cosmic Rays, Gamma Rays and Multi Messenger Astronomy — APC Paris — 7 July 2012







Exploring the gamma-ray domain

From J. Paul




Multi-wavelength view of the galactic disk

radio continuum (408 MHz)

atomic hydrogen

5P e =

radio continuum (2.5 6Hz)
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From J. Paul




2 July 1967: First GRB ever detected
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After Klebesadel et al. (1973), ApJ, vol. 182, p. L85.

From J. Paul




CGRO/BATSE: unprecedented statistics

The 2704 GRBs detected by BATSE are
uniformly distributed on the celestial sphere

From J. Paul




Most GRBs are cosmological

Afterglow of GRB 971214 detected by BeppoSAX in the X-ray band
T+6,5h | T+12h T+52h

o T

&) R ES)

Detection of host galaxies
Redshift measurements
Cosmological distances
Most energetic events

10%* J radiated in gamma rays

From J. Paul
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Main processes used in

gamma-ray astrophysics
y+7y, =e +e’

e"+y,=e +vy
ei+B=>ei+ySynch

e + AB =€ + AB + )/brems

P+y,=N+mx

P+PB=>N+N+E.75

n’ =2y



Cherenkov radiation

7
C (7 g /,
rh v, 7
_’ o / / |
V\\\\\\\ Discover.y 1934
\\\ Nobel prize 1958
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Cherenkov radiation
V>V =cl/n

n 1s refractive index of medium

n =1.008 air The charged particles polarize the molecules,
which then turn back rapidly to their ground state,
emitting prompt radiation

Cherenkov light is emitted under a constant
Cherenkov angle with the patrticle trajectory, given

n =1.33 water

by
coer=Vm= < _ !
V. nV pn

2
Minimal energy of charge particle n-—1
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Detection of

TeV gamma
Particle rays

shower

using Cherenkov
telescopes

Key issue:
huge detection area
~ 105 m2

A



HAWC Inauguration

Detectors: 300 WCDs (4 PMTs each) Rk *particie
Field of view: 2sr instantaneous, 8sr daily e e S

Average AR: 0.5 deg (68% containment) 20nmoet ot
E range: 100 GeV - 100 TeV sensitivity B

tube (PMT)

Begging of full operations: Mar 20™ 2015

7-Dec-2015 F. Salesa Greus - HAWC 22




HAWC sky map
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~North. ~0.4 km~2 4 LST 15 MST , |
South ~4 km? - 4151 24 MST and 72 SST _‘




8 peBpansg 2019

CTA as ultimate
survey machine

CTA as ultimate
machine to
study flares

at 25 GeV, for flares
10000 times more
sensitive than Fermi

Coherent full-
sky coverage
from two sites
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The LHAASO experiment

¢ 1 km? array, including 4941 scintillator detectors 1 m? each, with 15 m spacing.

¢ An overlapping 1 km? array of 1146, underground water Cherenkov tanks 36 m?each, with 30 m
spacing, for muon detection (total sensitive area =~ 42,000 m?).

S WCDA

N

® A close-packed, surface water Cherenkov detector facility with a total area of 80,000 m?.

® 18 wide field-of-view air Cherenkov (and fluorescence) telescopes.
G. Di Sciascio, Roma Tor Vergata, January 14, 2016

15
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Status of LHAASO

LHAASOQ is finally approved and funded for detectors and infrastructures

Construction of infrastructures started in July 2015.

Installation of detectors started in September 2015 for tests.

Spring 2016: Start of construction of the first water pond.

* 2018: commissioning first pond and the first 25% of KM2A.

* 2021: conclusion of installation of main components.

Construction of muon detectors

G. Di Sciascio, Roma Tor Vergata, January 14, 2016

18
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Sensitivity future detectors
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Diffuse extragalactic backgrounds ols

¢

10000
m ; .3
Bl Biia cosmic extragalactic ’
E backgrounds
™ tars + black hole . ]
Y e e EXtragalactic 3
'{ <«<—Background
| Light (EBL)
1 1
g 3 Scientific American 312, 6, June 2015
a { black holes ] Cosmic microwave background
N 3
- 3: f " e Extragalactic background light -
> E 00 { —_— 3
- ' ?
5 1
E 100pm 1pm 1A i
0.0001 [‘.ud i ssd il sl il osad i s ikl sl i s sl i
1 08 1.0E+14 10E+19 10E+2¢
requency [Hz)
From Genzel's lecture @ 2013
Jerusalem Winter School

Star formation begins

* The EBL 1s the accumulated diffuse light produced by star formation processes and accreting black holes over the history of the Univere
from the UV to the far-IR.

* It contains fundamental information about galaxy evolution, cosmology. and 1t 1s essential for the full energy balance of the Universe.
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Electromagnetic cascade

y+y, =e +é’

e +y,=e +Yy



Electromagnetic cascade
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Super-Massive
Black Holes,

AGNSs
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Where Could Super-Massive Black
Holes Exist?

m [he only known
places in the Universe
where there could be
enough mass in one
area is in the center
of galaxies

m Not believed to be
anywhere else
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Center of the I\/I|Iky Way Sgr A*

m The center of our own
Galaxy

Can directly observe stars
orbiting an unseen object

Need a black hole with
mass of 3.6+-0.4 million
solar masses to explain
stellar orbits

Best case yet of a black
hole.

Ghez et al. (UCLA)




Fitting with a relativistic orbit

Redshift — radial velocity

300 [

f=0: Newton

ASERN /- 1: Einstein
(post-newtonian
approximation)

20170 20175 20180 20185 20190

0.0010¢

0.0005 [

0.0000 iﬁ—”—

-0.0005 [

—0.0010f . . . ]
20170 20175 20180 20185 20190

Mass of Sgr A*:
4.11+0.03x10° Mg
0_0010E ' ' ' : (preCiSiOIl of 6X10-3)
ooooo ﬁ\\ Distance to Sgr A*:
~0.0005 | 8127+ 31 pc

~0.0010¢ - - - ] (precision of 4x10-3)
20170 20175 20180 20185 20190

Year

GRAVITY Collaboration, A&A 615,115 (2018)
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M87 Virgo cluster 20 Mpc

Spectrum of Gas Disk in Active Galaxy M87
m Another example — the

SMBH in the galaxy
M87

Can see a gas disk
orbiting galaxies center

Measure velocities using
the Doppler effect (red

and blue shift of light
from gas)

Need a 3 billion solar
mass SMBH to explain
gas disk velocities

Approachin_g
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Active Galactic Nuclel

m M87 shows signs of The M87 Je
“central activity”

m The Jet

Jet of material squirted
from vicinity of SMBH

Lorentz factor of >6

Powerful (probably as
powerful as galaxy itself)

m \What powers the jet?
Accretion power

Extraction of spin-energy of
the black hole
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Some Characteristic of AGN

m Super Bright: AGN
3C273 (an extreme
example)is L =
4.8*10M2 L..n.

m Along jet particles
accelerated,
secondary gamma-
ray and neutrinos
produced
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Uneasy
messenger:
cCOosSMmIC rays
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Radiation from cosmic rays
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Extensive air showers from
cosmic ravs

o
—ntr
R

Illustration of extensive air-showers induced by UHECRS. Image credit: auger.org



Detection techniques

primary

. & ofile of vertical showers _|
particle 5 g/rcageoﬁoo CORSIKA simulations |20
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Pierre Auger Observatory

South site in Argentina almost finished
North site — project
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Telescope Array ' o
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[t Abbasi et al., Ap. J (Lett) 790 (2014) L21;

Telescope Array
106 total events over 6 years
87 events > 57 EeV , < 60°

Shown: events within 20° of
each point

~ 3 o W £>57Eev l5
| ’ 4
| _ R -
Ly I~V | B A " Hot Spot at

a4 RA= 148.4° and dec= +44.5°

0 (Mrk 421 is in the vicinity ...)

A

'; 4.3 o significance compared to
» isotropic fluctuation

arXiv:1404.5890 [astro-ph.HE]



Gamma and neutrinos from source

CEININEREVE accompanyihg IceCube neutfinos interact . -
with interstellar photons. and fragment into multiple lower
energy gamma rays-that reach earth




" ol 511> 28 gespana 2019
From multi-wavelength to multi-messenger

microwave optical neutrinos  COSMmIC rays

terra incognita:
only revealed by
neutrinos

From F.Halzen




New messenger:
neutrinos



Simple facts despans 2019

The Weak Nuclear Interactions concerns all Quarks and all Leptons

The Weak Interaction takes place whenever some conservation law (isospin,
strangeness, charm, beauty, top) forbids Strong or EM to take place

In the Weak Interaction leptons appear in doublets:

Q L(e) = +1 L(p) = +1 L(t)=+1
0 v, vV V.
-1 e_ ﬂ_ T_

Doublets are characterized by electron, muon, tau numbers (each conserved,
except in neutrino oscillations) = whose sum is conserved.

...and the relevant anti-leptons. For instance:

+ +
Tt u+v,



H Fermi Theory of the Beta Decay

4 vv

w

The rate of decay (transizions per unit time) will be:

- Integration over spins and angles

Energy of the final state

72



' Where do Neutrinos Appear

v Particle-
Accelerators

v" Nuclear Reactors

Earth Crust
(Natural
4 Radioactivity)

J v/ Earth Atmosphere
Low energy Cosmic Rays)

In Nature?

Cosmic Big Bang
(today 330 v/cm?3)
Indirect BBN, CMBR

Sun v

* | Supernovae
4 | (Stellar Collapse)

SN 1987A vV

P " Astrophysical

Amlsmtnn;_ZQﬁ




' SRS 2 s 1)

Detection of neutrino

Hadronic
cascade

Electro-magnetic
cascade

| Cherenkov radiation

Interactions




5160 PMs
in 1 km?3

ST IO

e LSS

IlceTop
81 Stations lceCube

324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore

8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m

From F.Halzen




» shielded and optically
transparent medium
 muon travels from 50 m
to 50 km through the
_ < water at the speed of light
= ““emitting blue light along

Interaction

« [attice of photomuiltipliers
From F.Halzen




H [ N
tracks and showers

£ am, am
£, am, a
o e
S €
P A 5
Ve
=, =N =

PeV v, and v_ showers:
* 10 mlong

« volume ~ 5 m3

- isotropic after 25~ 50m From F.Halzen




[Solating neutrino events: two strategies

Up-going tracks

Air shower

{ p-dominated

t vonly

Atmosphere
(exaggerated)

Astrophysical source

¢ Earth stops penetrating muons

e Effective volume larger than detector
* Sensitive to vy only

¢ Sensitive to half the sky

Active veto

e \/eto detects penetrating muons
e Hffective volume smaller than detector
¢ Sensitive to all flavors

¢ Sensitive to the entire sky

&'ceCuse ISVHECRI 2014 - Jakob van Santen - Recent resuits from neutrino telescopes Q WIGONSIN




cvidence for high-energy astropnysical Nneutrinos

» Selected high-energy
starting events in lceCube

Deposited energy

1 1
[ Background Atmospheric Muon Flux
]_02 - enee e n s [ Bkg. Atmospheric Neutrinos (7/K)
Background Stat. and Syst. Uncertainties
—— Atmospheric Neutrinos (90% CL Charm Limit)
— Signal+Bkg. Best-Fit Astrophysical F~? Spectrum (1

7

103

arXiv:1405.5303 (accepted for PRL)

| % 10t |- AR P —— — .
(@] — T ]
X Y g =ecaal
@ - ’
» 3 cascades over @ 10° 4
1 PeVin 3 years 2
of data R
10
» 5.7 0 evidence for 2
aStrOthSical Deposited EM—lE%uivalent Energy in Detector (TeV)
neutrinos
$cccose ISVHECRI 2014 - Jakob van Santen - Recent resuits from neutrino telescopes

o WISCONSIN




" JERSNIERG BIS 28 pespari 2019
VWhat about the northern sky and v,,7? N

The high-energy starting event sample is dominated by cascades from the southern sky.

Conventional atmospheric m—
Promgt atmospheric —
E“ astrophysical =
Sum of predictions
Experimental data e

3.9 ¢ excess

L

IceCube Preliminary

It

10° 10* 10° 10°
Muon Energy Proxy (GeV)

We look for the same excess in incoming muons from the northern sky
High-energy muons reach the detector from km away — large effective volume
Only sensitive to CC v, = explicit handle on vy flux

8 ICECUBE ISVHECRI 2014 - Jakob van Santen - Recent results from neutrino telescopes Q W%QN?'N
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Improved veto technigues
Outer-layer veto == Energy-dependent veto

Neutrino-dominated for Eqgep > 60 TeV  Neutrino-dominated for Egep > 1 TeV

g | Penetrating muon 8
10 back "’J'[":‘l nd Passed veto 10 Vertex in fiducial volume

JaAdunUl Ou _

6 - 6
10 vl 10
104 104 Neutrinos

v
102 102 } v
+ 4+ ~ .

10° 100 R T+

10! 102 103 104 10! 102 103 104

Number of collected photons Number of collected photons
Thicker veto at low energies o o 158!
suppresses penetrating muons > o foo v |-
without sacrificing high-energy % oo 5 oo
neutrino acceptance -02 -02 100 PT
-06 -04 -02 00 02 04 06 -06 -04 -02 00 02 04 06
x [km] x [km]
a I CECUBE ISVHECRI 2014 - Jakob van Santen - Recent results from neutnno telescopes w WISCONS'\
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Results: energy spectrum

» 283 cascade and 105 _
B 1.01 x atmospheric /K v

track events in 2 years of ] L s et
data —249
— t224 (IOOETeV

x10~ 18 GeV—1lem—2sr— 15!

» 106 > 10 TeV, 9 > 100
TeV (7 of those already in
high-energy starting
event sample)

IceCube preliminary

—
o
(V]

Southern sky
—1.0<sind < —0.2

S

; ; II
103 104 105 106 107

[
o
ot

+

o
[e=)]
o

» Conventional
atmospheric neutrino flux
observed at expected
level with starting events

[y
T
[y

—
(]
v}

Northern sky
—0.2<smmd <1.0

bl

10° 10 10° 106 107
Deposited energy [GeV]

[y
o
ot

100

Events in 641 days Events in 641 days

[m—y
T
[y

a' ICECUBE ISVHECRI 2014 - Jakob van Santen - Recent resuts from neutrino telescopes 9 WISCONSIN




First tau events

a cosmic tau neutrino: livetime 17m

|— single cascade —— double cascade + - exp. data H —— reco with bright DOMs -~ - reco without bright DOMs
@ : Lo bright DOM* bright DOM*
;éj 23 k |
g ,’:K.'\}l;fL | n" “‘u . .
.@ AT RN o
; : WL ALL : *
8 ,;_"l",+ i t ++ by 4’ + A ;\r‘ : .
T bright DOM*
o
o
" (@)
() o o
° ® o
) (@) e O d
00 5
e o o®
o o * °
° °
e © ® o D
o © g PY 8
@2 ¢ 8 o
© o o
eo © o o
o
] ®:
© Qo
o C 0 E 9
Qo o Q@ o
© °
o o O -+
o °
(V]
IWORK IN PROGRESS| ©,

Bright DOMs are excluded from this analysis
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lavor content consistent with

F

1:1:1

high-energy starting events — 7.5 yr

10 @ [ — HESE with ternary topology ID 25
®  Dbest fit: 0.35:0.45: 0.2 1.0
—— Sensitivity, E *? spectrum o
10° ¥ 1:1:1 flavor composition

|WORK IN PROGRESS|

107

Total Deposited Energy [TeV]

10

' e=T
o -/ -
== 0.0
Q s © ® N
Q Q Q Q Q ~N

Fraction of v,

oscillations of PeV neutrinos over cosmic

distances to 1:1:1

ii
.00

Probability Density



Future detectors



Environmental parameters Telescope design

Lake Baikal - fresh water ~1.5 km3

distance to shore ¥6 km » 27 shore-cables for 27 clusters
Ly ~22-25m 27*8=216 strings
L., ~30-50m 216*48=10368 OMs 1

depth ~¥1360 m deployment from icefloor
icefloor during winter . Ehallow water DAQ infrastructure
The Baikal-GVD Collaboration d

7 institutes 7

i : Ath
,i / iji o3 Scientisthsj /
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Baikal had 2 events
with 2015-2016 data

Hit OM multiplicity of events surviving different cuts Hit OM multiplicity of events with E > 10 TeV.

= 4
s 10 < E>10TeV
- § =
= 10tk 10 d#a
100}
100} 1
atm. muons
10
10 15 20 25 30 35
s k. s 12 N
10 20 30 40 50 60 70 hit
Reconstructed cascades positions EEm— . —— 7
Ry T e— Ny >9
~N ) ' B W , .
=t e r<4 2405 1/240
' e - . g .
o & : ./ - Energy reconstruction
0 L. Al fa . L,<20 374 1/6.4
—100| & S . : n>0 159 1/2.4
E> 10TeV 57 1/2.8
~ 20
E> 100 TeV. 5 1/11.4
. - - - 109 N 140 Total rejection factor: 1/115499

p,m




. KM3NeT in the Mediterranean

Environmental parameters Telescope design
Mediterranean Sea — salt water || ~3.5-6 km? (depending on spacing)
3 installation sites 6 shore-cables for 6 building blocks
distance to shore ~¥40-100 km 6 x 115 = 690 detection units
L., ~60-100 m 690 x 18 =12420 OMs
L., ©50-70m seabed data transmission
depths ~2500-4500 m infrastructure
installation requires ship + ROV
L6 eIl all-data-to-shore concept
3 installation sites §%§§ $
; § =es :‘:
km3net.org - @km3net .. .’;E.,J ——
G P —



» KM3NeT Optical Module

KM3NeT

Segmented cathode area: 31 x 3” PMTs

Light concentrator ring
Cathode area: ~ 3 x 10-inch PMT
Custom low-power HV bases

LED & piezo inside
Compass and tiltmeter inside

PMT ToT measurements
FPGA readout, optical line terminator

ETEL D792 Hamamatsu R12199 HZC XP53B20

13




position offset w.r.t. IceCube center (m)

3000

2000

1000

—1000

—2000

—3000

(a) 240 m string spacing (“benchmark”)

86 strings with 240-340 m
spacing

Dark Sector Clean Air Sector

* Quiet Sector

Downwind Sector

1 |
-2000 -1000 0 1000 2000
position offset w.r.t. IceCube center (m)

position offset w.r.t. IceCube center (m)

3000

2000

1000

-1000

—2000

—3000

Dark Sector :

Downwind Sector

|

Clean Air Sector

© Quiet Sector

Il |
—-2000 -1000 0

| 1
1000 2000

position offset w.r.t. IceCube center (m)

(b) 300 m string spacing



projected area [km~™2]

Effective volume

18 - - :
string spacing and instrumented detector volume
16 = |ceCube-86 (V, . .4, =1.26 km*) | y

— 240M (V. 60 m =9.73 km® )
14 .- . P S 4
—  300mM (Vi 60w =14.24 km*)

2 b -
~ N
0
-1.0 -0.5 0.0 0.5 1.0
cos(zen)

lceCube Collaboration, arXiv:1412.5106
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Future radio detection
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Astrophysical neutrinos:
6 years observations



lceCube ICRC 2017

Astrophysical neutrino signal

IceCube, ICRC 2017

IceCube Preliminary

-
- -~
-
——

Northern | Southern
Hemnphere  Hemisphere

Muon neutrino sample

101

3.5 = .
mmm Conv. atmospheric i, + 9, (best-fit) § ® v, Tracks-8y(E>119TeV) l: 1] @ e °=1'6’(i3§“h_v)_z“x3
L 10 5 J -b.l’lumpl .1|‘1|m,~|-ln-u< Yy + B, (flux limit (2016)) ©3.0- ; C.C m-—i’y((it;l:::k\? [ 2.10_6 g T d!i;:mﬁal tel 'g‘
 CAstrophysical i, + #, (best-fit) p . B N
-~ _ Sumetnsiit B 2.5+ IceCubepreliminary [~ < IceCube preliminary
- 10 U E + HESBgmfolding: PoS(ICRC2017)981 | " v > 4 -
L 2.0~ AT F g1 -
%1077 fe 3 1 r
L0~ by, 10-% 3
..? 1 1 % 1‘0__ @ e ey 3 T o
w4 0.5 1 T
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lceCube data

EZ2dN/dE, GeV/(cm? s sr)

10—5 J

10—6.

10—7.

10—8.

¥ IceCube HESE, 6 yr
+ IceCube HESE, 4 yr
100 10! 102 103 10° 10° 106 107

E,Gey




Ferml LAT
By

E? F(E) [eV/em?/s/st]

«
B

KASCADE Grande ?;

total EG
total Gal e
p

24 —— 7
516 ——
17-28 —— 1
29-56 ———

Kachelriess et al,

1704.06893

RMS (X nay) [9/cm?]

Xmax [9/cm?]

AGN'’s: P-gamma + Proton-proton interactions in the source region

900

850 r

800 |

750 |

700 r

650

600 |

Auger —
model
P

%0

1018

E leV1

108

E [eV]
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U RSNEinin 11O 28 pospans 2019
Fermi blazars and IceCube

neutrinos

A.Neronov, K.Ptitsyna and D.S, arXiv:1611.06338




Neutrin

EFy, GeV/(cm?s sr)

0s not from

Fermil blazars

10'6 T T L
Northern sky Fermi/LAT blazars
AR RN R RN R RN R RN R RN R NN R RN RN RN RN NN RN RN R RN RN R RN R RN RN RN RN RN
°
°
7 ..0
10 o .. -:
e
[ ]
i IceCube -
Northern sky ==
108 | [ =
IceCube
Northern sky v
Fermi/LAT blazars
107} -
1 Ll IR | P | I | Lol Lol Lol Ll M | P | PR T
10? 10° 10 102 10° 10* 10° 10° 107 10® 10° 10%°

IceCube

E, GeV

arXiv:1611.03874




" RN BI1r5 28 enpars 2019
Self-consistent extragalactic
sources: no blazars

hadronic y-ray emission normalized to best-fit non-blazar EGB

— Vv (per flavor)
— totaly

— - directy

~++ cascade Y
HH  EGB (Fermi)

"}' IceCube combined | 7

T
.

E2%) [GeVem 2 s~ sr1]

global fit range

102 01 110 102 103 107
E [TeV]

[Bechtol, MA, Ajello, Di Mauro & Vandenbroucke’15]



Evidence for the first
source



" G 1115 28 desparn 2019
Gamma and neutrinos production
iy

. black hole
neutron star

p+y9n+@

~ COSMIC ray + neutrimo

magnetic 9 p +@

fields ~ COSMIC ray + gamma




Gamma and neutrinos from source

CEININEREVE accompanyihg IceCube neutfinos interact . -
with interstellar photons. and fragment into multiple lower
energy gamma rays-that reach earth




Neutrino alert

© HIGH-ENERGY EVENTS NOW PUBLIC ALERTS!

We send our high-enerqy evenls in real-lime as public 4CN alerts now!

Iridium RUDICS
2.4 kbps/modem g

processing & \\ Mad|son Wi
data acquisition filtering

satelllte N
PnF 3MS S | 3MS

f|Iter custom

~20 sec messaging

followu p
system

server

from photon at DOM to neutrino alert:
< | minute




QT —

First neutrino source
: lceCube 170922
i,;Fer‘mj

detects a flarlng
;blazar W|th|n ON(2

Declination

S = N W H 0w N

MAGIC significance [o]

N
o
. MAGIG PSF original GCN Notice Fri 22 Sep 17 20:55:13 UT
w» refined best-fit direction IC170922A
= |C170922A 50% - area: 0.15 square degrees
= |C170922A 90% - area: 0.97 square degrees

o

77.6° 72 76.8°
Right Ascension

7

- N W s~ 00O N o ©

MAGIC ‘ 1
detects em|SSI3n of
> 100 GeV gammas

Declination
0
2
Fermi Counts > 1GeV

o

784°  78.0° 77.6° 77.2° 76.8° 764°
Right Ascension




" SANiE BilIS 28 denpans 2019
First neutrino source TXS

0506+056

m Blazar TXS 0506+056 is Fermi source, one of 50
bright sources , but not in first 20.

B Icecube event: lceCube-170922A Sept 22 2017

m Fermi detected activity of source in the
same period.

m MAGIC detected flair Sept 28 2017
m XS 0506+056 has redshift z=0.3365



" S 0s erpern 20>

Strongly evolving sources

10—8 J

n, Mpc~3, 1/(cm?s)

1042 10'43 10'44 1d45 1046 1047 1048
L, erg/s

A.Neronov, D.S. arXiv:1811.06356



RIS BIIIS 28 enpans 2019
Neutrino production in AGN

W .
T accretion disk
[ ]

,Y,1014-1s eV v 1:)0 kpc-scale jet
e ————=— — L
g ———— 3——{
p o~ %

A.Neronov, D.S PRD 66 123003 2002
hep-ph/0208248



lceCube data

EZ2dN/dE, GeV/(cm? s sr)

10—5 J

10—6.

10—7.

10—8.

¥ IceCube HESE, 6 yr
+ IceCube HESE, 4 yr
100 10! 102 103 10° 10° 106 107

E,Gey




" RN B1IS 28 genpans 2019
Sky map E> 1TeV

no galactic plane |b|> 10 deg

A.Neronov and D.S., 2019 in preparation



IceCube + Fermi LAT high
galactic latitude |Ibl>20 deg

1076
B
V)]
~ e
S 10-7 :
o "
O .
W .
o
;‘t .'*
109 ‘; ¥
KASCADE
10° 10 102 10® 104 105 108 107 108

E, GeV

A.Neronov, M.Kachelriess and D.S., arXiv:1802.09983



lceCube + Fermi LAT :

local source

107>
mey from n° decays
== =V from n* decays
10—6_
= Fermi/LAT
0
€
= 1077;
>
[}
0
g -4
N% 10 ’.;
) ¢
1079 o I
, b
/ KASCADE
100 10! 102 103 104 10° 106 107 108
E, GeV

A.Neronov, M.Kachelriess and D.S., arXiv:1802.09983



lceCube + Fermi LAT
Dark Matter m=5 PeV

10~

-6 |
10 -

10—7 i

E2dN/dE, GeV/(cm? s sr)

Fermi/LAT

== = | from meson decays
= from meson decay
—-— vy, inverse Compton

KASCADE

A.Neronov, M.Kachelriess and D.S., arXiv:1802.09983
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" RN BI1I5 28 enpars 2019
Neutrino astrophysics

m [ceCube detected first astrophysical neutrinos in
2013.

m First source — blazar TXS 0506+056 at redshift
z=0.3 (1 Gpc)

m Distant bright blazars — main candidates for
extragalactic neutrino sources

m There is Galactic contribution to neutrino flux,
which come from local cosmic ray sources or
heavy dark matter. Can be tested with gamma-
ray search experiments like CARPET

m New neutrino detectors are in construction in
Russia (lake Baikal) and in Mediterranean sea,
lceCube detector will be updated in some years



Neutron stars,
pulsars and BH



RS e BLID 28 ¢ i
Neutrons

i
cloud
chamber

>
oscillograph

H

r
polonium berylium  par
source of «-rays i

1932: James
Chadwick discovers
the neutron.




Baade & Zwicky (1934):

“With all reserve we advance the view that supernovae represent the transition from
ordinary stars into neutron stars, which in their final stage consist of extremely closely
packed neutrons.”




Sun: R=10°km
density=6 gram/cm?
Black hole: R=3km*M/M
Mass > 3M,

Neutron “star’ : R=20km
" density=10'4gram/cm?

3M,>Mass > 1.4M,

\White Dwarf: R=6000km
density=10° gram/cm?

Mass < 1.4M,



Gscrehon) U (delgpignizgtien)

=
~
—sphere v—sphere
—
R~15 km
A T~00 MeV
core heotlng
shoe accretion
K el ([ deleptonization
X mantle collapse (OI) t ~ 15 s

—=

(I) t=0s (IIJ G [ maximum heating
standoff shock

ToB3x10°% K Ty~3x10° K
coolin R~12 km R~12 km
07, bﬁack hg? T,~0.03 Mev —>Urcn T,~0.02 MeV —>
4 /;7 v caaling ¥ caaling
—> eooling v
v core —y _R=12 km "“°d'f'ed; Ured  pai2 km ;
cooling T~0.12 MeV T,~0.06 MeV
(IV) t ~ 50 s T ~2x108 K T~10% K
eff eff
v—transparency
cold core (V) t ~ 50 — 100 yr (VI) 10% < t < 3x10° yr
warm crust star becomes observable X—ray

isothermal thermal emission



A NEUTRON STAR: SURFACE and INTERIOR
. ‘SwWIss , ‘Su:lghzly"
CORE: : ; .
Homogeneous

Matt . ‘
atter .. .

ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE
INNER CORE

field |

Polar cap

. Cone of open
magnetic
field
lines

Neutron Superfluid + A}u/
Neutron Vortex  Proton Superconductor

Neutron Vortex /




SRR 2 rrrs 201

m Conservation of angular momentum means:

Linitial = L final
lw, =10,
%MRfa)l. = %MR;wf
2 2
R w, = R0,
2 5\
W, = R"z W, = 7x19 w, =49%x10’ w,
R; 10

m Sun rotates at 1 rev/imonth. Compress it to
10km and conserve L, it will spin up to 1890
revolutions/second



118

Magnetic Fields

m Magnetic field lines are also conserved.
When the core collapses, the field lines
are

conserved, and the density
of the field lines goes way
up . This is the strength
of the magnetic field.




" ol B 28 genpans 2019
Pulsars: discovery

1967: PhD student Jocelyn Bell &
her supervisor Anthony
Hewish detect a very regular
Pulsating Source of Radio (PSR
1919+21) with P=1.377 s,
initially “LGM 17,

-
Qll? http://www.jb.man.ac.uk/~pulsar/Education/Sounds/sounds.html
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Of Crabs, Shells and Plerions




Pulsar in
“on” state

e

'

——— 1 arcmin

Pulsar in
“off” state

2

X-ray image

1 period -
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How we know pulsars are NSs

Association with supernova remnants (SNRs)

Rotation of Crab pulsar Q<+GM/R’ = /4xGp/3
. 3Q7

= P>

zloll g

41 G cm’

Much faster ones (“millisecond pulsars”) found later

Energy budget of SNR in rough agreement with
energy lost from rotating NS.

Very high-energy (non-thermal) emission: likely
relativistic system

Thermal emission (X-rays): emitting region < 10 km



Masses
of
pulsars
IN binary
systems

Fig. by I. Stairs,
reproduced in
Lorimer 2005

Young Pulsars
e

L}
@

Recycled Pulsar—WD Systems

JO737—3039A
JO737—3039B
J1518+4904
J1518+4904com
B1534+12
B1534+12com
7H6—-2251
56—2251com
11-1736
11-1736¢com
2942456

o002

J0045-7319
J1141-6545
B2303+46

J0437-4715
J0621+1002
JO751+1807
J1012+5307
J1713+0747
B1802-07

B1855+09

J2019+2425

| 1 | |

3

Neutron Star Mass (M)




Pulsar P-Pdot Diagram

mnrrrirT _/ ______ T T T ___rl_._ T T ______ T T T ______ LI T ————__ T T ____—_ T
N .@. i
- o, -
N’
b 1
RS
e
Y -
C . 8 ]
. T i
i e ) mV i
. PR I .
v ¢« 1L ® B
B AYo0) IR 7
N . L,
N IR
- i [ ] —
- T . N L] ]
L N oLt » .
— —... . /rﬂ O ._.. -
L . . . N i
L ) - 1
a
[ Y ; ]
» N L N
L R . -
., N
. " Na

- K AN e =
o LA e (A Y 3
b .‘- / - - 7
B AN // .. J0)] . i
L N .... - e .
L 3, // e 3 i

] "
L N €

5, bY L] ,
J- / Fo

el 1 _______ 1 1 _______ 1 1 ______‘J 1 1 _______ 1 1 _______ [ ______AJ
2 2 ] - 2 3 3
2 = 3 = S — —

(0 g

10

0.1

0.01

0.001

P (s)



Accretion disc

Stellar black holes observed in a binary system, 1.e. where there 1s
a companion star. This star can then literally get sucked apart b
the black hole. e * Black hole |

B-star companion
HDE226868

Cygnus Xl : ' K o Accretion disk

M_BH = 15M,

Mass transfer stream
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From multi-wavelength to multi-messenger

microwave optical neutrinos  COSMmIC rays

terra incognita:
only revealed by
neutrinos

From F.Halzen




New messenger:
Gravitational waves
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¢ " NANOGrav

The spectrum of gravitational wave astronomy

h

. Cosmic Microwave

Background All three experiments measure
0. 4 o changes in light travel times
-5 weo1% Pulsar Timin :
10 . g between objects due to GWs.
= Arrays
- .
10 -10 * Primordial ngaﬁmal
‘ e Space-based
Interferometers
—15
10 Ground-based
g wrremi Interferometers
|
. mergers
]_()_20 *Primordial gravitational
' waves
e Stellar mass compact
binaries
10~ 25 *Supermassive black hole . Neytron star mergers
il b Black hole mergers =
—16 —8 —4 2 i
10 10 10 10

Frequency [Hz|
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General Relatmty

1915: Einstein’s Theory of General Relativity

1916: Einstein paper on linear approximation
to general relativity with multiple applications,
including gravitational waves.

688 Sitzung der physikalisch-mathematischen Klasse vom 22, Juni 1916

Niherungsweise Integration der Feldgleichungen
der Gravitation.

Von A. EinNsTERIN.
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Gravitational waves

® ud g
2 — — ——V —-‘is - a
. 247 ;73'( Je ) (21)

Wiirde man die Zeit in Sekunden, die Energic in Erg messen, so

. I .
wiirde zu diesem Ausdruck der Zahlenfaktor - hinzutreten. Beriick-

H

sichtigt man auBerdem, dall x = 1.87-107%, so sieht man, daB A in
allen nur denkbaren Fillen ecinen praktisch versehwindenden Wert

haben mulB. \

“...In all conceivable cases, A must have a practically
vanishing value.”

Gravitational waves are predicted by Einstein, but he
recognizes that they are too small.
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Are Gravitational Waves Real?

Continued debate on whether gravitational waves really exist up until
1957 Chapel Hill conference.

Felix Pirani paper and presentation: relative acceleration of particle pairs

can be associated with the Riemann tensor. The interpretation of the
attendees was that non-zero components of the Riemann tensor were

due to gravitational waves.

=
(—

Sticky bead (Felix Pirani, Richard
Feynman, Hermann Bondi)

Joe Weber of the University of
Maryland, and from this inspiration
started to think about gravitational wave

detection. 0 ’ ’ )




What Are Gravitational Waves?

waves, ripples in space time.

The amplitude of the deformation is tiny.

Need cataclysmic events in order to

General relativity (1916) prediction.
Gravity is not really a force in GR, but a space-time deformation.
Masses locally deform space-time.

Accelerated masses emit gravitational

Space-time is rigid:

expect to measure something on Earth ... h ~ 10

Gravitational Wave sources: mainly astrophysical in the 10 Hz -10 kHz
bandwidth
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Binary Pulsar PSR 1913+16

o Earth

M1 =1.438 M_
M2 =1.390 M_

8 hour orbit
Orbit decays by
3mm per orbit.
Discovered in Star
1974 by Russell
Hulse and
Joseph Taylor,
then at
University
Massachusetts.

Nevtron \ o=
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First Proof That Gravitational
Waves Exist - 1982

THE ASTROPHYSICAL JOURNAL, 253:908-920, 1982 February 15
© 1982. The American Astronomical Society. All rights reserved. Printed in U.S.A.

A NEW TEST OF GENERAL RELATIVITY: GRAVITATIONAL RADIATION AND
THE BINARY PULSAR PSR 1913+16

J. H. TAYLOR AND J. M. WEISBERG
Department of Physics and Astronomy, University of Massachusetts, Amherst; and Joseph Henry Laboratories,
Physics Department, Princeton University
Received 1981 July 2; accepted 1981 August 28

ABSTRACT

Observations of pulse arrival times from the binary pulsar PSR 1913+16 between 1974 September
and 1981 March are now sufficient to yield a solution for the component masses and the absolute
size of the orbit. We find the total mass to be almost equally distributed between the pulsar and its
unseen companion, with m,=142+0.06 M, and m ,=141+0.06 M. These values are used,
together with the well determined orbital period and eccentricity, to calculate the rate at which the
orbital period should decay as energy is lost from the system via gravitational radiation. According to
the general relativistic quadrupole formula, one should expect for the PSR 1913+16 system an
orbital period derivative P,=(—2.403=0.005)< 10" "%, Our observations yield the measured value
P,=(—2.30%0.22) X 10~ '2. The excellent agreement prov1des compelling evidence for the existence
of gravitational radiation, as well as a new and profound confirmation of the general theory of
relativity.

Subject headings: gravitation — pulsars — relativity

AN N\ N AN
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A Nobel Prize for ...

“... for the discovery of a new type of pulsar, a discovery that
has opened up new possibilities for the study of gravitation.”
1993

For more on this Nobel, see, "The Nobel pulsar”, Nelson
Christensen. Science, Vol. 348 no. 6236 p. 766 (2015).
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Binary Pulsar Studies Continue

THE ASTROPHYSICAL JOURNAL, 829:55 (10pp), 2016 September 20 doi:10.3847/0004-637X/829/1/55

© 2016. The American Astronomical Society. All rights reserved.

CrossMark

RELATIVISTIC MEASUREMENTS FROM TIMING THE BINARY PULSAR PSR B1913-+16

J. M. WEISBERG AND Y. HUANG
Department of Physics and Astronomy, Carleton College, Northfield, MN 55057, USA; jweisber @carleton.edu
Received 2016 January 19; revised 2016 April 20; accepted 2016 June 1; published 2016 September 21
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Gravitational Wave Detection

Inspired and motivated by the Chapel Hill Conference, Joe Weber of the
University of Maryland constructs the first gravitational wave detectors.

"In 1958 | was able to prove, using Einstein's equations that a
gravitational wave would change the dimensions of an extended body."
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EVIDENCE FOR DISCOVERY OF GRAVITATIONAL RADIATION*

J. Weber
Department of Physics and Astronomy, University of Maryland, College Park, Maryland 20742
(Received 29 April 1969)

Coincidences have been observed on gravitational-radiation detectors over a base line
of about 1000 km at Argonne National Laboratory and at the University of Maryland.
The probability that all of these coincidences were accidental is incredibly small, Ex-
periments imply that electromagnetic and seismic effects can be ruled out with a high

level of confidence. These data are consistent with the conclusion that the detectors are K Thorn e 1980

being excited by gravitational radiation.

-— Frequency , Hz —

19 60 & 70 o0t 7 Q7 o | o oF 1 g,
L}
S S:
Detection claims !
o
L} 3 |0"I'e D-lB
and theoretical :
<020 1020
5: = ]
- 2 Am CVn
studies on i
o 4
e
E 10729 == ‘,'zi\"c";—_:_j Jio2e
l = = .
SOources omE
10_2'70? 0* 102 10 ,I Oll 16'2 |5‘3 lol‘o“-28
The future looks promising—but by no means cer- <— Frequency , Hz —

tain! The search for gravitational waves is a game

— Dimensionless Amplitude , h —=

FIG. 3. Estimates of the strengths of the gravitational waves

requiring long, hard effort with a definite risk of total that bathe the Earth. See text for explanation of the lines and

failure—but with very great payoff if it succeeds. hatched regions.
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Interferometric GW Detectors

First suggestion: 1962 two Soviet physicists, V.I. Pustovoit and M.E. Gertsenshtein,
noted that the use of a Michelson interferometer would be a possible means to
detect gravitational waves over a frequency range that was broader than the Weber
bars.

1970’s, Robert Forward (student of Weber) at Hughes Air ~ ° “,3‘»',' —?M
Michelson interferometer to search for gravitational wave ‘ é
(MIT) and astronaut Philip Chapman (also at MIT) for ins|

s

SUSPENSION
BLOCK

VACUUM TANK

The wideband interfe:

HeNe !
LASER 4
63z &

PIEZOELECTRIC STACK
FOR PATHLENGTH SERVO

VII. CALIBRATION OF EAR

Foa At oE When the interferometer was working well, we

SRRt were able to hear single-frequency 3- to 10-kHz
: z tones of 10-fm rms amplitude introduced into the

/ ' — ) interferometer by the piezoelectric displacement
E- 5 A---- transducer.

.......

b . Since the noise level of the interferometer in
— that band is about 0.9 fm/Hz!/2 this means that
PaOTO- SRS the audio system, including our ear-brain com-

\ SUSPENSION BLOCK bination, had an effective detection bandwidth of
J‘, about 120 Hz.
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Ral Weiss Interferometer Study

1972: Weiss produces the first
detailed study for a realistic
Interferometric gravitational
wave detector.

Systematically addresses a
number of realistic noise
sources:

Output Power
 Laser Phase Noise or
Frequency Instability
 Mechanical Thermal Noise In
the Antenna
« Radiation-Pressure Noise
from the Laser Light
e Seismic Noise
 Thermal-Gradient Noise
 Cosmic-Ray Noise
* Gravitational-Gradient Noise
e Electric Field and Magnetic
Field Noise

SPHERICAL MIRRCR

* Amplitude Noise in the Laser - . --°

MULTIPLE PASS

ARM

HIGHPASS
FILTER

|

|

TO RECORDERS AMD SIGNAL PROCESSING EQUIPMEMT

Fig. V-20,

J SEISMOMETER

)

ARM

J
POCKEL EFFECT [/
PHASE SHIFTER -

POCKEL EFFECT

~.  MODULATOR
b

HORIZONTAL— =

Proposed antenna.
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Prototype Interferometric Detectors

MIT 1.5 m delay line Michelson Interferometer

1970s and 80s:
Interferometers
constructed at
Garching
Glasgow

MIT

Caltech

The interferometer
technology started
progressing rapidly.
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1980s LIGO is Born

1018

1019 :
1020
1021}
S22

L 3
1023

10724 :

25
1074 10 1000

100
f(Hz)

noise.

104

Fig. 7. The expected total noise in each of
LIGO's first 4-km interferometers (upper solid
curve) and in a more advanced interferometer
(lower solid curve). The dashed curves show
various contributions to the first interferometer's

SCIENCE ¢ VOL. 256 ¢ 17 APRIL 1992

National Science Foundation
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While in Europe ... Virgo

L I e 2

A. Giazotto (Pisa)

A. Brillet (Orsay, Nice) Vibration Isolation

Lasers, Optics

. — - e
p = -
Fs
x >
e




The Detectors

Test
Mass

Laser
Source

20 W

Test
Mass
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|

20 100
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Advanced LIGO — Advanced Virgo

Built on the experience gained from the first generation
detectors
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Advanced LIGO

® Advanced LIGO
commissioned 2010-2015.

»

»

»

»

»

Increased laser power

Sophisticated
seismic/vibration
suppression

Quadruple pendula
suspensions

Larger mirrors, better
suspension material

More complex and
versatile interferometer
configuration.




" N BI15 28 gepass 2019
Advanced Virgo

EMY

XP

b

PRM IMX EMX

SRM

POBS

High Power Amplifier
Output MC

Master Laser < AP

Larger mirrors; better optical quality.
Higher finesse of the arm cavities
Increased laser power.

Coming on-line in Spring 2017.
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Advanced Vlrgo

Beamsplitter

The optical components are very large,
but their quality is exquisite.
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The Qesults

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 102", It maiches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the nngdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.16. The source lies at a luminosity distance of 41075 Mpc corresponding to a redshift z = 0.09700;.
In the source frame, the initial black hole masses are 36jM 5 and EQjM - and the final black hole mass is
6251 M, with 3.0752M¢* radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLlett.116.061102

Primary black hole mass 345:3‘44:3
Secondary black hole mass ijM@
Final black hole mass 62+IM,
Final black hole spin (]_57:3-3?
Luminosity distance 4]{]:11;’3 Mpc
Source redshift z 0.09% 003
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Phenomenology
of GW
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When GW passes through space deforms it
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When GW passes through space deforms it

SREE

But deformations are very small: ——
strain=relative deformation
h=DL/L ~1e-21 | ‘

For LSun_Earth"’ 1.5313 cn
h LSun_Earth - 19'21 X 1.5913 o 1-59'08cm
size of H atom at distance Sun-Earth 5e-09cm



What are the astrophysical objects with non-zero quadrupole?

Quantum fluctuations in early universe

-

wh

<]

et

S

(=]

W

Age of

Time between  universe
Wave frequency 10 1012

(Hertz)

Binary supermassive black
holes in galactic nuclei

-
Compact binaries in our
galaxy and beyond
= S
Compact objects .
captured by Rotating
supermassive neutron
black holes stars and
R E— supernovas
<>
Years Hours Secs Millisecs
10* 104 1 102



Primordial gravitational waves / Quantum fluctuations:
<< 1 sec from Big Bang, due to INFLATION of the Universe
Freq. ~ 10"-16 — 10/2 Hz
extremely “faint” (small amplitude)
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Mergers of super-massive black holes (SMBHs, >1075 Msun):
Black holes at centre of galaxies might form Keplerian binaries
and might merge
Freq. ~ 10A-10 - 0.1 Hz

© NASA/CXC/Univ of Texas/E.Schlegel et al/NASA/STScl
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Mergers of compact object binaries (black holes <10A5 Msun,

neutron stars):
Black holes (BHs) and neutron stars (NSs) born from stars might merge
Freq. ~ 10N-4 - 10"3 Hz
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— AMPLITUDE of GWs:

L = 2G° 1 1 20)2
h:§ 3_—|—h%: GmlmQ_\/( +COS ) —|—60829

act r 4
* the bigger the amplitude (strain), the easier the detection
* the farther the binary, the smaller the amplitude
* the larger the masses, the larger the amplitude
* the smaller the semi-major axis, the larger the amplitude

Gravitational Wave of Compact Binary Inspiral

m1=1.75 Msun, m2=2.25 Msun, start f=150Hz, coalescence: f=635Hz
04 " 1 . 1 - v . .

02 |
0
02 }
04 L
0

waveform h

0.01 0.02 0.03 0.04 0.05 0.06
time/s
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— EMISSION of GWs implies LOSS of ORBITAL ENERGY:
G T Mo
Eorb —

2a

THE BINARY SHRINKS WHILE EMITTING GWs
TILL IT MERGES

https://www.youtube.com/watch?v=g8s81MzzJ5c
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— EMISSION of GWs implies LOSS of ORBITAL ENERGY:
THE BINARY SHRINKS WHILE EMITTING GWs
TILL IT MERGES

— If the binary shrinks (a — 0), frequency becomes higher

— If the binary shrinks amplitude increases

Gravitational Wave of Compact Binary Inspiral

mi1=1.75 Msun, m2=2 .25 Msun, start f=150Hz, coalescence: f=635Hz
0.4 ' 1 - 1 . 1 . . v ' . ,

02 -

0 ]
) i | )
04 L '

waveform h

0 0.01 0.02 0.03 0.04 0.05 0.06
fime/s
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— EMISSION of GWs implies LOSS of ORBITAL ENERGY:

Power radiated by GWs:

' 32 G* 1
‘FVOYY\ 627’ PG'W — = - m% m% <m1 + mg)
C" a
B dE b B G 'mqmsy da From Kepler
Pow = i 9 42 At \anol Newton
' da 64 G° _
— T e )

Integrating differential equation:

5 ¢ a’

low =

256 G3 mq1mso (mq + mo)

Timescale for a system to merge by GW emission
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Post-Newtonian Numerical perturbation
techniques relativity =~ methods
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Simple way to estimate frequency at merger:
Last stable circular orbit around a black hole

Inspiral ' Merger | Ringdown
. _ g G (my + mo) g i |
B 9 o 00 @
| — |
|
<= I
| .
| |
Time
i _9 G(m1+m2): 263
GW,LSCO T%SCO 63/2 G (ml n m2)
60 Mgun

waw,Lsco = 460 Hz

(my + my)




Strain (10721

Hanford, Washington

(H1)

Livingston, Louisiana (L1)

|— H1l Dbser*u'ed[

= |1 observed r
=== H1 observed {shifted, inverted}

— Mumerical relativity
Reconstructed {wavelet)
B Reconstructed (template)

i |

| Reconstructed (template)

— Numerical relativity
Reconstrected (wavelet)

Abbott et al. 2016




Detectors:
Advanced LIGO (Livingstone + Hanford, US)
Advanced Virgo (Pisa, Italy)

Michelson interferometers

Design started in the '90s

First science runs -~ 2007 (no detection)
Being upgraded in 2007 - 2015

First run advanced detectors 2015
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Parameter estimation

Median values and 90% credible intervals based on two GR waveform models

GW170729: highest mass and most distant BBH observed to date (median values); has
moderate spin

GW170818: best localised BBH to date - HLV detection

Results consistent with previously published ones

Event  m;/Mo m/Ms  M/Mo  xer  Mi/Mo  a  Ena/Moc?) lead/(ergs™) di/Mpe  z  AQ/deg?
GWI150914 3568 30639 28.6:1¢ —0.01°012 63173 0.6970%  3.1°0%  3.6'04x10% 43019 0.09°9% 179

=-3.0 -44 =15 -0.13 =3.0 -0.04 -0.4 -04 -170 -0.03
GWISI012 23371 136% . 152777 004905 3575, 067 0% 1592 82" %10 106050 0214 5 1555
GWI5I26 13757 T7.; 8990 01857 2057 : 07457 10 340K10® 44000 0092 1033
GW170104 31.0*77 20.1%32  21.5*%)  -0.047050 49.1735 0.6670% 22703 33%08x 10 96030 0.19%007 924

GWI170608 109%33 7.6*13  7.9+02 (03019 178+32 0691004 (900 354045 1%  320+120 (074092 396

-0.2 -0.07 -0.04 -0.1 -110

G0 2 S UG S A S S 6 L R 0 T R D 0 D TS5 0 N R T T 033
(3 AT (10T b o L T i S 1 7t B (77 e 0 (i S 9 5 GO . 0 (T et = T
GW170814: 809507 25312 2da2tt 007l B34 D2l 2708 3pMxi10% 530000 012800 87
GW170817 146%)12 1275000 1186700, 0.00%07 <28 <08 2004  201x10° 4077 00130 16
e Al (T IR e B e M U AT S N T P B 0 (1 107 i B0 o A ¥
GWIT082373016: 1294 - 00132 NN 0.:08 320 65 677 L 071 g5 81610 102N B50 55 013430 1651

14,22 x 10,67 in



Sky location

02 GW events for which alerts were sent to EM |01 + GW170729, GW170818
observers. (not previously released to EM observers)

Inclusion of Virgo improves sky localization:
importance of a global GW detector network for accurate localization of GW

sources
GW170818 (LV) is best localized BBH to date: with a 90% area of 39 deg?

GW170729 was not identified by the low-latency searches

Virgo trigger was not included in the significance estimation of GW170818, so as
L-only trigger it did not pass the false alarm threshold of the online searches
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GW detector network: 2015-2025

— el vty

Ny A

GEOEQO(HF)

"Advanced LIGO

Livingston ( . P /-

2015 4 Uy LIGO-India
> 2022




Third Generation Gravitational Wave Detectors

Einstein Telescope

Underground to reduced seismic noise.

10 km arms

Cryogenic mirrors

Lower frequency limit — 1 Hz

10 X better sensitivity than 2™ generation detectors
Farther back in the universe

M. Punturo talk

68
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| mmm———————————)

Advanced LIGO

17-Aug-17

Cosmic Explorer

Preliminary Concept
The Cosmic Explorer: x10 aLIGO arXiv:1607.08697v3 [astro-ph.IM] 11 Sep 2016
° Earth‘S Sur'faCe, 107 E —— gl?ant_um llmise
* 40 km arms : e Newtonian gravity
 Advanced LIGO Technology + | E———————
- i S 10 —
Squeezed Light LE N Coting thermal
2’ 10%
= W = T
10%
10%

10 100

. Fre v (Hz
Cosmic Explorer requency {Hz)

40 km

PAX Workshon - Amsterdam

1000



GW detection
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Space missions



Laser Interferometer Space Antenna - LISA

ESA — All Systems GO!
Recent “Call” for mission
Acceptance - soon?
Planned launch 2034
NASA coming back
Earlier launch? 20287
LIGO GW events and

Lisa Pathfinder success
have helped significantly

Tremendous activity at
Present plan: 3 Interferometers present
2.5 x 10° km arm lengths
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LISA in Orbit
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LISA physics

 the nature of gravity

 the fundamental nature of black holes

 black holes as sources of energy

* nonlinear structure formation

* dynamics of galactic nuclei

e formation and evolution of stellar binary systems

* the very early universe

» cosmography (specifically, the cosmic distance scale)
Gravitational Observatory Advisory Team - GOAT (ESA web site)

S
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£
®
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0.0001 0.001 0.01 01
Gravitational wave frequency (Hz)

58
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LISA Pathfinder — Demonstrating LISA Technology

l L 1 " "
10 10" 10
Frequency (Hz)

A set of cold gas micro-newton thrusters to
ensure the spacecraft follows TM1. A
second control loop forces TM2 to stay at a

not perfect, and there is lots of fived di ¢ <m d
experimental work to do before tixed distance trom TM1 and thus centere
in its own electrode housing.

LISA. .
PRL 116, 231101 (2016)

LISA Pathfinder worked! Exceeded
requirements. Still, operation was
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Characteristic strain amplitude versus frequency for a space-based laser interferometry mission (armlength 10°
km, 1-yr observations). Objects expected to be strong gravitational wave sources over this frequency range.
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Pulsar Timing
Arrays
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pin-Powered Pulsars: A Census

* Number of known
pUIsarS: 1765 . Isolated pulsars

. Binary pulsars
A¥Ps

* Number of millisecond
pulsars: 170

* Number of binary
pulsars: 131

* Number of AXPs: 12

Number

* Number of pulsars in
globular clusters: 99*

* Number of extragalactic
pulsars: 20

Log [Period (s)]

* Total known:.1?9 in 24 Data from ATNF Pulsar Catalogue, V1.25 (www.atnf.csiro.au/
clusters (Paulo Freire's web page) research/pulsar/psrcat; Manchester et al. 2005)



2 - P Diagram

 Millisecond pulsars have
very low P and are*very old

* Most MSPs are binary

* MSPs are formed by
‘recycling’ an old pulsar in
an evolving binary system

* ‘Normal’ pulsars have
significant period
irregularities, but MSP
periods are very stable

.
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Parkes Multibeam
x Parkes High Latitude
+ Swinburne Multibesm
+ Magellanic Cloud
v AXPs
= Other pulsars

log[Pericd (s)]
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Sky Distribution of Millisecond Pulsars

P <20 ms and not in globular clusters

Parkes TA pulsar

O P =2 ms
¢ P =5 ms

Filled: S1400 > 2 mJdy
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PPTA Pulsars

* 20 MSPs - all in Galactic disk
except J1824-2452 (B1821-24) in
M28

» Two years of timing data at 2 -3
week intervals and at three
frequencies

» Uncorrected for DM variations
and polarisation calibration

* Five pulsars with rms timing
residuals < 500 ns, all < 2.5 us

 Best results on J0437-4715 (120
ns) and B1937+21 (170 ns)

Still have a way to go!

Period DM Orbital Rms
(ms) (em™ pc) period Residual

(d) (us)

J0437-4715 5.757 2.65 5.74 0.12
J0613-0200 3.062 38.78 1.20 0.83
JO711-6830 5.491 18.41 1.56
J1022+1001  16.453 10.25 7.81 1.11
J1024-0719 5.162 6.49 1.20
J1045-4509 7.474 58.15 4.08 1.44
J1600-3053 3.598 52.19 14.34 0.35
J1603-7202 14.842 38.05 6.31 1.34
J1643-1224 4.622 62.41 147.02 2.10
J1713+0747 4.570 15.99 67.83 0.19
J1730-2304 8.123 9.61 1.82
J1732-5049 5.313 56.84 5.26 2.40
J1744-1134 4.075 3.14 0.65
J1824-2452 3.054 119.86 0.88
J1857+0943 5.362 13.31 12.33 2.09
J1909-3744 2.947 10.39 1.53 0.22
J1939+2134 1.558 71.04 0.17
J2124-3358 4.931 4.62 2.00
J2129-5721 3.726 31.85 6.63 0.91
J2145-0750 16.052 9.00 6.84 1.44




SR 2 s 201

The Gravitational Wave Spectrum
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Multi-messenger
observation of
binary neutron

star collision
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First multi-messenger observation:
SN1987A

)
n Annu. Rev. Astron. Astrophys. 1989. 27.629-700
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Copyright © 1989 by Annual Reviews Inc. All rights reserved

SUPERNOVA 1987A

W. David Arnett

Departments of Physics and Astronomy, University of Arizona, Tucson,
Arizona 85721

John N. Bahcall

Institute for Advanced Study, Princeton, New Jersey 08540, and
Space Telescope Science Institute, Baltimore, Maryland 21208

Robert P. Kirshner

Harvard-Smithsonian Center for Astrophysics, MS-19, 60 Garden Street,
Cambridge, Massachusetts 02138

Stanford E. Woosley

Board of Studies in Astronomy and Astrophysics, University of California,
Santa Cruz, California 95064, and General Studies Group,
Lawrence Livermore National Laboratory, Livermore, California 94550

1. INTRODUCTION

On February 23.316 UT, 1987, light and neutrinos from the brightest
supernova in 383 years arrived at Earth, shocking astrophysicists into a

“Multimessenger”
Neutrinos and photons

1300 papers on SN1987A

© Annual Reviews Inc. * Provided by the NASA Astrophysics Data System
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Binary neutron stars
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Network for multi-messenger
observations with GW

_ S
&’._\.' = .fi

2009 - Prototype demonstration of online analysis and alert testing
2013 - Initiate global discussion about GW-EM follow-up program
2017 - Memoranda of Understanding signed with 90+ groups around the globe



Observation of binary neutron star
merger
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Multi-messenger Observations of a Binary Neutron Star Merger
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Abstract
On 2017 August 17 a binary neutron star coal candidate (later desi d GW170817) with merger time
12:41:04 UTC was ob d through gr I waves by the Ad I LIGO and Ad d Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a ga burst (GRB 170817A) with a time delay of

~1.7 s with respect to the merger time. From mc gravitational-wave signal, the source was initially localized to a sky
region of 31 deg” at a luminosity distance of 407§ Mpc and with component masses consistent with neutron stars. The
compuncll masses were later measured o be in the range 0.86 to 226 M.. An extensive observing campaign was
hed across the ek ic spectrum leading to the discovery of a bright optical transient (SSS17a, now with
the IAU identification of AT 2017gfo) in NGC 4993 (at ~40 Mpc) less than 11 hours after the merger by the One-
Meter, Two Hemisphere (IM2H) team using the 1 m Swope Telescope. The optical trunsient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over ~10 days. Following early non-detections, X-ray and radio emission were discovered at
the transient’s position ~9 and ~16 days, respectively, after the merger. Both the X-ray and radio emission likely
arise from a physical process that is distinct from the one that generates the UV /optical /near-infrared emission. No
ultra-high-energy gamma-rays and no neutrino candidates consistent with the source were found in follow-up searches.
These observations support the hypothesis that GW 170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a shont gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.
Key words: gravitational waves ~ stars: neutron

1. Introduction

Over 80 years ago Baade & Zwicky (1934) proposed the idea
of neutron stars, and soon after, Oppenheimer & Volkoff (1939)
carried out the first calculations of neutron star models, Neutron
stars entered the realm of observational astronomy in the 1960s by
providing a physical i ion of X-ray ission from

Heuvel 1975; Massevitch et al. 1976; Clark 1979: Clark et al.
1979; Dewey & Cordes 1987: Lipunov et al. 1987: for reviews
sce Kalogera et al. 2007; Postnov & Yungelson 2014). The
Hulse-Taylor pulsar provided the first firm evidence (Taylor &
Weisberg 1982) of the existence of gravitational waves (Ein-
stein 1916, 1918) and sparked a renaissance of observational
tests of oeneml relativity (Damour & Tavior 1991, 1992:

56 teams and collaborations
3600 co-authors, 200 institutes

VWhat

First hints of interpretation
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« The big picture »

* Aguide to the jungle of 80+ articles

 An exhaustive record for the 192 ! GCN
Notices exchanged about GW170817

GW ————

LIGO,Virgo

l | | I

Y-ray ©
Fermi, NTEGRAL, Astrosat IPN, Insight-HXMT, Swift AGILE, CALET H.ESS,HAWC  Konus -Wind

ol N miii | |
X-ray o

Swit MAXIGSC ,NuSTAR, Chandra, NTEGRAL

Swit, HST

Optical =Y o
Swope DECam,.DLT40, REM-ROS2,HST,Las Cumbres, SkyMapper, VISTA, MASTER, Mageﬂan Subaru, Pan-STARRS1,
HCT, TZAC,LSGT, T17, Geminl-South, NTT, GROND, SOAR, ESO- VLT, KMTNet, ESO- VST, VIR T, SALT, CHILESCOPE, TOROS,
BOOTES 5, Zadko, I‘Telescope Net AAT,Piofthe Sky,AST3-2, ATLAS, Danish Tel, DFN, Teos EABA Il“ I [ 'I ' “ I I I I | l I I I

@ B
fe vt tm nil
Radio —

ATCA, VLA ASKAP. VLBA GMRT, MWA LOFAR, LWA, ALMA OVRO EVN,e-MERLIN,MeerKAT, Parkes, SRT, Effelsberg
We e rerimmr |

100 -50 0 50 102 IERET: 100 10"
t-t. (s) t-t. (days)

RBM-ROS2, VISTA, Geminl-South, 2MASS Spitzer NTT, GROND, SOAR, NOT, ESO-WLT, Kanata Telescope, HST




Main discoveries

b LIGO - Virgo
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Main discoveries (1)
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Short gamma-ray burst - GRB170817A

“Fireball model”

prompt afterglow
emission (X, optical,

radio)
Massive or black hole <gamma>

hyper-massive + accretion disk —
Neutron-star ?

Binding energy E ~ 10% erg

N

« E_~5x10% erg, 10,000 x less than usual

|

- This is not a standard “on-axis” short GRB - Off-axis ?

e 1.7 s after the merger
- Favors hyper massive neutron star (life time ~ seconds)



Gamma-ray follow-up observations of GW1 70817H_E
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INTEGRAL detection of sGRB

in-2.00 5 < t;<4.00s
(GCN 21507, Savchenko et al. 2017)

GW170817 detection
(GCN 21509,
LVC 2017, inprep:)

Fermi-GBM detection of sGRB
inl.25 s <t,; <3.25s - (GCN-21513)
(GCN 21528, Goldstein et al. in prep)
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S5S17a detection
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(GCN 21507, Coulter et al. 2017a)
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* 27 min after GW170817 : First GW map : uncertainty covering 24,200 deg?® at 90% containment : not suitable
for scheduling follow-up observations with H.E.S.S.

* 5h later (LIGO+VIRGO map) : uncertainty covering 31 deg® at 90% containment
— HESS follow-up observations first night : only 35 min to derive pointing strategy before visibility window.
3 observations of 28 min each (with CT9)

— Shortest time delay by any ground based pointing instrument participating in the follow-up of GW170817



Main discoveries (2)
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The race to 1 optical detection

t + 40 min: 1°* LV announcement

candidate BNS associated with GRB N
LIGO ' N

o | S +10.
t_+ 1h05 : Fermi report 2 o \ it
preliminary localization = 1100 deg? ViTgo - . ¥
t_+ 1h30 min: LV update ; 3 ‘
H1-only loc. and distance = 37 + 12 Mpc —Y >

4 Fermi/ B

. " ' GBM
t + 5h: LIGO Virgo loc. =30 deg? ° y ok o f—
distance = 40 + 8 Mpc IPN Fermi / '
Too late for Australia and South Africa I_N,TEGRAL |
t_+ 11h : Swope detects SSS17a and its | \ g
-30°N\_ T /300

host galaxy NGC4993 — o '

9™ field taken at 20:33 LT, Las Campanas Obs
180 galaxies at ~40 Mpc in the error box

+ 5 more independent detections in the following hour

t_+ 13h: Swope announcement
GCN Circular #21529

L3 A7 1** report on spectroscopic obs.
(GCN Circular #21547)

N\ N\ N AN



Skpc

.

HST/WFC3-IR F110W t +4.79d Tanvir et al, ApJL 848:L.27 2017



Photometry

16

647 flux measurements from
18 papers and 46 instruments
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Apparent Magnitude
N
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W2, M2, w1,
28 F225W F275W F336W,u,U
5 10 15 20 25 30

MJD - 57982.529

Discovery: 17.48 mag (i band)
Rapidly rise and fading after ~1 day
Decline faster in the blue band, 1.5 mag/day
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SED shifts from near-UV to near-IR in 8 days - hot ejecta and rapid cooling

V. Ashley Villar et al, arXiv:1710.11576

Drout et al, Science, 2017



Kilonova model (r-process)

Rapid neutron Radio active Heavy
capture decay elements
(lanthanides?)

I XX

@ Electron

heat

Thermal

Lattimer et al, Astrophys. J., 1977 radiation

Eichler et al, Nature 1989
Li & Paczynsky, Astrophys. J. 1998
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Apparent Magnitude
N N
N (=)

N
N

261

28

Inferring the kilonova model

18l % 6S

F336W,u,U

15 20 25 30
MJD - 57982.529

* Best fit has three components

+ Lanthanide-poor (blue, 0.5 cm?/g), intermediate (magenta, 3 cm?/g)

and lanthanide-rich (red, , 10 cm?/g)

* Good fit provides evidence for heavy-element
nucleosynthesis and ejection

+ Supernova models (**Ni decay, Fe opacity) do not fit

M., ~ 0.02M
Vej 0.26c

M., ~ 0.04M
Yoy ™ 0.15¢

Me; ~ 0.01 Mg
ve; ~ 0.14 ¢

Proton-rich
polar ejecta

Tidal tails or
delayed outflow
from accretion
disk

V. Ashley Villar et al, arXiv:1710.11576




Brightness
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Pian et al, Nature, 2017
ESO VLT - X-shooter

N Spectrometry

Absorption lines consistent with
Cesium and Tellurium

— spectral data (+2.4d)
2.0 - - model continuum

- model Cs+Te
L0 ™
1.0 -

i |
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0.0 e S B
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Smartt et al, Nature, 2017
ESO VLT - X-shooter



Kilonova -Nucleosynthesis (1)

The Origin of the Solar System Elements

- cosmic ray fission

PN AAdﬂ(ﬂAAdAA
'E

e e

Astronomical Image Credits:
Graphic created by Jennifer Johnson ESA/NASA/AASNova



Kilonova -Nucleosynthesis (2)

16 000 Mg

of heavy elements

10 Mg

in gold and platinum

(according to Edo
Berger)

The Origin of the Solar System Elements

=z
ol B de ‘
j exploding white dwarfs |2} ‘ A S | A
AA AAdﬂ{ﬂdddAA
5 3 » o |

Astronomical Image Credits:
Graphic created by Jennifer Johnson ESA/NASA/AASNova



Main discoveries (3)

35;‘;2%«. NS TAR Chandra. NTEGRAL Ls
o X-rays: 10% erg/s
AR'CI-aK('jLAsz(IP\'\BACNF" MAA_LOFAR. LWA. ALMA. OVRIO. EVN. eMERLIN. MeerKAT Parkes, SRT Efdsbery ’— at tC + 9d (!)
RN o ] .
-100 -50 0 50 102 101 10°_,m'" 10! TrOJa et al’ 2017
t-t- (s) t-t, (days) s )
R e — ® Radio (6 GH2z):
A~ ~28 uJyatt_+16d
| J . -
=2 S Hallinan et al, 2017
. .
Decoupled from
pd Lesd ___Rodio the kilonova
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So far, no convincing global model

Scenario i: Uniform Top-hat Jet Scenario ii: Structured Jet Scenario iii: Uniform Jet + Cocoon

Rotation Axis Rotation Axis Rotation Axis
Viewing Angle Viewing Angle

4 P

Uniform
Core

Structured
Jet

Viewing Angle

Doppler
Beaming
into
Sightline

Central Engine Central Engine Central Engine

X-ray and radio counterparts are likely afterglows (synchrotron)

A. Jet off-axis by ~5 deg = excluded

- 1.7 sdelay is too short (delay to medium transparency)
— Delayed X-rays require viewing angle ~ 13 deg
- Radio flux x 10 larger if true

B. Structured jet (same conclusion)
C. “Hot cocoon”

- Kilonova shows that a lot of material surrounds the binary.
Jet drills into the ejecta.
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Summary

m 99 years after prediction by Einstein,
gravitational waves was detected from 2 black
holes merger in 2018.

m /n 2017 extraordinary event of binary NS
merger proved heavy element production and
challenge gamma-ray models.

m [his field has great future, first detections just
Started.




