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IceCube events:
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IceCube events: Tau neutrino lifetime 17m
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lceCube events: 6 years 82 events
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NS
lceCube events: 6 years 82 events

@ consistent with isotropy

Galactic
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NS
lceCube events: 6 years 82 events

_IceCube Preliminary

oot Northern /Southern .
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@ consistent with isotropy
= extragalactic neutrinos
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lceCube events: Soft “low-energy” spectrum?

Astrophysical Fluxes
{on top of atmospheric)
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lceCube events: power-law fit of energy spectrum
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lceCube events: power-law fit of energy spectrum
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Recall: Photon horizon and cascades

photon horizon ~~
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Cascade limit: o = 2.1
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Cascade limit: o = 2.3
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Cascade limit: o= 2.5
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Cascade limit:
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@ requires “hidden sources” or

e Galactic origin
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IceCube searches for sources:
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lceCube searches for sources: transient sources
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lceCube searches for sources: transient sources
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@ add. constraint: angular correlations of photons
@ add. constraint: diffuse v-ray bound
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Multi-messenger picture
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Extragalactic cosmic rays

Spectrum

E*J(E) / (eV2km?Zsriyr')

Michael KachelrieB (NTNU Trondheim)

E RYTAERE } | E
r .. efBofga 1
L sooege’ ° ]
- [ 4
®
TA SD Full Sky (ICRC 2015) +
- Auger SD Full Sky (ICRC 2017) % -
[, Il L, ol il 1J:
8 18.5 19 195 20 20.!
log, (EfeV)

E'J(E) /(eVP km?sriyr')

Multi-messengers

10%

= o
Oepen®”

t
D_D.n‘u+u!u’m|¢ + i

E
¢1
TA SD Full Sky (ICRC 2015)
(E rescaled by -5.2%) {: f

Auger SD Full Sky (ICRC 2017)
(E rescaled by +5.2%)

E

8F

1
19 19.5
log, (EfeV)

®
o

Baksan School 2019 9/1



Extragalactic cosmic rays

Energy losses and GZK cutoff
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Energy losses and GZK cutoff

108

10°

Hubble

4
10 horizon

103 k

10% b

10" E

Energy Loss Length [Mpc]

107" £

10-2 ! ! ! L
1017 1018 1019 1020 102 1022

Energy [eV]

Michael KachelrieB (NTNU Trondheim) Multi-messengers Baksan School 2019 10/1



Extragalactic cosmic rays

Composition
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Extragalactic cosmic rays

Composition

70

60

50

40

30

o(X ) [g/cm’]

— EPOS-LHC  ---- Sibyll2.3 - QGSJetll-04

1017 1018 1019 1020
E [eV]

Michael KachelrieB (NTNU Trondheim) Multi-messengers Baksan School 2019 11/1



Composition of CRs:

¥ QGSJETII 04 ¢ EPOS-LHC $ SIBYLL23
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Composition of CRs:

¥ QGSJETII 04 ¢ EPOS-LHC $ SIBYLL23

Fe

00 N IR I ST

relative abundance

S

p

| L L l }h -

|f' "l Y ,

composition 6 x 10" — 5 x 10'® eV consistent with

< 20%Fe

Michael KachelrieB (NTNU Trondheim)

Baksan School 2019



Composition of CRs:
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early transition from Galactic to extragalactic CRs
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Extragalactic cosmic rays

Transition to extragalactic CRs — anisotropy limits

dipole quadrupole
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Extragalactic cosmic rays

Transition to extragalactic CRs — anisotropy limits

dipole quadrupole
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dominant light Galactic composition around E = 10'® eV excluded

[Giacinti et al. '12, PAO '13]
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Unified AGN picture
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Blazars as neutrino sources?
@ unresolved blazars dominate HE part of EGRB
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Extragalactic point sources

Blazars as neutrino sources?

@ unresolved blazars dominate HE part of EGRB

@ stacked analysis of gamma-ray and muon neutrino flux from blazars

= disfavors blazars as HE neutrino source
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Extragalactic point sources

Blazars as neutrino sources?

@ unresolved blazars dominate HE part of EGRB

@ stacked analysis of gamma-ray and muon neutrino flux from blazars

= disfavors blazars as HE neutrino source

@ leptonic blazar models favored to explain EGRB

@ neutrino sources should give sub-dominant contribution to EGRB

Michael KachelrieB (NTNU Trondheim) Multi-messengers Baksan School 2019 15/1



Constraints on a minimal model:
a single source class that
o fits the extragalactic UHECR flux and composition
e fits the (extragalactic) neutrino flux
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Constraints on a minimal model:

a single source class that
o fits the extragalactic UHECR flux and composition
e fits the (extragalactic) neutrino flux
@ gives subdominant contribution to EGRB

@ consistent with early Galactic to extragalactic transition

= ankle has to be a feature of source spectrum
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Mixed models
@ Peter's cycle: Eax 4 = ZEmaxy

@ py interactions filter nuclei A close to threshold
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Mixed models
o Peter's cycle: Eyax 4 = ZEnax,yp
@ py interactions filter nuclei A close to threshold

@ secondary neutrons lead to soft proton flux
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Mixed models

@ Peter's cycle: Eyax 4 = ZEmax,p
@ py interactions filter nuclei A close to threshold
@ secondary neutrons lead to soft proton flux

@ ankle:
= transition: requires EP . =~ 60 PeV

max
= feature of extragalactic spectrum
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Mixed models

@ Peter's cycle: Eyax 4 = ZEmax,p
@ py interactions filter nuclei A close to threshold
@ secondary neutrons lead to soft proton flux

@ ankle:
= transition: requires EP .~ 60 PeV

max
= feature of extragalactic spectrum

@ neutrino flux from py suppressed, at too high £
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GRB inspired ankle model (Globus et al. '15, '17]
@ spectrum:
1025 T T T T
Model C, isolropic, B, = 0.1 nG « Auger (ICRC 2013)
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GRB inspired ankle model

[Globus et al. '15, '17]
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GRB inspired ankle model (Globus et al. '15, '17]
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GRB inspired ankle model (Globus et al. 15, 171
@ neutrinos:
. - mixed composition b '
- —— GRB in UHECR
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PhenomenOIOglcal AGN mOdel [Unger, Farrar, Anchordoqui '15]
injected
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PhenomenOIOglcal AGN mOdel [Unger, Farrar, Anchordoqui '15]

1=pA <2 7 =pn 40 <A <56 galactic (A=56)
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Phenomen0|0glca| AGN mOdel [Unger, Farrar, Anchordoqui '15]
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PhenomenOIOgicaI AGN mOdel [Unger, Farrar, Anchordoqui '15]
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Minimal model: add neutrinos

@ 3 zones
» core: rigidity dependent acceleration dN/dR x R~ exp(—R/Rmax)
> inner zone: A~ interactions

» outer zone: Ap interactions

o diffusion: increase of effective in;

@ source evolution
» BL Lac ~ peaked at late times

» AGN ~ peaked at early times
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Minimal model: add neutrinos

@ 3 zones
» core: rigidity dependent acceleration dN/dR < R~ exp(—R/Rmax)
> inner zone: A< interactions

> outer zone: Ap interactions

o diffusion: increase of effective it

@ source evolution
» BL Lac ~ peaked at late times

» AGN ~ peaked at early times
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Minimal model: add neutrinos

@ 3 zones
» core: rigidity dependent acceleration dN/dR < R~ exp(—R/Rmax)
> inner zone: A< interactions

> outer zone: Ap interactions

o diffusion: increase of effective in;

@ source evolution
» BL Lac ~ peaked at late times

» AGN ~ peaked at early times
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Models

AGN evol., gas and photons: o1 -2 = 0.0s5 ana 777 = 0.20
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AGN evol., gas and photons: a=1.5, 707 = 0.035 and 727 = 0.29
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AGN evol., gas and photons: a=1.5, 707 = 0.035 and 727 = 0.29
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(Isotropic) photon limits [Aers, Murase '13]
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(Isotropic) photon limits [Aers, Murase '13]
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Neutrinos from extended sources

Sources in Local & Loop | superbubble

Michael KachelrieB (NTNU Trondheim) Baksan School 2019 23/1



Neutrinos from extended sources

Sources in Local & Loop | superbubble

HI shell

i
5
EE
-

Local Hot Bubble

Michael KachelrieB (NTNU Trondheim)

hhoup 1 SNR

-
Sco-Cen assoclation

-

HI ring

e

Multi-messengers



Neutrinos from extended sources

Sources in Local & Loop | superbubble
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Neutrinos from extended sources

Sources in Local & Loop | superbubble
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Neutrinos from extended sources

Are multi-TeV photons in the Fermi data? For |b] > 20°:

[ residual CR

IGRB
— # |b|>20", total counts
S & |b|>20", PS, IGRB & CR subtracted
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TV y-ray excess
Are multi-TeV photons in the Fermi data? For |b] > 20°:

residual CR
IGRB

[ # |b|>20", total counts
— & |b|>20", PS, IGRB & CR subtracted
| —
107¢ ——

- —_—

t —

2 —-—

910 | L

w wlh

s

H

W

@ bin 1-1.7 TeV: expected 14 (18.5) for nominal (renormalised) exposure
observed (after subtr. CR): 47
@ bin 1.7-3TeV: expected 2.4 (3.5.5), observed 17
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i
Adding neutrinos:

LAT n° decay model

._.
2
L
r
.
:

"..-_- &k  Fermi/LAT all sky
10-5 T ¥ IceCube HESE, 6 yr
e, - + IceCube HESE, 4 yr

] v, mm
IGRB -—-4'
10764 ++

+*

1077

1078

1074 = ANTARES
-— = |ceCube
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Possible explanations:
e interface Loop | /local superbubble: strong dipole?
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Neutrinos from extended sources

Possible explanations:

e interface Loop | /local superbubble: strong dipole?
@ extended CR halo

[Taylor, Gabici, Aharonian '14 ]

—4

10g10(B in [G])

-9 L e

1 10 100 1000
Distance from center in [kpe/h]

o =] = = [Dolag '02)]a ¢~
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Neutrinos from extended sources Intepretation

Possible explanations:

e interface Loop | /local superbubble: strong dipole?
@ extended CR halo

-4 -4
-5 -5
o s
£
a
e —7
S
_sF
-9 -9

.
1 10 100 1000
Distance from center in [kpc/h]

[Dolag '02]
o for B~ 0.01G and Leon ~ 100 pc:
= CR with E, = 100 TeV is in large-angle scattering regime
= D(E,) ~ 10%cm?/s
= escape time 7 = H?/2D ~ t
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Neutrinos from extended sources Intepretation

Possible explanations:

e interface Loop | /local superbubble: strong dipole?
@ extended CR halo

@ PeV dark matter: re-incarnation of SHDM idea for AGASA excess:

» non-hermal DM
» avoids cascacde limit

» Galactic anisotropy
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Intepretation
PeV dark matter

oo T T T DM - v, v, (15%), bb (85%)
————— DM - v,v, (12%), cc (88%)

L e DM — e~¢* (40%), qq (60%) ]

—
|

—_

o

E2dJ/dE, (TeV cm™2 57! sr7h)

[Kusenko et al. '13, Esmaili, Serpico '13]
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Neutrinos from extended sources

Possible explanations: heavy dark matter

0.000001000

T
NU tot e

L 4 gam gal
gam gal ICS ——
gam ex casc
gam tot e
IceCube 0=
Fermi F—o—i

0.000000100

0.000000010

0.000000001 L L \ L

1x101° 1x101% 1x10%2 1x1013

1x10%4 1x10° 1x10%€

il
it
N
o
P
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Texas blazar

[C170922A event

side view

o
o
o
©
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60000000000
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e )
o o )e
= ¢ b o
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= :

°

. 1000 1500 2000 2500 3000
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Observations
[C170922A event

side view

POV

direction RA 77.4370-2% and Dec +5.7270-50
coincides with blazar TXS 05064056
energy deposited 23.7 & 2.8 TeV, E, ~ 290 TeV
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Observations
[C170922A event: Fermi-LAT observations

original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A

—_
o

6.6°
= |C170922A 50% - area: 0.15 square degrees

= |C170922A 90% - area: 0.97 square degrees

9
8 —
6.2° ()]
7 &
I
S 6 ¢
w© 5.8° - o
£ Fo 5 0O
© TXS 0506+056 =
0] <C
a 4
5.40 e~
3 5
L

2

5.0°

[y
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1C170922A and the Texas blazar O]SaE T

[C170922A event: MAGIC observations

o
[ee]
o

TXS 0506 u
e ——

Declination

o
.l%
MAGIC significance [o]

PKS 0502+04§

Baksan School 2019 2/8
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Observations
[C170922A event: observations

6.6°
6.2° =
(o]
2
S g
T 58° 2
£ c
S XS ososug 2
o o
5.4° 15
<
=
50 - PKS 0502¢o4§
" %
MAGIC PSF
4.6°
78.4° 78.0° 77.6° 77.2° 76.8° 76.4°
Right Ascension
chance coincidence of neutrino and gamma flare: ~ 30 J
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1C170922A and the Texas blazar

|C170922A event: multi-wavelength picture

log(Frequency [Hz])

8 10 12 14 16 18 20 22 24 26 28 30
T T T T T T T T T T T T
—10 | B
10 — i T
*‘ "+'+'+. -—
v
__10-1up . ~_| i
D
w .
0 S \
g & * v
Elo—u_ ) T ]
m .
el
=~ .
=
©
~
* 103 |
+ Archival * SARA/UA —— INTEGRAL (UL) ~—— VERITAS (UL)
s = VIA 4 Swift UVOT 4  Fermi-LAT —— HAWC (UL)
2 e OVRO § ASASSN ¢ AGILE —— Neutrino - 0.5yr
10-14} o o Kanata/HONIR ¢ Swift XRT +  MAGIC === Neutrino - 7.5yr |
. v Kiso/KWFC ¢ NuSTAR —— HESS. (UL)
! | L N L L N |
10-° 10-3 100 10° 10° 109 1012 107
Energy [eV]
=] =1 = = = 9ae
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1C170922A and the Texas blazar O]SaE T

1C40 IC59 1C79 IC86a ICB6b

- i i i i i

== JcaCube-170922A

4 Gaussian Analysis
a == Box-shaped Analysis
o 3«
k-
|

W
2
=
e
5]
]
=

|

T E— T T T
2009 2010 2011 2012 2013 2014 2015

search in archival 6.0
IceCube data: e co-
- 150 day flare in 45 R
December 2014 of s 2
19 events (bkg <6) 530 e =
+ 1075 bkg. probability ' e
» accompanied by 15 | 469
hardest Fermi
spectrum in the 10 00 78.36° 77.36° 76.36°
years of data (E'1'7). Right Ascension
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1C170922A and the Texas blazar O]SaE T

Why not seen before?

10710 b b ) N I
1 eme 90% Upper Limit Ref.[16] [
. ] — 5o Discovery Potential = this work B
o 4 == Sensitivity i
§ 011 - *= = 50 Discovery Potential (large bandwidth) [
> 1 TXS 0506+056 4C 38.41 F
e ] MGRO J1908+06 :
- - | B
= ] 3C454.3 ~
I T S e . o oot

SRR . . -
% 3 = ° _ 2 o
o T .___..,__.-o-o-“""‘.' N
_‘\‘.."‘_,,,p.fﬂ-d B

10" — T T ————
0.0 0.2 0.4 0.6 0.8 1.0

sin(8)

Michael KachelrieB (NTNU Trondheim) Multi-messengers

Baksan School 2019

4/8



1C170922A and the Texas blazar
Texas blazar

Accretion disk

[Gao et al. 1807.04275 ]

Relativistic jet, Doppler factor = 20-30

=

® Accelerated et/e

@ Accelerated protons
V)] Radio
~0.05 pc n/\s Optical
X-ray ., ..
oy D
\ utrino Observer at earth
Emission region
Supermassive black hole
le e
[ 10 pc >

1.35 Gpc 4>|
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1C170922A and the Texas blazar

Texas blazar: leptonic model
eV keV MeV GeV TeV PeV

-9
Leptonic

(\Ifo _10! GeV-y (Fermi-LAT)

I Optical (ASAS-SN)

IS

()

2

()

w -1f

R

P4
o

L

o
S 12
i)
No neutrinos
-13 s - . .
10 15 20 25 30

log1o(Frequency/Hertz)

=] F = = DA™

Michael KachelrieB (NTNU Trondheim) Multi-messengers



1C170922A and the Texas blazar

Texas blazar: hadronic model
eV keV MeV GeV TeV PeV

-9 :
Leptonic Photons
~——— Hadronic Muon Neutrinos
GeV-
-10} L

IU)
(EJ i Flux corresponding to
o E < eCube
= D]
o X 2 pey 1/2 yr
w -1 L5
3 -
o | ©
% / | ha
S —12
kel
-13 '
15 20 25 30
log,o(Frequency/Hertz)
o =) = = E DA
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1C170922A and the Texas blazar

Texas blazar: hybrid

model

eV keV MeV GeV TeV PeV

-9
Leptonic Photons
~— Hadronic Muon Neutrinos
) GeV-
& 10 ev-y

| Optical

g Flux corresponding to
9 one v, in lceCube
() per 1/2 yr
~

w - 1Mr %

KeJ

~

pd f—
c:lo Absorbed
E duringg .

o propagation
S 12+
ie] /
/
-13 _ / L L
10 15 20 25
log1o(Frequency/Hertz)
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L
Texas blazar: hybrid model

log1o(E?dN/dE / erg cm™2s7")

9

eV keV MeV GeV TeV PeV

Leptonic == Photons

Hadronic Muon Neutrinos

GeV-y

Flux corresponding to

one v, in lceCube

0 25

logo(Frequency/Hertz)

problems

jet power 10% in excess of Eddington luminosity

requires 2-zone model

0.1 neutrino/yr in IceCube during flare
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1C170922A and the Texas blazar

Texas blazar: time-dependence model

o 100 1.0
5 g
; <— Injection boost —=——Return to nominal inject—>| 21;)_
3 2
3 g
s 5
2 . ]
(0] S0 -ra o
2 10t 10.1 £
s £
[ GeV-y 7]
[0} c
° c
2 <}
E_ Optical §
< g
[m]

w ; 3
(2] 1 1 ; L : R 01 ©
0 23 .. 7 35 ..9193 ..98136 ... 182
t/day

o = = = = 9Dar
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1C170922A and the Texas blazar Models

Texas blazar: time-dependence model

eV keV MeV GeV TeV PeV

-9 t t t

—~ ZZZIZIZI Quiescent T/ Flare

[

(%]

GeV-

A -10 o

= Optical

o Flux corresponding
E) one v, in lceCube
(0] per 1/2 yr
w -1F :

o

=

=z | f ey /S S N g | e
o~
U

s - 12

D

o

-13
10 15 20 25 30

log4o(Frequency/Hertz)
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1C170922A and the Texas blazar Models

Texas blazar: time-dependence model

9 eV keV  MeV GeV TeV PeV

Flare

GeV-y

I
-
o

Flux

one v, in IceCube
per 172 yr

log4o(E2dN/dE / erg cm™2s7")
I

i0 15 20 25 30
logqo(Frequency/Hertz)

additional problem:

no orphane neutrino signal expected
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From Coulomb’s law to wave equation
@ Poisson law for charge and mass density

Ap = —47mp

Ap = 4nGp

=] & = E A
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From Coulomb’s law to wave equation
@ Poisson law for charge and mass density

Ap = —47mp

Ap = 4nGp

@ we know relativistic generalisation for electrodynamics:
o= Al =(p, A)

p— " =(p,3)
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Motivation for gravitational waves

From Coulomb’s law to wave equation
@ Poisson law for charge and mass density

Ap = —47mp Ap = 4nGp

@ we know relativistic generalisation for electrodynamics:
o= Al =(p, A) p—j*=(p.3)

@ wave equation [JA* — 9#0,AY = j#
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Motivation for gravitational waves

From Coulomb’s law to wave equation
@ Poisson law for charge and mass density

Ap = —47mp Ap = 4nGp

@ we know relativistic generalisation for electrodynamics:
o= A= (p,A) p—j*=(p.3)
@ wave equation OJA* — 9#0, AY = j+

@ massless field has 2 polarisations
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From Coulomb’s law to wave equation
@ massless field has 2 polarisations
=] = = E APRN e



From Coulomb’s law to wave equation
@ massless field has 2 polarisations
@ gauge symmetry & conservation law
Al — AP = AF 4 OFA

Oujt =

=] & = E A
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Motivation for gravitational waves

From Coulomb’s law to wave equation

@ massless field has 2 polarisations

@ gauge symmetry & conservation law

Al — A = AP 4 OFA Ot =

@ can eliminate 2 d.o.f. using gauge symmetry:

d,A" =0 = 04" =0
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Motivation for gravitational waves

From Coulomb’s law to wave equation

massless field has 2 polarisations

@ gauge symmetry & conservation law

Al — A = AP 4 OFA Ot =

@ can eliminate 2 d.o.f. using gauge symmetry:

0,A” =0 = O0A* =0

2.nd gauge transformation with any [JA =0
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Motivation for gravitational waves

From Coulomb’s law to wave equation

massless field has 2 polarisations

@ gauge symmetry & conservation law

Al — A = AP 4 OFA Ot =

@ can eliminate 2 d.o.f. using gauge symmetry:

0,A” =0 = O0A* =0

2.nd gauge transformation with any CJA =0

can set A° = 0 = tranverse wave

Michael KachelrieB (NTNU Trondheim) Multi-messengers
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How to generalise this to gravity?

e charge density p = dq/dV vs. mass density p = dm/dV

=] & = E A
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How to generalise this to gravity?

e charge density p = dq/dV vs. mass density p = dm/dV
e tranform with ~y vs. ~?

= p should 00 element of rank-2 tensor: 7},
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Motivation for gravitational waves

How to generalise this to gravity?

e charge density p = dq/dV vs. mass density p = dm/dV
e tranform with 7y vs. ~2

= p should 00 element of rank-2 tensor: T},

@ conservation law: 9,T"" =0
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Motivation for gravitational waves

How to generalise this to gravity?

e charge density p = dq/dV vs. mass density p = dm/dV
e tranform with v vs. 72

= p should 00 element of rank-2 tensor: T},
@ conservation law: 9,7 =0

@ symmetry: space-time translations z# — x# + &#
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Motivation for gravitational waves

How to generalise this to gravity?

e charge density p = dq/dV vs. mass density p = dm/dV
e tranform with v vs. 72
= p should 00 element of rank-2 tensor: T},
@ conservation law: 9,7 =0
@ symmetry: space-time translations z# — x# + &#

@ Guv = Nuv + huu
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Motivation for gravitational waves

How to generalise this to gravity?

e charge density p = dq/dV vs. mass density p = dm/dV
e tranform with v vs. 72
= p should 00 element of rank-2 tensor: T},
@ conservation law: 9,7 =0
@ symmetry: space-time translations z# — x# + &#
® Gy =M + hu

=
h;W = h/u/ - a,ufzx - auf,u
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Motivation for gravitational waves

How to generalise this to gravity?

e charge density p = dq/dV vs. mass density p = dm/dV
e tranform with v vs. 72

= p should 00 element of rank-2 tensor: T},
@ conservation law: 9,7 =0

@ symmetry: space-time translations z# — x# + &#

® G =N + hw/

!/
R = hyw — 0u& — 0L,
@ consider it as gauge transformation in Minkowski space
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Comparing spin-1 and spin-2
@ wave equation
OA® = j

Dﬁab — Tab

=] & = E A
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Comparing spin-1 and spin-2
@ wave equation
A% = ja Dﬁab _ Tab
@ gauge condition
0,A* =0

9h™ =0

=] & = E A
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Comparing spin-1 and spin-2
@ wave equation
DA = j

Dﬁab — Tab
@ gauge condition

0, A =

dah™ =0
@ polarization: transverse vs. transverse, traceless

=] & = E A
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Comparing spin-1 and spin-2
@ wave equation
OA% = 4¢
@ gauge condition

Dﬁab — Tab

0, A =

dah™ =0
@ polarization: transverse vs. transverse, traceless
@ solution

atw) = [aor )

|z — ']

- T%(t,, x'
hab(l) - /d3élfl ( o )
Michael KachelrieB (NTNU Trondheim)

|z — /|

Multi-messengers



Comparing spin-1 and spin-2

@ wave equation

(A% = ja Dﬁab — Tab

@ gauge condition
Da A" =0 9uh™ =0
@ polarization: transverse vs. transverse, traceless
@ solution
Aa(SC) — /d3$/‘]a(t7‘vm/) }_Lab(.'L“) _ /d3$/Tab(tT7m/)
lx — /| le — x|
@ energy loss
2. 1 g
Lem — _gdad Lgr — _3QQ5Q
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Motivation for gravitational waves

Gravitational wave: Spin-2 and tidal effect:

time
,T\

/ \

I
) '
Oy B
\‘\.--_—..f

-, Y
’ A
I
I i
1
L vl
\“I-——-"
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Motivation for gravitational waves

Gravitational wave: Spin-2 and tidal effect:

time

= length change Al/l ~ h
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Motivation for gravitational waves

Gravitational wave: Spin-2 and tidal effect:

/-\ time

= length change Al/l ~ h
sensitivity scales as 1/ compared to 1/7?!
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Emission of radiation
system of N moving masses m*) [or charges ¢(*)]:
o d= Z

mkyk) = = Py, = const = no grav. dipole radiation

=] & = E A
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Motivation for gravitational waves

Emission of radiation

system of N moving masses m*) [or charges ¢(*)]:
od= Zf\;l mF k) = Py = const = no grav. dipole radiation
@ have to us quadrupole:

@ use dimensional analysis to fix powers a and b:

ar’. 1’
L w a 1]
ow X Ge [ e ]
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Motivation for gravitational waves

Emission of radiation

system of N moving masses m*) [or charges ¢(*)]:
od= Zf\;l mF k) = Py = const = no grav. dipole radiation
@ have to us quadrupole:

N
k) (k
I; = Zm(k)xz( )ajg. )
i=1
@ use dimensional analysis to fix powers a and b:
2
dry,
dt¢

G .o
Lgy o (T-',Qij

Lgy o< Gc*
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Motivation for gravitational waves

Emission of radiation

system of N moving masses m(*) [or charges ¢()]:
o d= Z mF k) = P, = const = no grav. dipole radiation
@ have to us quadrupole:

1]—ka) (k

@ use dimensional analysis to fix powers a and b:
b 2
dl;;
dte
G-

Lgy ox C_5Q¢j

for 2 rotating stars: Lgy, ~ —GR*M?wO

Loy o< Ge*
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Motivation for gravitational waves

Emission of radiation

system of N moving masses m(*) [or charges ¢()]:
o d= Z mF k) = P, = const = no grav. dipole radiation
@ have to us quadrupole:

1]—ka) (k

@ use dimensional analysis to fix powers a and b:

art]’

LgW X GCQ W

e
Lgw x C_5Q¢j
exact calculation: Lgy = —128/5GR*M?wO
= can calculate evolution of orbit
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Motivation for gravitational waves

Emission of radiation

system of N moving masses m(*) [or charges ¢()]:
o d= Z mF k) = P, = const = no grav. dipole radiation
@ have to us quadrupole:

1]—ka) (k

@ use dimensional analysis to fix powers a and b:
b 2
dl;;
dte
G-

Lgy ox C_5Q¢j

exact calculation: Lgy = —128/5GR*M?w"
= can calculate evolution of orbit
e frequency of grav. wave: 2w

Loy o< Ge*

Michael KachelrieB (NTNU Trondheim) Multi-messengers Baksan School 2019



Hulse-Taylor pulsar: discovered 1974, Nobel prize 1993

PSR B1913+16 .

1.9 Mill: km

" unseeni -jj P=59ms
Mg=139M, Mp=1.44 M,

b

P =780 .  €=0617 .

@ pulsar in binary system

@ 2 million km wide orbit shrinks by 4mm/day

Michael KachelrieB (NTNU Trondheim) Baksan School 2019
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General Relativity Predich’on/
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Amplitude
@ result:

could estimate amplitude again by dimensional analysis:

2

h ~ By

rR

with Schwarzschild radius Ry = 2G M /c?

=] & = E A
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Amplitude

could estimate amplitude again by dimensional analysis:
@ result: )
o fts
TR
with Schwarzschild radius Ry = 2G M/ c?

e for 2 coalescing BH at horizon: r~R~R;, = h~1
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Amplitude

could estimate amplitude again by dimensional analysis:
@ result: )
h ~ Lin
TR
with Schwarzschild radius Ry = 2G M/ c?

o for 2 coalescing BH at horizon: r~R~R;, = h~1

e for r = 300 Mpc ~ 10?2 km and R ~ R, ~ 100 km: h ~ 1020

Michael KachelrieB (NTNU Trondheim) Multi-messengers Baksan School 2019
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Coalesence time
@ energy of binary system:
1 GmM
E= §mv2 — =

_ GmM
r

2r

GmM
j —

2F

=] & = E A
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Coalesence time
@ energy of binary system:

1 M
EzﬁmUQ—Gm =

_ GmM
r

=
2r
@ evolution of orbit

j_ drdB __64GmM
dE dt

3 23

=] & = E A
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Coalesence time
@ energy of binary system:

o 1mv2— GmM _ GmM N 7d__GmM
2 ro 2 a 2F

@ evolution of orbit

_drdE __6AGmM
dE dt 3 23

=7

@ integrate over AT =ty — to and neglecting 7(t¢):

5 To
T=———
256 Gm?M?
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Coalesence time
@ energy of binary system:

> 1 2 GmM GmM N . GmM
= — v —_ = — [ —
2 r 2r 2F

@ evolution of orbit

N dr dF 64 Gm?2M?
r=_—m,—
dE dt 3 273

@ integrate over AT =ty — to and neglecting 7(t¢):

. 5 To

256 Gm2M?2

e LIGO/VIRGO events: M = (10 + 10)Me), 79 ~ 500 km: A7 ~ 1s
@ LISA events: M = (10° + 10%) My, ro ~ 108 km: AT ~ 1yr

AT
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Optical interferometer:
« Testmass

Test mass

Input test

recycling
mirror
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LIGO detector — Livingstone site
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Motivation for gravitational waves

LIGO detector — Hanford site
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LIGO detector — “test mass”

.
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Motivation for gravitational waves

“test mass”
‘ ‘_':v\\‘ - BT

LIGO detector —
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What have we learnt?

“Nobel prize detections:”

il GW170104
‘v"m‘

1 sec.
time observable by LIGO
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Nobelprize laudatio 2017

The Nobel Prize in Physics
for 2017 is one half awarded
to Rainer Weiss, the other
half jointly to Barry C.
Barish and Kip S. Thorne
"for decisive contributions to
the LIGO detector and the
observation of gravitational

’

waves”.

\
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What have we learnt?

Black Holes

Black Holes of Known Mass

GW150914
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X-Ray Studies
LIGO/VIRGO
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GW170817

Hanford Livingston Virgo
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GW170817

GW170104

LVT151012

GW151226

GW150914

GW170814
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@ merging neutron star binary
=] 5 = E Dacr



GW170817
@ merging neutron star binary

o detected as short Gamma-Ray Burst

=] & = E A
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GW170817
@ merging neutron star binary

@ detected as short Gamma-Ray Burst

@ Cgy = Com = rules out most theories of “modified gravity”
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GW170817

@ merging neutron star binary

detected as short Gamma-Ray Burst

Cgw = Cem = rules out most theories of “modified gravity”

elements heavier than Fe created
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GW170817

@ merging neutron star binary

detected as short Gamma-Ray Burst

Cgw = Cem = rules out most theories of “modified gravity”

elements heavier than Fe created

@ constrains EoS of neutron stars

Michael KachelrieB (NTNU Trondheim) Multi-messengers Baksan School 2019 17/0



GW170817: Locating it
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GW170817: Observing with Fermi and Integral
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GW170817: Observing with Fermi and Integral

Lightcurve from INTEGRAL/SPI-ACS
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What have we learnt?

GW170817: a “strange” SGRB

1055 I I T T T
1055 | ]
54 T 21 e
1054 & = i _
o ®
Suv|  Rastatah!
E 107 oo % l_ i
= ool P 9 000 - 1
S 107} vl P |
= { ° . >
2. 1050 e [y %7 |
> %-’
9 100 & _
=
g 10%° b !
W 1
1043 | 1 ]
! & Long GRBs
w07f ! ¢ TR |
¥ 4 GRB 170817A
30 3 : i . i
0 5 s . .
Redshift (z)
- - - = T 9Dae

Michael KachelrieB (NTNU Trondheim) Multi-messengers



What have we learnt?

GW170817: a “strange” SGRB

Scenario i: Uniform Top-hat Jet Scenario ii: Structured Jet

Rotation Axis L. Rotation Axis
Viewing Angle
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Measuring Hy:

@ GW signal = luminosity distance
@ Photon observation = redshift

10!

Ono/ho (%)

100 -

10! 10?
Number of events

Michael KachelrieB (NTNU Trondheim) Multi-messengers Baksan School 2019 21/0



Limit on M. for NS:

e GW signal = cirp mass

@ Photon observation = fate of remnant
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Outlook: (e)LISA
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Outlook: (e)LISA
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What will we learn?

Outlook: (e)LISA and others:
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