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Introduction: black holes



What is a black hole?

Prediction 1) Light is curved by mass / energy
(general relativity)

Our Sun: _4GM

o deflection of light calculated as A 2h

e numerically for the light ray passing near the SunA¢ =1"75

Ap = 1798 +£0" 16,

e Eddington 1919:
Ad = 1"61+0"4,

- Einstein got famous



What is a black hole, again?

Prediction 2) Gravity Is attractive (> some of us work in the field @),
and increases with the mass

—> After the nuclear “fuel” I1s consumed, no mechanism (not
even guantum) to balance the gravitational collapse of a
star > few solar masses (see next slide)

—> Light can get extremely curved
—> Regions of space where the light cannot escape from!!!
they look black;
things can fall in, not out (gravity attractive)
- Black holes



When is a black hole formed?
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B. Carter: arXiv:gr-qc/0604064v1



Space-time representation / diagram

tlmeA

horizon

ﬁ Space-time

i representation of
Instead of 3 spatial I?nerging BHs

dimensions we can
represent but 2;

then the circle
represents a sphere
instead
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Schwarzschild black hole (1916)

e vacuum condition Rm = ()

e spherically symmetric, static, asymptotically flat
¥
ds* = —f(r)dt= + 1H(r)dr? + = dQ)-

)y =1- 2Gm

{--—If

e M central mass, t Killing time, I curvature coordinate
o =0 curvature singularity R™“/R jp.q o m 2l~6
e r=2GM/C? event horizon / only coordinate singularity /

(not even radial outward directed light can escape)



singularity

=2

Gravitational collapse leading to Schwarzschild BH

Can get rid of the coordinate-singularity by
a coordinate transformation (singular
itself on the horizon).

Tortoise coordinate:

o= 2(_:}'}? In|l — <L
c” 2Gm
Null coordinates:
u=1t—-rt . v =rf+7rt
: Eddington-Finkelstein coordinates: s
g i
3 either (U, N or (V, N TR

Kruskal-Szekeres coordinates:

1] .. oy . clu
7, R= = exp| —— | F exp|{ ———
' 2 [cxp( 4Gm ) C\P( 4CGm ) :|

Hartle: Gravity2003



Eternal Schwarzschild BH
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FIGURE 5.14 Spacelike slices in Kruskal coordinates

1. Outer region
(right static region)
1. Extension below the horizon

(future dynamic region)
11l. Past dynamic region

(white hole; 1l. time-reflected)
V. Left static region
(a second copy???)

FIGURE 5.16 Conformal diagram for Schwarzschild spacetime.

Penrose-Carter diagram
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FIGURE 5.15 Geometry of the spacelike slices in Figure 5.14.

wormhole / Einstein-Rosen bridge



The taxpayer and Professor Visser....
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Other famous BHs

Reissner-Nordstrom spherically symmetric electro-vacuum:
ds* = —‘f(f.\l*)tﬁ: -|-§_1(f.\3*)4:'773*: +1r2dQ*
e G(O* + P? Q electric charge
j(r) — (g_(r) — l . -(_-,H? + ( )

= P magnetic charge
cor re

Vaidya-(Anti) de Sitter spherically symmetric radiation field in
geometrical optical limit (null dust) + cosmological constant A

2Gm(v ,
flvr) = gy = 1 = 2220 A
ol & R

Kerr-Newman stationary, axially symmetric, asymptotically flat,
convex event horizon

Vacuum: 2 parameters: mass + rotation parameter - Kerr

Electro-vacuum: additional charge parameter - Kerr-Newman



Famous theorems / conjectures on BHs

Unicity theorems for vacuum: Robinson (Kerr); Israel
(Schwarzschild)

Singularity theorems: Penrose, Hawking (the singularity at the
center of the BH is not due to the highly symmetric setup)

Cosmic censorship conjecture: each singularity remains hidden
below a horizon (when asymptotic flatness & dominant energy
condition obeyed)

BHs in the laboratory?

Analogue BHs Acoustic (dumb and deaf) holes in Bose-Einstein
condensates: the sound is trapped below a supersonically flowing
surface

Optical BHs “slow light” small (even zero) group velocity of light

Condensed matter analogues quantum tunnelling in some
sense analogue to Hawking radiation



What is the Hawking radiation of BHs?

When vacuum fluctuations create a virtual particle pair in the

vicinity of the EH, the one with negative mass falls more likely
below the horizon

—> the positive mass virtual particle emerges into the real world

—> this stream of particles leaving the BH appears as the BH
was radiating = Hawking radiation

(this Is a semi-classical effect !)

Predictions: 1. radiation levels from large (thermodynamically

cold) BHs are very low - astrophysical detection of HR
Impossible

2. small (thermodynamically hot) BHs evaporate
fast - no dangerous BHs from LHC



Open issues in BH research

- definition of the BH horizon tn non-stationa Yy cases

* unielty theorems mostly unproved tn higher dimensions
(string Y BHs) and for alternative @m\/utg BHS

* Lnterpretation lssues in BH geometro-thermodynamics
- BH pertwbat’wws not alwa Ys well understood
1o kinown tinterior for Kerr

* BH enviromment (accr@tiow,Jet plf\ewomewoto@g) neeols better
unoerstanding

* the sclence of gravito-magwneto-hydrodynamics

" BH qua ntlzatlon



Supermassive black holes
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Figure 5 The sky in black holes, z 107 M. Aitoft projection in galactic coordinates of
5,978 candidate sources in the case of a complete sub sample (the Galactic plane remains
obscured). The choice was made from a complete sample of 10,284 candidate brighter
than 0.03 Jy at 2 micron, and selected at z< 0.025; this uses the 2 micron all sky survey,
limited in a 20 degree band in the Galactic plane. These candidate sources are probably
all black holes, with masses near to or above 107 solar masses; the black hole mass was
determined with the black hole versus mass spheroidal stellar population correlation, and
tested. The color code is Black, Blue, Green, Orange, Red corresponding to redshifts
betwen 0, 0.005, 0.01, 0.015, 0.02, 0.025: Caramete et al. 2008
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The sky in SMBHSs I1.

—-90°

Figure 1. Aitoff projection in galactic coordinates of 5,805 NED SMBH candidate
sources. The complete sample is complete in a sensitivity sense, in order to derive
densities one needs a volume correction. The color code is Orange, Green, Blue,
Red, Black corresponding to masses above 10°M,, 105M.,, 107M.,, 103N, 10°M,,
respectively. With the exception of the less numerous first range (Orange ), representing
compact star clusters, the rest are SMBH=.

L. A. Gergely, P. L. Biermann, L. |. Caramete: Class. Quantum Grav. 27 194009 (2010)



SMBH mass function

The wmass distribution @, (m) of the galactic central SMBHs L the mass range

10% + 2x10” solar masses (Mo) well described by a broken powerlaw

[1] W. H. Press, P. Schechter, Astrophys. J. 187, 425 (1974)
[2] A. S. Wilson, E. J. M. Colbert, Astrophys. J. 438, 62 (1995)
[3] T. R. Lauer et al., Astrophys. J. 662, 808L (2007)
Confirmed by observational surveys

[4] L. Ferrarese et al., Astrophys. J. Suppl. 164, 334 (2006)

[5] L. I. Caramete, P. L. Biermann

Break at about 10° Mo,
@, . ()~ below ano
D, . (m)~w= above.
The fit with [5] gives

my = 1079 Mg ~ 8.9 x 10"M,

L. A. Gergely, P. L. Biermann: ** |

[arXiv:1208.5251 [gr-qc]]
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Supermassive black hole mergers



Typical mass ratios of SMBH binaries

L. A. Gergely, P. L. Biermann, Astrophys. J. 697, 1621 (2009)

e Mass distribution of central galactic BHs a broken power law

® Mass of the central massive BH scales with the (Benson et al. 2007)
- mass of the spheroidal component,
- total mass of a galaxy (dark matter)
- merger rate of galaxies ® merger rate of the central BHs.

e The probability for a specific mass ratio is an integral over the BH
mass distribution, folded with the rate to merge (depending on cross
section and relative velocity of the two galaxies, the latter
negligible, as the universe is not old enough for mass segregation)

e Factor of 10 in radius (102 in cross-section) for a factor of about 104
In Mass
- Cross-section F ~ né with € =1/2 as first approximation



Typical mass ratio of SMBH binaries I1.

,-'I“L"rl_:g = 12.1 ‘:1:6 . .f"‘v.-'r3+ an = 489 ‘:1:6 .
i i oy (O r . -
Nap=100 29.2 %, Nioo=3000 =9.8% .

FIG. 2: (Color online) The number of SMBH encounters with
mass ratios ¢ as function of log, ¢.

L. A. Gergely, P. L. Biermann: [arXiv:1208.5251 [gr-qc]]



ovbital @@Mmiag
of BH binaries



Multitude of contributions to dynamics

Inspiral = merger 2 ringdown |
Damour, Jaranowski

. Schafer 2000
\ PN treatment PO'SSf” 1998 |
L =LN+Lpn+ Lso+ Lss+ Lom+ Lopn+ Lsopn + Lsspn + L3pn +Lpp
N ~ Y, ; > !
Barker & O’Connell 1970 loka &

Taniguchi 2000
Damour & Deruelle 1985 Grishchuk & Kopejkin 1986

__ e 2 R >
YT radiatlon Losses

Classical dynamics only from 2.5 PN

1. uast-elliptic motion. Radial wotion decouples from angular motion

2. Precessional wotion of the spins.



Conservative evolution (up to 2PN)

Independent variables:
1. orbital elements: [a, (or £3), e, (or Aj), Euler angles (—¢,,, v, @)]

2. spm angles [x;, ;]
3. masses nmi;, dimensionless sping y;, total angular momentum ./

Keplerian orbits: all conserved
2PN orbits with SO, SS, QM: mi;, y;,J conserved, the rest evolve

—> gystem of first order ordmary differential equations



The network of angles




. A. Gergely: Phys. Rev. D 81, 084025 (2010)

Conservative evolution 11.

IE [_ (ﬂ . A ) o X hz = — (Lu‘i . AN) sin (:.1-, + (Lu'i . QN) Ccos gz
1 + ey cos ), N P :
_x —1, (- Tn) — 0 — ) (41)
+ (n : QN) cos XP] , (36) r 1 +e,cosx, ’
L " : - )
1 +e, cosx [— (ﬂ : AN) {E’r -+ COs Xp) SINX, C; = — Ku}, : AN) cos (; + ( QN) sin (; } cot K;
r p
. ) [
+ (n - QN) (1+ 2, cosx, +cos?x,)] ,  (37) n (wi . LN) +
: (1 + &, cos ;(p)
_ [ Kﬂ _ LN) S (?"':';P T XP) i cos (Xp — {:l)
(1 + e, cos xp) tan o X K“ : N) —

" 1+e,cosy, +sin’y,
n (n | AN) ( EXP X‘) (n -jLN) (1 + e, cos ), +s1n )LP)

. sin'y, Cos’Y
—(a-Qn) —2—2], (38) ~(a-@n) SIn X cos XP] (42)

’ v, +
. (“'Lm) =W tX) (39) 2

1+ e, cos ), _ (1 + e, cos xp:l [
S Xp = 3
sin (Y, + X, [ er |1+ e,.cosy
1, (a-In) Wots) (40) ( %)
(1 T €r cos X'p) sin X Kﬂ - AN) (1 + ey cos X, + sin? Xp)

— (ﬂ - QN) S1n ), COS Xpi| : (43)

. A. Gergely: Phys. Rev. D 82, 104031 (2010)



Gravitational vadiation
from BH binaries



GW detection from binaries

".'.

LIGO, VIRGO worked, GEO workes at
destoned sewsucwut@ (40- 2000 HZ)

by 2015 advanced LIGO, VIRGO

2022+ () LISA (10° -1 Hz)

Other projects: Large Scale Cryogenic
Gravitational wave Telescope (LCGT),
Elnsteln Telescope (ET)

SGW= combination
of 2 polarizations:
+X, welghted by
antenna functions
(depending on

! [ —— H
Tél : 01 40 47 64 30 source Locatlon) QU POPULAIRE




What had LIGO/Virgo not heard yet?

| Power spectrum

3 _]. § E
Foeve = c ( n ) L1 -
Hee — h
3f2 M | 5
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Con
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Scott Hughes, <10 7 \—noise+signal ||
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2
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Earthquakes,

storms and
=
waves z
large sensitivity =
large instability .
Costa Rica /
earthquake
4.9 Richter scale, ~
November 2009 ]
t%

Need for active
seismic isolation:
advanced LIGO will
have
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Gravitational waves In the
LIGO/Virgo freguency band

non-Spligning stonals

M1=520 M2=3.81 1|

1
1{sec)

M1=3.55 M2= 3.357:

E

‘
it

e T ‘H”UHH"“WW\'|‘||T||\!M;‘|W ‘:“W
L u‘

M1=6.43 M2=3.09" | :
!

(i
‘M_m‘nh.\‘ AR ‘.:\!‘h \\h‘:,HLIHHNHH.”"MHMHH“M! ‘Lm i‘i
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1 (see)

- Amplitude modulation by spins

splnning signals x; ,>.9

]

42

2

(other
parameters
kRept the
same)




More accurate waveforms: equal mass

m,=5, My=5, 14=0.9B358348, 1,=0.889012713

6e-20 fe-20
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rd rd
S‘PLV\/-OYbL’C h, 0 n off .
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-Be-20 6e-20 | | | |
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t t
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OOVY@CJCLOV\/S 0 02 04 06 08 1 12 14 16 162 163 1684 165 1686 167
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More

MasSS ratLo
V=0.1

sp’m—orbit
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self-spin
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accurate WFs: unequal mass
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Supermassive black hole binaries

3 -1
C 1 .
- X (1+z) redshift dependence
Jowe = W nGMyg, (ﬂff@ ) .
me 05w = 4 38 x 108 Mg SMBHs ln the middle mass range
_ ] (ntermeediate Mass BH:
”Ifwave=1 H: — —1380 i-il-’fl:;l /

oo they exist?

PossLbility to test cosmological models with them:
amplitude (waveform) § phase of GWs

* can be measured tndependently
* have different redshift-dependence

The sound of LISA:
Initially highly eccentric orbit, into rapidly spinning black hole

Initially cireular orbit, into rapldly spinning black hole ¢

Scott Hughes, http://web.mit.edu/sahughes/www/sounds.html




Parameter estimation of GW sources

2 MaSses

2 spln magnituoes

4 spin angles

2 params for sky location and Luminosity distance

2 params for the orlentation of the orbit w.r. to the line of sight

1 param: the GW phase at some nitial measurement time

2 params: relative orientation of the detector w.r. to the line of sight
=2 16 paroms, with strong degeneracies 1!

Parameter estimation by Markott-Mownte Carlo chains of several
milliow steps, converging slowly even own supercomputers, tn severnl
weeks, U at all



The effects of LIGO detector noise on a
15-dimensional Markov-chain Monte-Carlo analysis

of gravitational-wave signals
Parameter & &
- = V. Raymond!, M.V. van der Sluys®, I. Mandel', V. Kalogera',
eStI m atl O n C. Roéver?, N. Christensen’
Of GW Parameter estimation of gravitational-wave signals with spin effects 8
7 [ g (O
sources - "

an example

r-qc|

g

)

746y

,_'
i

irXiv:0912

‘
C

0 50 100150 0 50100150 0 0.5 1 0 50100150 0 100200300
Figure 1: One-dimensional marginalised PDFs for all 15 parameters from our analysis
of data sets DS1 (hatched upward; red in the online colour version) and DS2 (hatched
downward; blue in the online colour version). The vertical dashed lines mark the
injection values.



TYypieal mass ratios
CONSEGUENCE 1.
typical spin in LISA mergers



Final spin in LISA mergers

Final spin derived from PN arguments

—_— 3 a L
- for the typieal unequal masses matches X = 1+0)° 7[4+4 212 Vo XiCOSHi
quite well the numerical formula of - 3_2 12
E. Barausse, L. Rezzolla, Astrophys. J. Lett + Z (Mz“_%(?;) + 2x1X2 COs Y]
704, L40-L44 (2009) i=1.2

prec
algn -~

FIG. 3: (Color online) The typical final spin in supermassive black hole mergers as function of x1 = x2 and log ¢, represented
for precessing mergers (averaged over random configurations) - left panel; and mergers with the spins and orbital angular
momentum fully aligned - right panel.

lntegral over conflgurations

L. A. Gergely, P. L. Biermann: [arXiv:1208.5251 [gr-qc]]



Typical spin in LISA mergers

further tntegral over mass
ratios, welghted by the
mass vatlo probability

L. A. Gergely, P. L. Biermann:

[arXiv:1208.5251 [gr-qc]]

- - - - aligned mergers /,/ '/\u.-‘iy-n
e 4 1 /
. seseeies precessing mergers - /
03 T p T _ prec

1
1
rh -»X f
¥ &
o 4
-
-
»

oo %

FIG. 4: (Color online) The typical final spin x s as func-
tion of y1 = y2 only, in the randomly precessing and the
non-precessing merger limits (lower and upper curves, re-



But: BHs will spin-up due to accretion

Bardeen aceretlon sp’wbs up BHS.

Mass Lnerease by a factor of 3, whew changing BHs spin
from maximal counter-rotation to maximal rotation.

Eﬁ%iewcg of accreted
rest mass conversion
Lnto outgolng,

electromagnetic radiation g%  g35-
ls 42.2%.

1.0 -

i, 04 06 0z 10 12
In M

-0.5 -

-1.0-



Symbiotic system of BH,

accretion

disk, magnetic fields, jets

¥ ¥ .
ms max

Figure 2. The open and closed magnetic field line topology.

Lots of auxilia Y
information
from the BH
EVVLY O ENE



Accretion and efficiency refined

M

1 0.5 I 1.5
t : .
Corvections from 0.0000 — . |
. | - 1
photon capture can. BH -~ !
* Open magnetic L AMV6 -y
000 - iM’.m—-gf Ll T s
felds 0.999F g3 -} Ff--nmmiem=ms-
_ - SMmo - P g el P
- ner truncation S - SMv/4 A '
) . = SM/3 e >
o{the disk radiation (.00 E o
due to a jet i )
Spin Limit 16 1.8 2 22 24 26 28
slightly reduced f‘yffl{

Efficlency reduced to 25% - 35
Z Kovacs, LA Gergely, PL Biermann:_Mon. Not. Royal Astron. Soc. 416, 991 (2011)

Fag



TYypieal mass ratios
consequence 2:
spin-flip and X-shaped radio galaxies



End of inspiral: the spin dominates

Table 1. The evolution of the ratio Sy /L =2 £1/2p~1 in the range £ = 103 = 10~ for various values of the

mass ratio 7.

51/L = eliZp—1 £ 103 £m2 101
n=1 0.03 (51« L) 0.3 (51 <L)
n=1/3 0.1 (51 <L) 1 (S1=1L)
n=1/30 1 (S1=L) 10 (51> L)
n = 1/900 30 (513 L) 300 (513 L)

T@plcat MLASS ratlo 1/30+1/3

=2 s,/L changes during the lnsplral from <<1 to >>1



The dominant spin flips

* due to GW emission the spin aligins
to the ortginal J divection

L. A. Gergely, P. L. Biermann,
Astrophys. J. 697, 1621 (2009)

Key elements: (1) tgp’waug the BHs are not equal mass, m,<<m,, neglect S, ~ m 2

(it) the direction of J is conserved, (iit) the magnitude of Sy s conserved =2 spin-flip



represent inverse time scales in seconds™

Time-scales

Table 2: Order of magnitude estimates for the inspiral rate LfL? angular pre-
cessional velocity €, and tilt velocity & of the vectors L and S; with respect to
J, represented for the three regimes with L > Sy, L =~ Sy and L < 51, charac-
teristic in the domain of mass ratios ¥ = 0.3 = 0.03. The numbers in brackets

L calculated for the typical mass ratio

v = 1071, post-Newtonian parameter 107, 1072 and 10!, respectively and

m = 10°M,, (then ¢*/Gm =2 x 107* s71).
L>5; L =5 L <5
T 320 1, — 10—15 32c0 _4,  10—11 32cc _4  10—7
—L/L Sgm° n (=107") Same N (= 107) zemill) (=~ 107")
2:3 _5/2, ~ 1n-11 228 5/2.0 (. 10-8J 23 ~ 10-5
Q'P (_Tmc 7] ~ 10 ) Gm™~ ”L (M 10 ) Gm (m 10 )
_a 32¢% 9/2m (. 10-16 323 920l (. —11L“ 3228 _7/2, — 10-8
sin(a+47) EGmE v ~ 10 ) RGm=~ v J2 10 E(_}‘mc e (”“' 10 )
Time to merger: 30 million years 300 years few months
Precession time scale: 3000 years 3 years days

Variation of the tilt angle
during one precession:

2 arcsec (6 x104 arcsecl/year)

3 arcmin ( /day)



How large is the spin-flip ?

sin (o + /3)
tan o ==

X7 e~ 12 4 cos (a+ )

For an initial configuration of 0.005 pc (such that £ = &* = 10~*) and mass ratio v = 1071,
the initial misalienment between L and J is oy, = 18°, 10°, 0° for the dominant spin in
the plane of orbit, spanning 45° degrees with the plane of orbit and perpendicular to the
plane of orbit (such that e + @ = 90°, 45°, %), respectively. Then ;i = 72°, 35°, 0°.
For the same mass ratio and relative configurations, the angle o at the end of the PN epoch
(at ¢ = 107') becomes Ofina ~= 737, 35%, 0°, respectively. This can be translated into a
misalignment between Sy and J of F,,, = 17°, 10°, 0°, and a spin-flip of A = 557, 257, 07,
respectively.
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Depends on
configuration

1.5 3
_ ] AR
In the majority _ e
of cases it fig
happens during _ J
the inspiral! 057
> a3
log v!
L. A. Gergely,
P. L. Biermann,
L. |. Caramete: Figure 2. The spin-flip angle o, as function of the relative orientation of the spin
Class. Quantum and orbital angular momentum o + 4 {a constant during inspiral), and mass ratio 1.
For a given mass ratio the spin-flip angle has a maximum shifted from 7 /2 towards the
Grav. 27 194009 anti-aligned configurations. The mass ratios »» = 1; 1/3; 1/30 and 1,/1000 are located
(2010) on the logr—! axis at 0; 1.09; 3.40 and 6.91, respectively, confirming the prediction,

that a significant spin-flip will happen in the mass ratio range v = (1/30,1/3). For
mass ratios amaller than 1/100 the spin does not flip at all, as the infalling SMBH acts
as a test particle.
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Cheung, C. C. :The Astronomical Journal, 133, 2097-2121 (2007), arXiv:astro-ph/0701278v3



Explanations

1. qalaxy harbouring twin AGNs

2. Back-flow diversion models

3. Rapid jet veorientation (spin-flip) wmodels
4. Jet-shell tnteraction model

Need to dectde case-by-case, but the spin-flip model can explain most
of the observations (except possible alignment of the jets with the

principal axes of the host elliptical, thew 4. can)
Gopal-Krishna, PL Biermann, LA Gergely, PJ Wiita, Res.Astron.Astrophys.12 127 (2012)

Independent support for the spin-flip model: 31 XRGs compared to a
control sample of 39 RGs with normal morphologies but stmilar

redshifts, vadio and optical Luminosities

M Mezcua, AP Lobanov, VH Chavushyan, J Leon-Tavares, Astron.Astrophys.527 A38
(2011)

2 members of the XRG sample: higher BH wmasses + older starbursts
thaw do those of the control sample (support for merger)



Combined EM, particle physies
and W vmeasurements



Jet variability due to precession

& & " -— ~ - //
The narrowing of the precession Vo TN, 7
cone Will cause var’mbLLLtg (flaves) N/ " N . . IR
P ’ , ’ ’ r . S . // 6\
in the jet for a limited thme INOS < s &
VS
et measurements: - \ N
’ T~ '/// ’
souree Location + <
two time tntervals e

=2 help in : : &
reconstructing , S

the parameters of 'g
the binary

= tilt / spln-flip time-scale 2

, insplral thme-scale >
M. Tapai, L. A. Gergely, Z. Keresztes, P. J. Wiita, Prec@gg’wy\, tHwe-seale >
Gopal-Krishna, P. L. Biermann: ovbital time-scale
Proceedings of the 6th Workshop of Young > EM. counterparts to the
Researchers in Astronomy and Astrophysics on . ,

The Multi-wavelength Universe - from Starbirth to Isltlmm,@est G emdssion liRely
Star Death, Budapest, Hungary (2012)



Jet variability due to precession 11.

Time tntervals to be observed: .
(14v)" sin3

» precession peviod of S, - Ip (&, v, faw, B) = —————— fow
» time the jet spends -  5AB(1+v)sink _,
in AP - Tag(e.v, few.3,A3) = 397 3ain? 3 few
¥ Their ratio:
Tap - Tepm T where K=0L+p, cbeying
J'_},H ¥ P AP) = 327 £2sin” 3 H—E*Hrcsml 12,=1sin 38

For given v and B + pbsenved Tp and Typ We con caleulate €y, and
fﬂw (or m, according to . ) 2
C _ay
TGm
For Sources with m=10°M,, £,,=0.1, and v=0.1 the values of
T, and Tyag . to be cbserved are

F' '. M | . .lrr. _Hrh'_.'lf.‘\_ f_»iq- _:fr.'.';.n.. / 2
p— 5 e et variability acts as a

25 5l 120 812 beacon ‘fOV GWS to be
e s = detected from the savne
0 80 142 151 source Later on!

few =




Complementary GW measurements

The leading order frequency domain Y-S

waveform (for an averaged antenna = '/) = FASTTeT L a =111

pattern function): " 1 m i

and the LISA spectval noise density: © V30m%/3 D,

Sh.inst () = 5.040 x 10° [a® (f) + " (f) + ] Sh (f) = Shinst () + Shcony (f)
a(f) = 10-227 (£710-%)""" [ s Meads ff %5 |1 Bopn
b(f) = 10743 (f/1077) Sh,conf (f) = { T ik o 10315 . f=<10 2.75

e = 102 JO TR R W e f

(lnstrument and confusion nolses C. Cutler, Phys.Rev. D 57, 7089 (1998
gives the signal to noise ratio (SNR):

fand |h I'J':l|h
) . SNR= ! [ .

Suppose gravitational waves Jiw  Sulf)
are first detected following the jet flares at SNR=10, then until
the meroer, olves two additional time intervals. For

df

A =1 8 =30, Tas = 450 days 0 m EA S esvmio | Lswrio | Lmerger
and Tj—. = B ﬂﬁ};‘ "l.Ir [u.i'u.r.r.k'_i i.'.l'u_r,r.-c|

1/3 2 x 10° 0.0129 | 0.,0138 a7 332

1/10 1 0.5 = 10° | 0.0095 | 0.0113 157 |58

1/20 | 0.2 x 10" | 0.0078 | 0.0139 1287 141

1/30 G7TGR 0.0035 | 0.0065 1320 132




Combined GW & jet measurements

_Jet measurevments give shg Location and redshift + \ E. Kun, K. Gabanyi,

, o0l ot abili S. Britzen, Gopal-
precession pertoa T, and tlime-span of the varin WEY Tag | Khrisna. P. L.

Biermann, L. A.
7 Gergely: in
GW WLEASUrEVents give preparation (2012)

- precession cone B and change of precession cone AP

s thme when SNR=10 (or any reasonable other value), Ty rq,
‘the when QW signal stops T, = thme of the tnsplral

=> Location , redshift + & wmeasurements

QW signal expressed tn terms of Location, dominant spin magnitude and
redshift + 5 astrophysical variables: pno-nation s
P1Y - “total wass, PN parameter at emission
, | ; ] ~— — I
e lapalpZasereszies: separation, GW {requewog at emission

in preparation (2012)

B from jets, the other 4 variables expressed as function of (Toyrior Twerger Ty Tap/ AP)




Summary

Combineod EM, particle ph 55605 anol
GW measurements will shed Light
O b’mar@ blaclk hole parameters!

-2 0 new Wi Y to map the Unlverse!
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