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@ geometrically thin, planar, non-self-gravitating
@ time-dependent, non-axisymmetric
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@ A spectral feature (reflection on the disc surface)
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(bj ect s and nodel s
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Active galactic nuclei

Stellar-mass black holes

Central black hole orona
" A/

Accretion disc

@ geometrically thin, planar, non-self-gravitating
@ time-dependent, non-axisymmetric

A spectral feature produced by reflection

GR effects taken into account
Link to a spectrum-fitting procedure (xsrec)

rout
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Moti vation: spots?
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Turner et al. (2006), A&A 445, 59
(Seyfert galaxy Mrk 766 from XMM-Newton)
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lwasawa et al. (2004), MNRAS 355, 1073
(Seyfert galaxy NGC 3516 from XMM-
Newton)
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Mot vat 1 on: | ensi ng?

SenEmNG; SRy

THE INSTITUTION FOR THE POPULARI- TWL Earpwsal, BEALANE MNCECE, TRE sHEMCaN
ZATION OF SCIENCE jesamizen 191 42 o SMSariaTIM PeS TWE AMYASCEMINT OF SCIENCE,
HOE-FROFIT COAMORLTION, WITH TRUFTELS  XoMe- THE & W. MRUYS SFTATE AND THE JOURNaLInTW
BATER BT YHE NATIONAL ACAPREME OF SCERECES, rewneny. WATRON DAVIE DIRECTOR.

2101 CONSTITUTION AYENUE
WASHINGTOND.C.

Prof. Al bert Einstein Sept. 16, 1936
I nstitute for Advanced Study

Dear Prof. EInsteln:

Last spring an apparently sincere laynen in
science, Rudi Mandl, cane into our offices
here in the building of the National Acadeny
of Sciences and dicussed a proposed test for
the relativity theory based on observations
during eclipses of stars.

We supplied M. Mandl wth a small sum of
noney to enable himto visit you at Princeton
and discuss it wth you...
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Mot vat 1 on: | ensi ng?

Uber eine mdgliche Form fiktiver Doppelsterne. Von 0. Chwolson,

Es ist gepenwirtig wohl als hischst wahrscheinlich an-
zunehmen, dad ein Lichtstrahl, der in der Nihe der Oberfliche
eines Sternes vorbeigeht, eine Ablenkung erfihr. Ist y diese
Ablenkung und yy der Maximomwert &a dee Oberfiche, so
5t yy=y=o, Die Grofle des Winkels ist bei der Sonne
yo = 177; es dirften aber wohi Sterne existieren, bei denen
¥y gleich mehreren Bogensekunden ist; vielléicht anch nockh

mehr. Es sei 4 ein grofier Stern (Gigant), T die Erde, |

B ein entfernter Stern; die Winkeldistanz zwischen A und 5,
von T avs gesehen, sel e, und der Winkel zwischen A und T,
von B aus gesehen, sei 8. Es ist dann
_r — I'.I:"""ISI

Ist B sehr weit entfernt, so st annihernd y = o Es
kann also @ gleich mehreren Bogensekunden sein, und der
Maximumwert von e wire etwa gleich yy. Man sieht den
Stern & von der Erde aus an zwei Stellen: dieekt in der
Richtong T8 und avBerdem mahe der Oberfliche vom A,

analog einem Spiegelbild. Haben wir mehrere Sterne 5, C, D, |

so wiirden die Spiegelbilder umgekehrt gelegen sein wie in
Petrograd, 1924 Jan. 28.

| einem gewdhnlicken Spiegel, ndmlich in der Rethenfolge 1, C, 5,
wenn von A aus gerechnet wird ([} wiire am ndchsten z 4),

Ther Stern 4 wilrde als Gktiver Doppelstern erscheinen,
Teleskopisch wire er selbstverstindlich nicht zu trennen.
Sein Spektrom bestinde avs der Ubereinanderlagerung zweier,
vielleicht total verschiedenartiger Spektren, Nach der Inter-
ferenzmethode miiBte er 2l Doppelstern erscheinen. Alle
Sterne, die von der Erde aus gesehen rings um 4 in der Ent-
| fernung yo— 8 liegen, wirden von dem Stern A glewchsam
eingefangen werden, Sollte zufillip 745 eine gerade Line
sein, o wiirde, von der Erde aus gesehen, der Stern 4 von
| emem Ring umgeben erscheinen.

Ob der hier angegebene Fall eines fiktiven Doppelsternes
anch wirklich vorkomme, kann 1ch mcht beurteilen,

0, Chuwalon,

Antwort auf eine Bemerkung von W. Anderson,

Dafi ein Elektronengas einer Substanz mit negativem
Brechungsvermigen optisch dquivalent sein millte, kann
bei dem heutigen Stand unserer Kenntoisse nicht aweifelhaft

sein, da dasselbe einer Substan: von verschwindend I:lei:;tr |

Eigenfrequenz dquivalent ist.
Aus der Bewegungsgleichung
eX = pdi/det
eines Elektrons von der elektrischen Masse ¢ und der pon-

derabeln Masse g folgt ndmlich fiir einen sinusartig pendelnden |

Prozel ven der Frequenz v die Gleichung
eX = —lamy) px.

Beriicksichtigt man, dafl &x das *Momente eines schwingenden |

Elektrons ist, so erh&lt man fir die Polarisation
eines Elektronengases mit # Elektronen pro Volumembeit

.=':|'f§..'liI

= Egﬂ.'lhn |:1ﬂ.'il]f_’ X.
Hieraus foigt, dali die scheinbare Dielekinizititshonstante
D= 1+4mpfX = 1—&"nf{mp 1’
Bt V.0 it in diesem Falle der Brechungsexponent, also
jedenfalls kleiner als 1. Es erobrigt sich bei dieser Sachlage,
aif das Quantitative einzugeben,

Es sei noch bemerkt, dafl ein Vergleich des Elekironen-
gases mit einem Metall unstatthaft ist, weil die bet der elemen-
[ taren Theorie der Metalle sugrondegelegte *Reibungskrafis
bei freien Elektronen fehlt; das Verhalten der letzteren ist
allein durch die Einwirkung des elektrischen Feldes und
| durch die Teigheit bedingt

i Berdin, 1924 April 13, A. Emitein.

O. Chwolson (1924),
“Uber eine mogliche
Form fiktiver Doppel-
sterne”, Astronomische
Nachrichten, 221, 329
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Mot vati on: | | ay of bot h?
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Mot vati on: 1 nter
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Basic equations — vacuum case: F**,, = 0, FR, =
E® = F*Pug, *F

An electromagnetic wave is an approximate test-field
solution of the Maxwell equations:

Fos = Re [uaﬁ e%‘b(‘”)] .

A fixed background geometry is asssumed (BH metric).

@ Phase (z) ... rapidly varying function
@ Amplitude u,; ... slowly varying function

@ Wave vector k, = v, ... paralel transport, null geodesics

kagk® =0, k.k*=0.
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Pol ari1 zati1 on tensor

Propagation law in empty space:

DFy5 —20F.5 =0

0 = 1k“,, (expansion of the null congruence), D = u*V,,.
@ Polarization tensor ... Jup.5 = §<F F.s)
@ In an observer rest-frame ... J.5 = Jop.5 v u’ = (E, Ep)

@ Stokes parameters ... S, = 3 (kqu®)*F, (A=0,...,3)

F, ... constructed by projecting the polarization tensor,
Jaguﬁ — O, Jaﬁkﬁ — O, W = uako‘.

References: [1] Sir George Stokes (1852), Trans. Cambridge Phil. Soc., 9, 399
[2] Chandrasekhar (1950), Radiative Transfer (Oxford: Clarendon)
[3] Cocke & Holm (1972), Nature, 240, 161
[4] Jauch & Rohrlich (1955), The Theory of Photons and Electrons (Reading: Wesley)
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St okes par aneters

“On the composition and resolution of streams
of polarized light from different sources” | &4

So = Jag (6((11)6(61) + 6((12)6(62)> = ( L ot L(a) 2>

S1 = Jag (6(1)6(51) 6((12)6(52)) = (|Eq) ? - L(2) “)

Sy = Jap (60‘1>6(52> + 6‘5“2)6(%) = (EE@) + EgEq)

Sy = SJag (eo‘l)eg) — e‘é)e(ﬁl)) = 3<E(1)E(2) — E(z)E(1)>

51, S2, and S5 determine the polarization state.

References: [5] Anile (1989), Relativistic fluids and magneto-fluids (Cambridge)
[6] Madore (1974), Comm. Math. Phys., 38, 103
[7] BiCak & Hadrava (1975), A&A, 44, 389
[8] Breuer & Ehlers (1980), Proc. Roy. Soc. Lond. A, 370, 389
[9] Broderick & Blandford (2003), MNRAS, 342, 1280
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Propagati on | aw

Normalized Stokes parameters:

S1 = 51/30, S92 — 52/30, S3 — Ss/Soo

Degree of polarization:

I, = \/S%—FS%, I, = s3], II= \/Hl2 + 112,
Propagation through an arbitrary (empty) space-time:

F, .. dS, =F, . dS

A,em obs’

(kaua)em kA
1 — — .
+@ Gt o’ 24 = (1% 2028
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FIi ve transfer functions

@ The energy shift (gravitational and Doppler)
@ emitted photons are coming from places with high gravity
@ photons are emitted from rapidly moving matter
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FIi ve transfer functions

@ The energy shift (gravitational and Doppler)
@ emitted photons are coming from places with high gravity
@ photons are emitted from rapidly moving matter

@ The lensing effect
@ the change of solid angle along the light ray

@ The limb darkening/brightening law
@ the effect of aberration

@ The light-time effect
@ mutual time delays of photons at detector

@ The change of polarization angle

@ Polarization vector is parallel transported through
gravitational field
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The shift of photon ener

G-factor in BL coord. (4/M=0.9987, 6,=70°, r,=1.05, r,,=1.198

0.00 013 0.26 039 052 0.65 0.00 026 052 0.78 1.04 1.30

0.20p T TR

Dovéiak et al. (2004), ApJSS, 153, 205
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effect, Seom

Darwin (1959)

Einstein (1911)

Mutka & Mahonen (2002)
Amore & Diaz (2006)
Beloborodov (2002)
Keeton & Peters (2005)

Bozza (2003)

Light deflection and gravita-
tional lensing: exact formula and

o

In Schwarzschild metric:

Sopp = 4\/ro/(GMTY) F(Z,k) — F(p,K)]
AGM n 7.78097G* M*

Q

0 re

5 analytical approximations.

17.1047G* M

3
To

+ O [(GM/TO)4] .

Amore & Diaz, Phys. Rev. D73 (2006) 083004
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Em ssi on angl e, cos 0.y

Emission angle in BL coord. (a/M=0.9987, 6,=70°, ,=1.05, ,,=1.199
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Light-ti me effect, ot

Time delay in BL coord. (¢/M=0.9987, 6,=70°, r,=1.05, r,.=1.199
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Pol ari zati on angl e, cosv

Polarization angle in BL coord. (¢/M=0.9987, 6,=70°, r,=1.05, r,.=1.199

-180 -108

-36 36 108 180

0.20p T

iTRRN
—0.207\” AT TR VR VIR

-0.20 -0.10

0.00 0.10 0.20

-180 -108 -36 36 108 180
[ . I
10"

oF 9

-10F

200 e
-20 -10 0 10 20

-180

-10

8

-36 36 108 180

67\\\

500!

=500

-1000.

-1000

-500

—p.18/30




Schwarzschild metric,

OM oM\
ds® = — (1 — —) dt* + (1 — —) dr® + r*d§)*.

T (A

Eikonal equation,

(-2 wor (1-21) (0 = () =

(A r

Solved by separation of variables, (¢, r, ¢) = R(r) + a¢p — wt,

(12 e (1-20) "

r

Wave front: |y (tg + ndt,r, ¢) = (e, 70, 0).




Wave fronts 1n a BH spaceti ne

Wave fronts do not depend
on polarization (in geometri-
cal optics approximation).

The analogy:
light propagation in a vacuum curved spacetime versus

material media in a flat spacetime.

The effective permeability: 1 = /1 — 2M/r.

Mashoon (1973); Hanni (1977); ...
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Kerr metric,

ds® = —é(dt — asin29d¢)2 + 2l dr® + X db*
)y A
sin? 6

>

The separation of variables and solution for the eikonal
equation (Carter),

Y =R(r)+T(0)+ ap — wt.

Wave fronts exhibit the frame dragging effect.

{a dt — (r* + a?) dgb} ’
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Vv es

N a refracti ve nedl um

Basic equations — current-free:

., =0, ., = 0.
Ly = 'Fu, Iy =3xX0(N) Fy
Wave solution:
F*P = Re |39 Zw_”Faﬁ o 1% =Re |0 Zw‘”]o‘ﬁ
_ n=0 _
N /7 N prvyg o
@ Zeroth order: Ik, =0, Iyl =0,
@ Rays: k¥ = 4 ' [IY — (N* — 1) QuY],
@ ",=(N*—1)Q#0, Q=IlFu,,
(191°%*) , =0, ou® =0.
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Basic equations:
™., =—F"j, F".,=d4¢%peg*, *F*., =0.

Jtot = —4me (nut —nui),  (nut),, =0
Linearization + two scales: " — FM(X* Y), n—n...

slow ... X = ex?, fast ... ¢y = e 'O(ex®), wavefront ... [, = ¢,

Wave solution:

Fozﬁ_ S f:

n=0 (Anile & Pantano 1977)
@ Background fields vary on slow scale ... g, = g, (X®)
@ Local frequency of the wave ... (2 = u,[#

@ Dispersion relation ... [,I* = —4mwppe’nm™"' = -
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Exanpl e: an or bl ng spot

Energy [keV]

Energy

Dynamical Spectrum of an Orbiting Spot

[

e Fabian, Iwasawa, Reynolds, Young,
(2000), “Broad Iron Lines in Active
Galactic Nuclei”, PASP, 112, 1145

e Reynolds & Nowak (2003), “X-rays
from active galactic nuclei: relativistically
broadened emission lines”, Phys. Rep.,

337, 389
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(see a poster by DovcCiak et al.)
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Fl ar e/ spot nodel

Spectra from individual flares/spots — talk by René Goosmann




)
g
.
@)
O
N
S~~~
&)
-
qv)
LL

Czerny et al. (2004), A&A, 420, 1
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Fl are/ spot nodel, F,..(F)

Assumption: L; scales with the flare distance from the center,

Ri _ﬁrad
Li( R;
(R) o ( R)

with the incident radiation flux being a power-law of R;.

Fractional variability amplitude Fi,, (Vaughan et al. 2003):

P= () = e AR

var — 2 5 -
LXTobs Nmean [ff};zut p(R1)L1 de}
In our case,
pe_ (Baa =221 =1 -¢3) 1

T 202 (2804 — 2)(1 — (P12 Npean
...more complex than the simple 1/N,can-
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Fl are/ spot nodel, F,..(F)

..variability is enhanced Iif flare luminosity scales with the
flare radius o to the disc flux (G,aqa = 3, Rout > Rin):

F2 o~ LB N1

var — 8§ R?n

Fo.r (E) for three models:

| « R =6, N =230 i=30

(Schwarzschild)

| «— Ry, =12, N =100, i = 30°

(Kerr)

— R, = 1.2, N =100, ¢« = 70°
(Kerr)

Obs. duration ~ 10° s (Czerny et al. 2004).
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@ GR enhances variability at large inclination angles,

provided the disc extends close to BH — factor of 3
difference between Seyfert 1 vs. 2 type galaxies for a Kerr
BH; factor of 1.4 for a Schwarzschild BH.

@ The predicted intra-day variability level of Seyfert galaxies
IS well explained by the flare/spot model if N,,can ~ 30—100
for a = 0, and factor of 10 more fora =1 —

larger number of spots than the usual expectations.

@ The energy dependence of F,,; Is typically weaker in the
model than in data (Markowitz et al. 2003).

Discrepancies can possibly be resolved by relaxing simplifying
assumptions of the model.
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