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ABSTRACT

X-ray irradiation of the accretion disc leads to strong kit features, which are then broad-
ened and distorted by relativistic effects. We present aildet, general relativistic approach
to model this irradiation for different geometries of thénpary X-ray source. These geome-
tries include the standard point source on the rotationalaxwell as more jet-like sources,
which are radially elongated and accelerating. Incorpagahis code in th&ELLINE model
for relativistic line emission, the line shape for any couf&tion can be predicted. We study
how different irradiation geometries affect the deterrtiovaof the spin of the black hole.
Broad emission lines are produced only for compact irrémjiadources situated close to the
black hole. This is the only case where the black hole spirbeasmambiguously determined.
In all other cases the line shape is narrower, which coulteetbe explained by a low spin or
an elongated source. We conclude that for those cases amgeindent of the quality of the
data, no unique solution for the spin exists and therefohg @tower limit of the spin value
can be given.

Key words: Accretion, Accretion Discs, black hole physics, Galaxidaclei, galaxies: ac-
tive, Lines: Profiles

1 INTRODUCTION tor, and our viewing direction on the system, parametriseoligh
an appropriate inclination anglé, Additionally a primary source
of radiation has to exist in order to produce the observeacefl
tion and also the underlying continuum. Initial assumpgiovere
that the primary source consists of a hot corona around ther in
regions of the disc, as Comptonization of soft disc photarsuch
a corona naturally produces a power law spectrum which fis th
observations| (Haardt 1993; Dove etlal. 1997). Under thenagsu
tion that the intensity of the hard radiation scattered bato the
disc by the corona is proportional to the local disc emisgithe
irradiation of the accretion disc would dér) oc 2 for the outer
parts, and gradually flatten towards the inner edge of thefdisa
standard Shakura & Sunyaev (1973) disc.

Due to the vicinity of the X-ray emitting region in Active Gattic
Nuclei (AGN) and X-ray binaries to the central compact objéc

is expected that the observed X-ray spectrum will show sa@ns
relativistic effects|(Fabian etlal. 1989). Such effectsenfarst seen

in the skew symmetric shape of the fluorescent Felide from
these objects_(Tanaka el al. 1995; Reynolds & Nowak 12003, and
references therein). These relativistic lines are preseatsignifi-
cant fraction of AGN spectra (Guainazzi, Bianchi & Dovdz006;
Nandra et al.| 2007| Longinotti etlal. 2003; Patrick etlal. 1201
and Galactic black hole binaries (Miller 2007; Duro etlal120
Fabian et gl. 2012a). Recent work has been applying a mdre sel
consistent approach by including models for the relaiividis-

tortion of the full reflection spectrum during the data asaly With the advent of high signal to noise data from satellites

(see, e.gl, Zoghbi et al. 2010; Duro el al. 2011; Fabian/@04Rb; such asXMM-Newton, however, measurements showed a dis-

Dauser et al. 2012). agreement with the Fe & line profiles predicted by this coro-
The relativistic distortion of the reflection spectrum igete nal geometry. For many sources, the data favoured disc emis-

mined by the spin of the black hole, the geometry of the reflec-  sivities that are much steeper in the inner parts of the tioare
disc (see, e.gl, Wilms etlal. 2001; Miller et al. 2002; Fatstal.
2002; | Fabian et al. 2004, 2012a; Brenneman & Reyholds | 2006;

* E-mail: thomas.dauser@sternwarte.uni-erlangen.de Ponti et al. | 2010;| _Brenneman et al.__2011; Gallo etlal. _2011;
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Dauser et al. 2012). Variability studies of the broad irares pose
additional problems for standard corona models. In sucHiesu
the time variability of the continuum flux, i.e., the primamard
X-ray radiation, is compared to the flux in the lines, whica pro-
duced by the reflected radiation. This allows to probe theneon
tion between the primary and the reflected radiation. In armalr
geometry, one expects a positive correlation between teagth
of the relativistically distorted reflection spectrum ahd primary
continuum [(Martocchia & Mait 1996). This is in contrast toath
is observed: Measurements of ME®-30-15 |(Fabian & Vaughan
2003;| Miniutti et al. 2003) revealed large variations of thigect
radiation, while the reflected component remained constant

As shown by | Martocchia, Matt & Karas | (2002),
Fabian & Vaughen [ (2003), [_Miniuttietal. | (2003), and
Vaughan & Fabiadn | (2004) for the case of ME6-30-15, in
a geometry in which the illuminating continuum is assumed
to be emitted from a source on the rotational axis at height
above the black hole, strong light bending yields propsrté
the reflected radiation that are consistent with the obsiens
Figure[d illustrates this “lamp post” geometry (Matt, Par&l Piro
1991;[Martocchia & Matt _1996). In general, data and predicte
line shapes show very good agreement (see Wilkins & Fabian
2011;/Duro et &l. 2011; Dauser etlal. 2012). The lamp post mode
also explains the observed connection between the luntynosi
and the reflection strength: For a primary source very clogbd
black hole, most of the photons are focused on the accretsan d
producing a strong reflection component. Therefore lessopiso
are left over to contribute to the continuum component, Whs
directly emitted towards the observer (Miniutti & Fabian0z(.

For an increasing height of the hard X-ray source this effiets

2 THEORY

2.1 Introduction

We calculate the shape of the relativistic line in the lamgstp
geometry by following the radiation emitted from the primar
source on the axis of symmetry of the accreting system to the
accretion disc and from there to the observer. Due to the deep
gravitational potential close to the black hole, the phat@ajec-
tories are bent and their energies red-shifted. Moreoverdha-
tivistic movement of the accretion disc alters the energy fiu
cident on the disc and the shape of the observed line through
the relativistic Doppler effect. Using techniques introdd by
Cunninghain|(1975), the flux seen from a certain element of the
accretion disc under a specific inclination can be predi¢ed.,
Speith, Riffert & Ruder _1995) and summed up to the complete
spectrum of the source. This problem has been extensivedyest
in the past and there are several models available to prbaicel-
ativistic smearing given a certain emissivity of the adoretisc
(e.g., L Fabianetal. 1989; Laor 1991; DovcCiak, Karas & Ydinoo
2004;| Brenneman & Reynolds 2006; Dauser et al. 2010). Irethes
models the intensity emitted from the accretion disc (theated
“emissivity”) is parametrised as a power law ¢ with index e,
wherer is the distance to the black hole. The standard behaviour
is e = 3, which is proportional to the energy release in a standard
Shakura & Sunyaéev (1973) disc.

This emissivity can also be calculated directly from andrra
ating source, the so-called “primary source”. In the follagvwe
will use a source situated on the rotational axis of the blaale
for this purpose. By applying the same ray-tracing techesqused
to trace photons from the disc to the observer, we can alsaledd
the proper irradiation of the accretion disc by the primasyrse.
The radial dependency of this irradiation is equal to theeodéld
radiation, i.e., the emissivity, which was previously mitet by a

weaker and thus more photons can escape, which strengthengower law. In this paper we concentrate on imadiation of the

the continuum radiation and, depending on the flux state ef th
X-ray source, weakens the reflected flux (Miniutti & Faliaf)20
Miniuttil 2006).

Based on the earlier work on the lamp post geometry presented

above,| Fukumura & Kazanas (2007) provided a more detailed
treatment of the emissivity for arbitrary spin and anispit@emis-
sion of the primary source. Off-axis sources were first itigased

by IRuszkowski|(2000). Using similar methads Wilkins & Fabia
(2012) presented a ray tracing method working on Graphios Pr
cessing Units (GPUSs), which can calculate irradiation pesffor
almost arbitrary geometries of the primary sources, now als
cluding sources extended along and perpendicular to tatonal
axis. In thispaperwe present a complete method to derive irradi-
ation profiles in the lamp post geometry (Sédt. 2), includiadj-
ally extended and accelerating sources ($éct. 3). Usisddhinal-
ism, we introduce an implementation of the lamp post geometr
as a fitting model for relativistic reflection, which can bepked

to more realistic expectations of theoretical jet modebsc($4.1).

In Sect[4.2 we analyse the shape of the reflection featuees pr
dicted by the different types of irradiating sources. Intigatar
we concentrate on the implications for spin measurememegif-
ferent assumptions for the geometry of the primary souree ha
(Sect[4.B). These results are quantified by simulating sbeler-
vations for current instruments (Selct.]4.4). Finally, wenmarise
the main results of the paper in Sédt. 5.

accretion disc. In order to be able to compare our resultbsemn
vational data, we also need to calculate the ray tracing ftamac-
cretion disc to the observer, which is done with #®_LINE-code
(Dauser et al. 2010).

2.2 Photon Trajectories in the Lamp Post Geometry

In the following we will concentrate on a simplified geomehy
assuming a point-like, photon emitting primary source aeiglnt

h above the rotational axis of the black hole. This sourceliates

a thin, but optically thick accretion disc (Fig. 1). Relagiic pho-
ton trajectories in the lamp post geometry were first ingagéd by
Matt, Perola & Pirpbi(1991) and used by Martocchia & Matt (1996
in order to explain the very large equivalent width of thenito«
line in some AGN. A more detailed discussion of effects irs thi
geometry was presented by Martocchia, Karas & Matt (2000), i
cluding a discussion of the influence of the black hole’s gpitthe
overall spectra.

As a good physical explanation of this hard X-ray source
on the rotation axis is the base of a jet (Markoff & Nowak
2004), we call this geometry also the “jet base geometry”.
This interpretation is highly supported by the earlier wark
Ghisellini, Haardt & Matit|(2004), where it is shown that alGN
are capable of forming jets. This is achieved by inventing th
concept of “aborted” jets for radio-quite quasars and Stgjfe
which are produced when the velocity of the outflowing mate-
rial is smaller than the escape speed. Therefore such atgrid=<
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Figure 1. A schematic drawing of the components in the lamp post geom-
etry. The primary source of photons (blue) is situated alibeeotational
axis of the black hole and is emitting photons (red), whidtthe accretion
disc.

only a small distance from the black hole, producing only g-ne
ligible amount of radio flux while at the same time it strongly
irradiates the inner accretion disc in X-rays, which prauthe
observed, highly relativistic reflection_(Ghisellini, Hda& Matt
2004). This interpretation is encouraged by works showhmag t
direct and reprocessed emission from such a jet base islgqual
capable in describing the observed X-ray spectrum as a &oron
above the accretion disc and also yields a self-consistquite
nation of the full radio through X-ray spectrum of many com-
pact sources (Markoff, Nowak & Wilms 2005; Maitra etlal. 2009

In addition a direct connection between the X-rays and the ra
dio can explain the correlation between observed radio anayX
flares of Microquasars such as GX 339 (Corbel et al. 2000) or
Cyg X-1 (Wilms et al. 2007). We note that a similar kind of cean
tion is also indicated in some measurements of AGN like 3C 120
(Marscher et al. 2002) or 3C 111 (Tombesi et al. 2012). Additi
ally, evidence of a direct influence of the jet on the blackehal
Microquasars is growing recently. Namely, Narayan & Mc@iok
(2012) observe a direct correlation between the jet powdrthe
spin value from analysing a small sample of sources.

In the following we will briefly summarise the most im-
portant equations required for deriving the photon trajees
from a source on the rotational axis of the black hole. As we
are dealing with potentially rapidly rotating black holesge
choose the Kern (1963) metric in_Boyer & Lindquist (1967) co-
ordinates to describe the photon trajectories. Followiagy.,
Bardeen, Press & Teukolsky (1972), the general photon memen
tum is given by

pr=—FE, pr=xEVV,. /A, po==LEVVy, py=FEN (1)

with

A = -2 +d° 2

Vi = (P +d®) - A +a7) ®)

Vo = ¢ cos’| <5~ a?] 4
o a4 o8 sin? 6 @ “)

for a certain distance and spina of the black hole. The spin is de-
fined in such a way that its absolute value ranges fdot|a| < 1,
where at the maximal value,,..x = 1, the event horizon would

© 2012 RAS, MNRASDOO, [1HIB
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have to rotate at the speed of Iiﬂw[\lote that all equations in this
paper are given in units @ = M = ¢ = 1. The different signs in
equation|[(ll) are for increasing (upper sign) and decred&mger
sign) values of- andd. Here the conserved quantities are the total
energy,F/, the angular momentum parallel to the rotational axis of
the black hole), and the Carter (1958) constagt, The latter is
given by

h2 —2h + a?

q = sind 2t a?

®)
Assuming the source to be located on the symmetry axis of the
system ¢ = 0) simplifies the calculation significantly, as does
only take areal value ik = 0, and therefore equationl(1) simplifies
to

pu = E(-1, :t\/VT/A7 iE|Q|7 0) (6)

Then the trajectory can finally be calculated numericaltyfrthe
integral equation

/ ar’ /“9 a6’ @)
y 2V o 2V

(following [Chandrasekhar 1983; Speith, Riffert & Ruder 329
Note that the sign changes at turning points of the photgadra
tory. In this case the left part of equatidnd (7) has to be st two
integrals, each going from and to the turning point, respelgt
Note that no turning points in thédirection have to be taken into
account, as photons which initially fly towards the disc) wilt ex-
hibit a turning point before crossing the equatorial pland thus
before hitting the accretion disc.

2.3 lllumination of the Accretion Disc

In order to calculate the incident intensity on the accretiisc,
we first have to consider the geometric effects intrinsici®lamp
post setup. Without any relativistic effects the intengitypinging
on the accretion disc for an isotropic primary emitter isegiloy
cos 0; h

r2 4+ h2 (r2 Jrhz)% ®

This means that already for flat space time the irradiatezhgity
strongly depends on the radius.

Due to the strong gravity the photon trajectories will benifig
icantly bent, i.e., in our setup the photons will be “focuseato the
inner regions of the accretion disc (Hig. 1), modifying thdial in-
tensity profile. Note that this focusing depends on bothhtkight,

h, and the initial direction of the photon, parametrised leydhgle
between the system’s axis of symmetry and the initial dio@cbf
the photong.

Using the equations of the previous section we developed a
ray-tracing code using similar techniques as those predeint
Dauser et all (2010). With this code we are able to calcullatéom
trajectories from the point of emissidh, §) at the primary source
to the accretion disc, yielding the locatior ¢; ) where this specific
photon hits the disc. As the primary source is located on dke r
tional axis of the black hole, the trajectory of the photoarigjuely
determined by the-parameter (equatidd 5). The incident point is
then calculated by solving the integral equat{gn (7)yfor the case
of 6 =7 /2.

Ii(r,h)

L [Thorneé (1974) showed that the realistic upper limit of thiz s more
likely amax = 0.998.
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Knowing where the isotropically emitted photons hit the ac-
cretion disc, we can derive the photon flux incident on it§es.
As the photons are designed to be emitted at equally spacgesan
4, the distanceAr between these points is related to the incident
intensity. Photons emitted if, § + Ad] are distributed on a ring
on the accretion disc with an area.4fr, Ar). The proper area of
such a ring at radius with thicknessAr is given by

(T4 4+ a?r? + 2a2r
A(T, AT) = 27r - WAT

in the observer's frame of rest (Wilkins & Fabian 2012). In or
der to calculate the irradiation in the rest frame of the eccr
tion disc, we have to take into account its rotation at reisti
tic speed. The area of the ring will therefore be contractésh.
ing the Keplerian velocity profile deduced from the Kerr rieetr
(Bardeen, Press & Teukolsky 1972), the disc’s Lorentz faisto
4@ = V2 —2r +a®(r*? + a) (10)
P14\ /r\/r + 2a — 3713 + a2r + 2a2
(Bardeen, Press & Teukolsky 1972, see also_Wilkins & Fabian
2011,/2012). Taking into account that the photons are etghéte
equally spaced angles, we finally find that for isotropic emis
the geometric contribution to the incident intensity habéo

9)

sin &
A(r, Ar)(®)

Because of the relative motion of the emitter and the acoretisc,
as well as because of general relativistic effects, thdiatad spec-
trum will be shifted in energy (Fukumura & Kazanas 2007).rgdsi
the initial four-momentum at the primary source

I (11)

uf' = (uf,,0,0,0) (12)
and the corresponding four-momentum on the accretion disc
(13)

together with the photon’s momentum (equafibn 6), the gneit
is

US = ufl(17 07 07 Q)

E. puul (7\/7_" + a) Vh2 —2h + a? (14)
gl = — = » =
" B pou VTy/1? = 3r + 2a/TVRh? + a?
The components of the four-velocities are calculated
from the normalising conditionu,u” = —1 (see, e.g.,

Bardeen, Press & Teukolsky 1972).

As the number of photons is conserved we can write
NPY AL AE, = const. = NPV ALAE; (15)

whereNP" (V"M is the emitted (incident) photon flux. Assum-
ing a power law shape of the emitted radiation

NPt =BT (16)
the photon flux on the accretion disc is given by
NP (roa) = BT - gip(ria)” (17)

asAE./AE; = 1/g,, andAt./At; = gip. Due to the relativistic
energy shift, the incident photon flux now also depends onr&vhe
the photon hits the accretion disg @nd which spin the black hole
has. Using this result, we can finally calculate the incidient on
the accretion disc

S
. r sin dg;
Fi(r,h) =IF*° - g, = A(TTT);W’)

(18)

This is in line with the results obtained by Fukumura & Kazana
(2007f.

In order to understand the influence of the different reigtiv
tic parameters on the incident intensity, Fig. 2 shows tinglsi
components of equatiof {118). A similar discussion of them®a-c
ponents is also given hy Wilkins & Fablan (2012). We assuraé th
the primary source is an isotropic emitter. All effects arersgest
for small radii and will therefore be most important for higpin,
where the accretion disc extends to very low radii. Firsigta
contraction reduces the area of the ring as seen from theaprim
source. In the rest frame of the accretion disc, this “catima”
implies an effectively larger area and therefore the inuidix
decreases with increasing proportional to the inverse Lorentz
factor1/~(*) (Fig.[2a). When compared to flat space time, the area
of disc close to the black hole is additionally enhanced eKbrr
metric (Fig[2b). Interestingly, this effect is almost ipéadent of
the spin of the black hdfe However, compared to the effect in-
duced by the energy shift (equationl 14), the change in arealys
a minor effect. Depending on the power law ind€&x,the energy
shift of the photons hitting the disc is the strongest fagifiuenc-
ing the reflection spectrum. For a source on the rotatioralaithe
black hole the change in irradiated flux can be as large asar faic
100 (Fig[2c), depending strongly on the steepness of timeapyi
spectrum. This amplification factor depends on the heighhef
emitting source (it becomes larger for increasing height) de-
creases for larger radii. Especially for lawlight bending focuses
photons towards the disc and additionally enhances theiatian
of the inner regions. The dashed lines in Eiy. 2d show s
decreases in flat space just due to geometrical reasonsviiadjo
equation[(8). The fully relativistic treatment (solid Is)ereveals a
focusing of the photons towards the black hole. But comp#oed
the “effectively enhanced” irradiation of the inner partgeedo the
energy shift (Fig:Rc), the relativistic focusing is only &nr effect.

In summary, the power law indek, has the strongest influence on
the irradiation profile at small radii, while the height oétemitting
source mostly affects the outer parts of the disc.

Finally, Fig.[2e combines all effects and shows the incident
flux in the rest frame of the accretion disc. In general thig pbn-
firms our overall understanding of the lamp post geometryr&zs
at low height strongly irradiate the inner parts but almastt the
outer parts. For an increasing height of the source more avd m
photons hit the outer parts of the accretion disc and anésang re-
gion of more constant irradiation at rouglhly2 is created. In order
to check our simulation for consistency, a thorough checlires
the calculations af Fukumura & Kazahas (2007) was done and we
could validate the result from Fifj] 2e at high precision. Shae
is true for the stationary point source solution of Wilkind=&bian
(2012).

2.4 Emissivity Profiles in the Lamp Post Geometry

Since for a simple accretion disc the local disc emissivgy i
roughly oc 3, in the description of observations it is common
to parametrise the disc emissivity profile through

F(r,h) cr™ ¢ (19)

2 Note that Fukumura & Kazarnas (2007) use the spectral ingevhereas
we use the photon inddx. Both quantities are related By= « + 1.
3 deviations are less than 0.2%
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Figure 2. Relativistic factors which influence the incident flux on #e
cretion disc compared to the emitted intensity at the pynsmurce (see
equatior_IB). If not stated in the figure explicitly we use= 0.99 and
assume that the primary source is an isotropic emitter. ‘Eniical dashed
lines indicate the location of the innermost stable cincoldit (ISCO) for
certain values of spin. (a) The inverse beaming factor (retijch deter-
mines the influence of length contraction (see equéfidn @ahe incident
flux. (b) The impact of the proper area. (c) Geometric intgndistribu-
tion on the accretion disc for the relativistic (solid) anévidonian case
(dashed). (d) Energy shift, which the photon experiencesnathavelling
from the primary source to the accretion disc, taken to thregpofT" (blue).
(e) Combined irradiating flux on the accretion disc for a uiynsource at
different heights but equal luminosity.
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spin a (for corresponding riy,)

0.99 0 -1

h=1.8r7, 4
h =3.07r, ]
h=10.07,
h=250r, -
h=1

Emissivity Index e

T [rg]

Figure 3. The emissivity index as defined in equatiof{lL9) of the radiation
irradiating the accretion disc from a primary source atedéht heightd.

wheree is called the emissivity index. Note that in this representa
tion the information of the normalisation of the emissivisofile

is lost. But as usually the luminosity of the irradiating smiis not
known, this is not very important for reflection studies. @atcu-
lations easily allow to determine the radius dependent swiig
index and thus phrase our results in a language that is lyion-
parable with observations.

Figure[3 shows the emissivity profile for different heights o
the primary source. Regardless of the specific height, thiffseent
radial zones are visible in all profiles. Firstly, for largadii the
index converges always towards its value in flat space @, see
equatiori8). The closer the emitting source is to the blad, tbe
fastere converges towards this value.

The zone closer thaiir, from the black hole is characterised
by a strong steepening of the emissivity profile towards tmei
edge of the accretion disc. Except for an extremely low heigh
this steepening is almost independent of the height of thgoy
sourcH. Hence, a large emissivity at low radii, which is usually in-
terpreted as “strong focusing of a low height emitter”, isdicectly
related to the height of the primary source. Instead, thepsiess
almost solely depends on the relativistic boosting of thengry
photons and especially on the steepriess the primary spectrum
(see FiglRc).

As has been mentioned in the introduction (SEtt. 1), many
sources are observed to have very steep emissivity indiees,
values ofe = 5-10 are normal. Similar to the emissivity profile in
Fig.[3d, we can also derive the maximal possible emissivitein
for a certain value of spin and steepness of the input spacffor
a standard lamp post source at a height of at leagt this infor-

4 Clearly, the absolute flux for a certain luminosity is hightes a low
emitter (see Fid.]2e), but we usually do not measure the aiiesivitensity,
but only the emissivity index.
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max(e)

| | | |
1 2 3 4
Photon Index I'

Figure 4. The maximum possible emissivity index at the inner regiohs o
the disc ¢ < 10 rg) for a certain photon indek. The height of the source
was chosen to ble = 10 7. However, note that we showed in Hig. 3 that for
h > 3rg the steepening at the inner edge of the disc is almost indepen
of the height.

mation is plotted in Figll4. In this case, no large emissgitare
expected if the black hole is not a maximal rotator, i.e.gidy for
a < 0.9. If the input spectrum is hard’(< 2.5), the emissivity
index is flatter than the standard indexeof= 3. Even for highly
rotating black holes the actual emissivity at the inner edlgthe
accretion disc is only steep if the incident spectrum is it
(T > 2.5).

If we want to apply the information of Fifll 4 to a certain obser
vation, we have to take into account that the emissivity iegally
parametrised in form of a broken power law. In detail this nsea
that below a certain “break radiust;) one single emissivity in-
dex is used to describe the steep emissivity and above tisatst-
ally fixed to the canonical—2 behaviour. Generally, break radii are
found to be in the range ofi3 (e.g., in 1HO707495,| Dauser et al.
2012) up to 6 (e.g., in NGC 3783,|_Brenneman et al. 20@1).
Hence, the emissivity index we measure in observationsuatso
for the average steepness in the range;oto r, and will there-
fore be lower than the maximal emissivity. We note that thésem
sivity indices found in many observations are close to ovelibe
maximal allowed emissivity index as defined in Fib. 4. Foregie
e~ 5forT" = 1.8iIn NGC 3783|(Brenneman etal. 2014 = 6 for
I' = 2in MCG—6-30-13 |(Brenneman & Reynolds 2006)>> 6.8
for ' = 1.37 in Cygnus X-1|(Fabian et &l. 2012a), er~ 10 for
I' = 3.3 in 1H0707-495 (Dauser et al. 2012). As the emissivity
index obtained from these measurements is averaged ovar-the
nermost fewr; these emissivities can therefore not be properly
explained solely by the lamp post geometry. Despite theseets
however, in some cases it is possible to use[Fig. 4 to decidméa-
sured value for the emissivity index can reasonably be egxin
the lamp post geometry. This method has been successfuplligdp

5 Note that the value of the break radius is highly correlatéti the emis-
sivity index when trying to constrain both by observation.

by |Duro et al. [(2011) to find a unique and consistent solut®n t
describe the reflection spectrum of Cyg X-1.

2.5 Theincident angle

The incident angle); of the irradiated radiation is important for
modelling the reflected spectrum, as it determines the &ypic
teraction depth of the reflected photon and therefore slyong
influences the limb-darkening of the reflected radiatiorg.(e.
Svoboda et al. 2009). Constructing a normal vector on thg dis
is given by

®\"*
pL (pd)“ (nd ))

0= T e wa)

O=m/2
Figureg’ba and b shody for different heights of the primary source
and assuming an isotropic primary emitter. For most disi thae
photons hit the disc at a shallow angle, except for a smattira
of disc. The location and width of the steeper in-falling fams
depends on the height of the primary source.

The effect of the incidence angle of the illumination in the
reflected spectrum from an accretion disc has been discussed
Garcia & Kallman|(2010). In the calculation of reflection dets,
the boundary at the surface of the disc is defined by spegifyia
intensity of the radiation field that illuminates the atmiosge at
a particular angle. Using their equation (19) and (37), tais be
expressed as

2n 13
fine = (E) cos 6;

wheren is the gas density (usually held fixed), afids the ion-
isation parameter that characterises a particular reflectiodel
(Tarter, Tucker & Salpeter 1969). Consequently, for a giiemn-
sation parameter, varying the incidence angle varies ttemsity

of the radiation incident at the surface. This has intemgstiffects
on the ionisation balance calculations. If the photonshrehe disc
at a normal angled{ = 0), the intensity has its minimum value,
but the radiation can penetrate into deeper regions of time-at
sphere producing more heating. On the contrary, for grairing
cidence § = 90) Iinc increases, resulting in a hotter atmosphere
near the surface; but the radiation field thermalizes atlemap-
tical depths, which yields lower temperature in the deepgions

of the disc. Evidently, these changes in the ionisatiorcstre will
also affect the reflected spectrum (see Elg. 5¢). The narom- ¢
ponent of the emission lines are expected to be emittedveliat
near the surface, where photons can easily escape withing be
absorbed or scattered. On the other hand, the broad contpainen
the emission lines, and in particular the ones from Higblements
such as iron, are produced at larger optical depths-(1), and
therefore are more likely to be affected by changes in this&tion
structure of the slab.

However,| Garcia & Kallman| (2010) showed that in a gen-
eral sense, reflected spectra resulting from models witielar-
cidence angles tend to resemble models with higher illumina
tion. This means that the changes introduced by the inc&lenc
angle can be mimicked by correcting the ionisation parame-
ter to account for the difference introduced in the illuntioa.
The current analysis shows that belaw, the incidence angle
can vary as much a85 — 80 degrees, equivalent to a change
in the ionisation parameter by more than a factor of 5. Fig-
ure[Bc shows the reflected spectra for these two incidence an-
gles predicted by thiLLVER code (Garcia & Kallman_2010;

_ q
- rul(r,a) (20)

(21)
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Figure 5. (a) 2d image showing the incident angieof photons on the accretion disc. The spin of the black hale=is0.998. (b) incident angle for the three
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the xILLVER code [(Garcia & Kallmah 20010;

\Garcia, Kallman & MushotzKy 2011) using the same ionisefia-

rameter. The effect of the incidence angle is evident.

3 AN EXTENDED RAY-TRACING CODE

So far we assumed that the emitting primary source is at rigist w
respect to the black hole. If the primary emitter is the badsth®
jet, however, then it is far more likely that the primary swriis
moving. Typical speeds at the jet base can already be ristitiv

MB). Furthermore, if the irradiating sourceaiget,
then we need to relax our assumption of a point-like emittet a
include the radial extent of the jet. As we show in this secty
taking into account both of these extensions, the line sisapig-
nificantly affected.

3.1 A Moving Jet Base

Firstinvestigations of a moving source irradiating theration disc
and its implication for the Fe & were done b an
(1997)! Beloboroddv (1999) investigated the coupling leevthe
moving primary source and the reflected radiation. Usingeggn
relativistic ray tracing techniques, Fukumura & Kazanag0mp
and Wilkins & Fabian|(2012) calculated the illumination filwon
the accretion disc.

We first assume that the emitting primary point source is mov-
ing at a constant velocity = v/c. The most prominent effect of a
moving jet base compared to a jet base at rest is the Doppbst-bo
ing of radiation in the direction of the moving blob, i.e.,anfrom
the accretion disc. This boosting also means that the erstifty
of the photon between primary source and accretion discgesan
with velocity. The 4-velocity is then given by

dr

1 -
(’dt’o’o)

¢
up = uy,

(22)

71012).

where eff’) are the tetrad basis vectors for = ¢,r,0,¢ (see
Bardeen, Press & Teukolsky 1972).

In order to calculate the trajectory of a photon emitted at an
angled’ from the moving source, we transform from the moving
frame to the stationary, locally non-rotating frame at thene lo-
cation. This means that the photon is emitted at an ahgtethe
stationary system according to

cosd’ —f3
1— Bcosd’

depending on the velocity of the source. Following, Mr
(1999), it can be easily shown that this approach implies tte
intensity observed in the stationary frame will be alterga@lfactor
of

cosd = (24)

D* (25)
whereD is the special relativistic Doppler factor, which is defined
in our case as

1

b= ~¥(1 4 Bcosd)

(26)

with v = 1/4/1 — 82 being the Lorentz factor of the moving
source. Using the transformed intensity, we can now caryappl
stationary calculations from SeEf. 2.3 to the new emissiuyiesd
to obtain the irradiation of the accretion disk by a movingrse.

Additionally, we have to calculate the proper energy steft b
tween the accretion disc and the moving source, with thddeitg
given by equatior{22). Similarly to equatidn{14) this eyeshift
is given by

g (pd)ﬂud glp(ﬁ = 0) (27)
P - .
Uy 21 02)2 _A(g24a2
(po)vui (HE V2t aaead) g

Note that for large heightgi, simplifies to its special relativistic
limit, g1, = Dgip(B = 0). Using the results we already obtained
for a stationary primary source (see SEci] 2.3), we can yimaite

The velocity S as seen by an observer at the same location in the down the total flux the accretion disc sees from a moving sourc

locally non-rotating frame (LNRF) is connecteddn/d¢ through

()

€u

dr
dt ’

r2+a2
A

n
Uy

(23)

v
Uy

© 2012 RAS, MNRASO00, [1H15

D*F(r,h,8=0)
(h2+a2)2,A(q2+a2)ﬂ):| r

h2+a2

Fi(r,h, B) (28)
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Figure 6. (a) Irradiating flux and (b) Emissivity profiles similar togdd, which show the impact of a moving jet base with velositie= 0 ¢ (solid),v = 0.5 ¢

(dotted), andb = 0.9 c (dashed).

Figure[® shows the dependency of the emissivity index on the

velocity of the jet base. In general the irradiating flux eeases
significantly with increasing speed of the jet base, as thequis
are boosted away from the black hole (fib. 6a).

Comparing the shape of the emissivity profiles for a moving

jet base (Fig.Jeb), the intermediate region of the accretiso (-

100 r¢) experiences an increase of irradiation with increasing ve

locity of the jet base. On the other hand the emissivity peafil
the very inner regions of the accretion disc does not departtieo
movement of the jet. For high spin (> 0.9) the accretion disc ex-
tends down to these very small radii and due to the steep iityiss
most of the reflected radiation comes from there. If the aiere
disc only extends down t0r,, as is the case far = 0, the irradi-
ation of the innermost regions can differ almost up to a faof@
in emissivity index depending on the velocity of the jet base

3.2 Irradiation by an Elongated Jet

The influence of changing the location of the jet base while
fixing the top height is depicted in Figl 7a,b. Interestintlg emis-
sivity profile is not very sensitive to the location of the fse.
On the other hand, fixing the jet base at a low valueg3and
then increasing the radial extent of the jet (Eb. 7c) stpadters
the emissivity profile. The more the top is away from the bése,
larger the deviations become compared to the profile of thzajee
(red, dashed line) and the more the irradiation resembkeoie
from the upper part of the jet. Comparing the extended psofe
the ones for a point-like primary source (dashed lines)aksvéhat
the extended emission creates an irradiation pattern tiodd bave
similarly been produced by a point source at an intermediaitght
in betweenhy.se and htop, t00. This implies that if we measure
an emissivity profile similar to one for a low source heighy(&,
dashed red line), the jet cannot be extended or there is ndisig
cant amount of radiation from the upper parts irradiatirgdrsc.
One way to explain the lack of photons is that the jet does aet h
a uniform velocity, but the jet base is at rest and from ther¢he
particles are very efficiently accelerated (see_McKinned&uch

It is straightforward to extend the previous discussion of a that the radiation is beamed away from the accretion disc.
moving jet base to the the case of an extended jet (see also

Wilkins & Fabiamn 2012). We simply describe the incident editin
for an elongated jet by many emitting points at differentghés,
weighted by the distance between these points. Emissixitiigs
for the extended jet are shown in Fig. 7. In general, the sbtiee
emissivity profile in the case of an extended source doesiffet d
significantly from that of a point-like source. Similar tetioving
jet base (see Se€i. B.1), the irradiation of the inner regafrthe
accretion disc{ < 2rg) only differs in normalisation but not in
shape (FidJ7). However, the regions of the disc that arele kit
further outwards % 3r,) are affected at a much greater fraction by
extending the emission region. But despite these largerdifices,
the overall shape of the emissivity profile does not change that
the general properties analysed in Seci. 2.4 are still iratite case
of elongated jets.

3.3 Jet with Constant Acceleration

Having analysed the effect of a moving primary source angtbe
file of an extended jet, we are able to combine these effedtsiio

a more realistic approach. It is likely that the actual bafsthe jet

is stationary or has at least a velocity normal to the disnethat

is much less than the speed of light. Above the jet base the par
cles are efficiently accelerated (McKinhey 2006) to highergies
and in the end to very fast velocities seen, e.g., in Very LiBage-
line Interferometry (VLBI) measurements (see, elg., Cadteal.
2007). In the following we will assume the simplest case hingis
a constant acceleratiod of the particles. In this case the velocity
evolves as (see, e.q., Torres Del Castillo & Pérez Sar2hef)

© 2012 RAS, MNRASO00,[1HI5
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At
)= ——— 29
B = s (29)
where the timé is given by
Y Y (30)
TV e A

for x = h — hwase. Therefore the acceleration to reach a specific
velocity 3 at heighth is given by

vy—1
h - hbase '
wherey is the Lorentz factor. Figuid 8a displays the velocity (equa
tion[29) inside the jet for constant acceleration.

The irradiation of the accretion disc in this setup is shown i
Fig.[8b. The effect of the accelerated movement shows upgara
radii by steepening the emissivity compared to the statiojehand
the for all heights the profile gets more similar to a pointrseu
at the jet base. This result confirms the general pictureftvaa
large acceleration the accretion disc sees only the lowast @s
most of the upper part of the jet is strongly beamed away fitwen t
disc. This means that if we measure a localised, low heiglief
emitting source, it could also be the base of a strongly acathg
jet. Additionally, Fig[8c reveals that the stronger theedemtion,
the more the emissivity profiles resembles the canonicalcase
for all but the innermost radiir(> 2 r;).

A= (31)

4 DISCUSSION
4.1 RELLINE _LP — A new relativistic line model

Using the approach mentioned in S&ctl 2.3, the lamp post gzpm
was incorporated in theeLLINE model (Dauser et &l. 2010). This

The calculations in the lamp post geometry are used to deter-
mine the proper irradiation profile and replace the artificiaken
power law emissivity in th&ELLINE model. Besides the standard
point source in the lamp post geometry, we also included xhe e
tended geometries presented in SELt. 3, i.e., elongatedname
ing primary sources. As the information of the ray tracindais-
ulated, theReLLINE_LP model is evaluated very quickly and thus
well suited for data modelling.

4.2 Influence of the lamp post parameters on the shape of the

reflection features

With theRELLINE_LP model it is possible to calculate the predicted
line shapes of broad emission lines for the different patarsele-
termining the setup in the lamp post geometry. Fidilire 9 shibats
the line shape is very sensitive for certain parameter coatioins
and almost independent in other cases.

The line shape is highly sensitive to a change in height of
the primary source (Fid9a and b). Especially when assuraing
rapidly rotating black hole, the line shape dramaticallardes
from a really broad and redshifted line to a narrow and doeuble
peaked structure when increasing the height of the souigdd#).
The same behaviour can be observed for a negatively rotalticy
hole (Fig[9b), but here differences are not as large as ipité-
ous case. Broad lines seen from a configuration of a low pyimar
source and a highly rotating black hole are also sensitivihéo
photon index” of the incident spectrum (Figl] 9c). In this case the
line shape gets broader for a softer incident spectrum. Wilxen
ing the height of the irradiating source (Hig. 9d—f), for alsource
height the shape is still sensitive to the spin (Eig. 9d). &teady
for a medium height of 25,the line shapes virtually coincide for
all possible values of black hole spin. In this case, evea fapidly
rotating black hole, the line shape does not depend on teprates

model was designed to be used with common data analysis toolsof incident spectrum (Fid] 9f).

such axsPEC(Arnaud 1996) orsis (Houck & Denicola 2000) for
modelling relativistic reflection. It can either predict iagle line
shape or it can be used as a convolution model smearing a etampl
ionised spectrum (such as teEFLIONX model| Ross & Fabian
2007). The newRELLINE_LP model can be downloaded from

Using theRELLINE_LP-code, we are also able to compare line
shapes for moving (Sedf_3.1), elongated (Ject. 3.2), acelexe
ating (Sect_313) primary sources. A change in velocity aitgrs
the line shape if the source is at low height and the black tsole
rapidly rotating (Fig[Pg). Changing either of these to riegly

http://ww. sternwarte. uni-erlangen. de/ resear ch/ r efokatmegy (Fig[®h) or a larger source height (Fiyy. 9i), diéfiet ve-
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locities of the irradiating source only have a marginal effen the
line shape. Similarly, measuring the radial extent of thienpry
source is also not possible for all parameter combinatibinstly,

the restrictions of measuringandT for larger heights, as seen in
Fig.[Je and f, also apply here. Therefore we fix these two gadie

a = 0.99 andT" = 2.0. Setting the base of the source at,3and
altering its height (Fig.19j) does indeed result in greatnges in
the line shape. These changes are very similar to a changéginth

of a point-like primary source (see Fig. 9a). Hence, an eltetjet
produces a reflection feature similar to a point-like sowrite an
effective height. A similar behaviour can be observed wheng-

ing the base of the primary source and leave the upper bopndar
constant at 108,. However, as the large upper part now dominates
the irradiation of the accretion disc, the profile is not veepsitive

to the location of the base of the source. Finally, an acatiey

jet (Fig.[A1) only influences the line shape if already refelly high
velocities are obtained at a height of 2Q0(vi00 > 0.99¢), as in

In summary, Fig-® confirms that the relativistic reflectieaf
ture is sensitive to very different parameters in the lamgt ggom-
etry. However, as soon as the primary source is not very tiobe
black hole or is elongated in the radial direction, the delgecy on
parameters such as the spin of the black hole or the incigent s
trum is not large.

4.3 Implications for Measuring the Spin of a Black Hole

If we are interested in measuring the spin of the black hole by
analysing the relativistic reflection, Figl 9 and the disiois in

the previous section help us to decide under which conditiga

are capable in doing so. Generally, these conditions carejpa- s
rated into two classes: Either the primary source is comaadt
very close to the black hole, or the irradiating emission esfinom
larger heights or an elongated structure. As has been shotte i

the upper part of the jet more and more photons are beamed awayprevious section, the latter case, a large height of thegrsisource

from the accretion disc due to the highly relativistic moegrhof
the emitting medium. The line profiles for a strong accelerat
thus resemble very closely the ones for a lower top of thetamit
source (FiglBj), which means that in reality we will not béeaio
measure if the emitting source is accelerating without kngwhe
full geometry of such a primary source.

In some sources with a low mass accretion rate, the disc
might be truncated further away from the black hole than 8@0
(seel Esin, McClintock & Narayah 1997 and, e.g., the observa-
tions by Markowitz & Reeves 2009; Svoboda, Guainazzi & Karas
2010). Generally, relativistic emission lines from suchntated
discs are even narrower than for non or negatively spinniagkb
holes. However, such lines can also be explained by theatiad
from an largely elevated (Chiang ef al. 2012) or elongatedcso
(Fig.[9K).

Besides the spin, the inclination of the system has als@agtr
effect on the line shape (see, elg., Dauserlet al.| 2010).eNa¢hi-
nation is mainly determined by defining the maximal externthef
line at the blue side (Fidl] 9), the steep drop is always at dnees
location for a fixed inclination and can therefore be detagdial-
most independently of the geometry.

and an elongated structure, produces a very similar irttiadiaf
the accretion disc and therefore we use following picturettics
discussion: The base of the primary source is always loGHt8e,
and simply the top height of the elongated structure is atbto
change. For simplicity we call it a “compact jet” if the topitlet
of the source is close tor3 and “extended jet” for larger values of
the top height.

As an example, Fig. 10 shows how a line profile for different
spin would look like for a compact and extended jet. In theeazfs
a compact jet the sensitivity on the spin is high (see [Hig.c0d)
therefore we can clearly see the difference of a really blioador
high spin (Fig[ZIDa) compared to a much narrower line for Ipim s
(Fig.[IQb). If the irradiating source is elongated, the Iprefiles
for high and low spin are very similar and especially reabyrow
(Fig. [IQc,d). At first this underlines what was already désead
above in the context of Fifl] 9: If we have an elongated souree w
we will not be able to constrain the spin at all.

But the diagram in Fid._10 reveals a much larger problem we
have to deal with. Namely three of the four lines in the Figuiié
be detected as narrow lines and when fitted with any model sim-
ulating broad lines, will result in very low spin values. Bthis

© 2012 RAS, MNRASD00,[THIB
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field).

would be wrong in the case of Fig.]10c, where the black hole is
rapidly rotating, but only the elongated structure rendhesline
profile narrow. Reversing the arguments, this implies tihaeova-
tions of a narrow lin@ do not allow to draw any conclusions about
the spin of the black hole without knowing the exact geomefry
the primary source. Hence, any black hole which was infeiwdx
slowly rotating due to its narrow reflection feature mightyvevell

be rapidly spinning if the accretion disc is irradiated byoarse
which is not compact or close to the black hole. This issueanak
it even harder to produce any statistics on the spin of a saofpl
AGN by reflection measurements, as only from a sub-sampleeof t
sources, the ones with relatively broad reflection featuhesspin
can be determined reliably.

4.4 Simulated Observations with current Instruments

We performed several simulations in order to quantify thguar
mentation of the previous section, on how sensitive spinsomea
ments can be depending on the geometry of the irradiatingeou
For this purpose we use the EPIC-pn camegra (Strilder|et@1.)20
of the XMM-Newton satellite [(Jansen etlal. 2001), a widely used
instrument for measuring reflection features and detenyitine
spin of a black hole (see, e.g., Wilms et al. 2001; Fabian|20819;
Duro et all 2011).

Figure[11 shows 100 ksec observations of an irenfature
for different cases, namely of a compact primary source. [Elg)
and an elongated source (Higl] 11b), which might also be actel
ing (Fig.[I1c). Looking at the equivalent widths in the figalearly
reveals by what amount the line changes from a highly toaaen r
tating black hole. For the canonical case (Eid. 11a), a cotrp
mary source, there are large differences visible, alreadg very

6 narrow, but still broad in CCD resolution

Table 1. This table summarises the result of a simulation which trees
illustrate what spin value would be obtained if we use tharfdard” geom-
etry (i.e., where the emissivity is proportionalito3) for describing data,
which was originally produced by a more complex geometrhefgrimary

source (compact, extended, or accelerated). This sironlatas performed
for two different values of spinal = 0.99 or a = 0.0). All details are

identical to the simulation described in Hig] 11.

compact extended accelerated
apn = 0.99  1.0073:%9¢ 1007327 0.4570-2%
aph =0.0 02102 -1.07075  —0.3757

common exposure time of 100 ksec. On the other hand, in the cas
of an elongated source (Fig.]11b), there is virtually noedéhce
at all and even future instruments will not be able to dediee t
spin in this case. If the elongated source is acceleratirmmgly
(Fig.[Idc), slight differences arise (see dashed linesktillistay
deeply hidden within the uncertainties of the measurement.

As illustrated in Secf 413, the inability of measuring tipins
for certain geometries is not the major problem. This appinces-
sumes that we know the geometry of the primary source, wiich i
generally not the case. Hence, the interesting questiovhiat spin
value would we measure when we assume the “standard” gepmetr
(I < r~3) currently used? Tabld 1 summarises the results of such
an investigation. As expected, simulating a compact soyields
nicely consistent results of spin value when fitted by theddad
geometry. Contrary to that the elongated source, whichymesial-
ways a very narrow line (see Fig]11b), is always fitted by g iaw
spin, independent of the actual spin of the black hole. Hafhgéor
the highly rotating black hole this solution is in great gast to the
original value and even for a 100 ksec observation with citirire
struments far outside the confidence limits. If the elongjataurce
now strongly accelerates while emitting photons, the oleispin
values resemble more the true ones & 0.572 for an, = 0.99
anda* = —0.3%92 for apn = 0.0). However, these values still do
not agree with the actual spin of the black hole. As this naidileg
determination of the spin does not fail due to low sensitibitit a
lack of information of the primary source, future sateltitéssions
or longer exposures will not be able to solve this issue.

5 SUMMARY AND CONCLUSIONS

In this paper we introduced a consistent approach in geredediv-
ity for modelling the irradiation of an accretion disc in fhenp post
geometry. Besides a stationary point source, we also shbowed
a moving, a radially elongated, or an accelerating primayree
can be easily modelled by slightly extending the formalishfe
presented an extension to tReLLINE code (Dauser et 5l. 2010),
which can be used for model fitting in common data analysis pro
grams and is capable of describing all different kinds ofraniy
sources mentioned above. We could show that only for a compac
primary source the spin of the black can be measured properly
Elongated sources will always produce a narrow relativigtflec-
tion feature. Even if we introduce a strong acceleratioa,simu-
lation showed that the spin cannot be determined for suchup se
and might be confused with a compact irradiating sourcerat@u
non- or negatively rotating black hole.

For the different geometries of the primary source we anal-
ysed the difference in emissivity profiles. Most importgnive

© 2012 RAS, MNRASD00[THIB
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Figure 11.A simulatedXMM-Newton observation ofl00 ksec exposure of the FecKline for (a) a compacti{ = 3 ), (b) an extended jef(= 3-100 ),
and (c) again an extended jét & 3-100 rg), but now extremely accelerated such thafg = 0.999 c. Parameters were taken to be similar to ME6&30-15

in the XMM-Newton observation with Obs. ID 0111570101 (Wilms et al. Z001).reen to obtain consistent line strengths we fixed the degjestinetry and
spin value and fitted the normalisation of the line to the date equivalent widths for high spin compared to non-spignvere determined to 432 eV vs.
175eV (a), 110eV vs. 109eV (b), and 255eV vs. 208 eV (c).

could see that the innermost part (i.e., < 2r,), which is celeration leads to a broadening of the line shape, whicnanieat
also the steepest part of the profile, is completely indepen- it becomes again more sensitive to the black hole paramatets
dent of the geometry and movement of the source (see alsomore similar to the line profile created by a compact sourdevat
Fukumura & Kazanas 2007). Hence, by changing the geometry in height.

our lamp post setup, we will not be able to create steeper pro-

files than the standard one for a point source in order to axpla
the really steep emissivity indices measured in many obsiens
(see, e.g.,_ Wilms et al. 2001; Fabian €t al. 2002; Fabian|208#;

Brenneman & Reynolds 2006; Dauser et al. 2012). Even sources

extended perpendicular to the rotational axis seem not tablee
to alter the steepness of the emissivity (Wilkins & Fahiai220
However, these steep emissivities might be artificiallyated due
to an over-simplified modelling. Recent analyses show testidb-
ing the reflection at the accretion disc with a constant mtios,
instead of an ionisation gradient that would be expecteth thasic
arguments (using, e.@., Shakura & Sunyaev 1973), wouldtriesu
over-estimating the emissivity index (Svoboda et al. 20M&)re-

over we showed that this independence of the inner part of the

emissivity profile from the geometry comes from the fact thég
steepening is mainly due to the strong blue-shift the phoghibit
during their flight towards the accretion disc. Although gteng
focusing of the photons close to the black hole is commongdus
to explain this steepening, Fig. 2 evidently showed that ¢ffiect
actually only contributes a minor part to the steepness enatpto
the energy shift.

Using the newrRELLINE_LP model, a variety of broad emission
lines for very different parameter combinations was predud his
showed that only compact sources close to the black holeupeod
the really broad lines and are sensitive to parametershigdlack
hole spin or the steepness of the incident spectrum. Hebsero
ing a broad line already strongly constrains the primaryssion
region to be very close to the black hole, which also implres t
most of the reflected radiation originates from the innetrpasts
of the accretion disc. Moreover the narrow line profile cedaby
an elongated primary source is very similar and thereforelja
distinguishable from a point source at an effective, inexiiate
height. Introducing an acceleration of the elongated soeffec-
tively reduces the flux from the upper part of the source. &lis

© 2012 RAS, MNRASDOO, [1HIB

Simulating observations with current instruments, the pro-
file of elongated sources will always be rather narrow. Apay
standard line models to X-ray spectra of such systems withys$
result in a low spin of the black hole, although this might betthe
actual case. We therefore conclude that only a really brodsiston
line will give us the possibility to determine the spin of thiack
hole unambiguously. Such systems must have a compact rgnitti
source and a rapidly rotating black hole. In all other caséis nar-
rower lines, the emission line can either be described bywesl
rotating black hole or an elongated source, which could lzenye
arbitrary spin. The thought that a narrow, relativisticeefion fea-
ture might be produced by a primary source at a larger distémc
the black hole not new. Vaughan et al. (2004) suggested sgeh a
ometry to explain the reflection feature in Akn 120, as it iezgia
flat emissivity at the inner edge of the accretion disc. Ireagrent
with our results presented above, Chiang et al. (2012) adedior
XTE J1652-453 that the spin cannot be constrained if the primary
source is assumed to be located at a large height above ttie bla
hole.

We note that in some sources broad lines have been seen to be

changing. Galactic black holes are seen in two states, astaiel
where the X-ray continuum is a power-law with an exponential
cutoff that can be well described by a Comptonization cantm
with (relativistically smeared) reflection, and a soft stat which
thermal emission from an accretion disc dominates the éoniss
(see, e.g.,_McClintock & Remillard 2006, for a review). Dhgithe
hard state a relativistic outflow is present in these systevh&ch

is quenched during the soft state (Fender, Belloni & Gall6490
This jet can carry a significant percentage of the total aedre
power (Russell et al. 2007, and references therein). In maog-
els for the black hole states it is assumed that the innerrdiios

is receded outwards during the hard state and that it ongnelstto
the ISCO during the soft state (e.g., Esin, McClintock & Naira
1997; | Dove et all _1997; Fender, Belloni & Gallo_2004). If the
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Comptonizing plasma is located close to the accretion disdn-

(ATHENA ; Barcons et al. 2012) all have effective areas of several

ward moving accretion disc would increase Compton coolifig 0 square meters. With such large collecting areas it will besjibe

the Comptonizing plasma, which then collapses, resultmthe
soft state. One of the major observational arguments far ffd-
ture are changes of the relativistically broadened linén@sé sys-
tems. For example, the Galactic black hole GX 339is seen

to measure high-quality X-ray spectra for a larger sampla@N

within the typical light travel timescales for the lamp pasbdel.
These facilities will allow X-ray reverberation measurenseto
constrain the emission geometry of the observed sourcéstkat

to have a broad line during the more luminous phases of the the degeneracies pointed out above can be broken for a Eager

hard state, i.e., closer to the soft state (Miller et al. 208 note
Kolehmainen, Done & Diaz Trigo 2011) and a narrow line dur-
ing the fainter phases of the hard state (Tomsick et al.|2668,
alsol Nowak, Wilms & Dove 2002). While this behaviour is con-
sistent with a receding disc, given the discussion abowe flu-

ple of sources.
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spectra of galactic black holes are also consistent wittssion
from the base of a jet, with a statistical quality comparatole
that to the disc-corona models_(Markoff, Nowak & Wilis 2005;
Nowak et all 2011). Furthermore, the jet properties in tlseseces
are observed to change as the state approaches the intatereuti
soft states, including the observation of single radio l@ztions
close to transitional states (Fender et al. 2006; Wilms.&2G07;
Zdziarski et all. 2011). If this is the case, then accordinthéodis-
cussion above the change in line width from narrow to broad ge
GX 339-4 could also be due to a change in the jet properties from
an extended jet far away from the soft state towards a conjgiact
rather than a change in the inner disc radius (see also Miilaf:
2012).

For observations of sources where the line shape changes onl
on very long timescales, such as AGN, our results imply tbky
relying on spectral fits we are only able to measure the spin of
rapidly rotating black holes. All other spin values obtairfeom
fitting reflection spectra are not trustworthy, as they caedsly
explained by changing the geometry of the irradiating seuftis
result is of significant importance, e.g., when trying to spec-
tral black hole spin measurements to infer the spin didticbuof
the local black hole population, as it introduces a signifidaias
towards sources with small jet sizes.

Fortunately, however, reflection measurements are only one
of several independent ways to determine black hole spios. F
Galactic sources, where the accretion disc temperaturardgg |
enough that it can be observed in the soft X-rays, it is possi-
ble to use the shape of the accretion disc spectrum to inger th
black hole spin.(McClintock et &l. 2010, but see Dexter & Qeet
2012). Where a broad line is observed, the results of con-

tinuum spin measurements and line measurements agree (e.g.

Gou etal.l 2011 and Duro etial. 2011 for the case of Cyg X-
1). Furthermore, X-ray reverberation techniques allowst@in-

ing the location of the primary source through measuring X-
ray time lags between the continuum and the reflection spec-
trum (Stellal 1990; Matt & Perala 1992; Reynolds €tlal. 1999;
Poutanern_2002; Uttley etlal. 2011, and references therBie).
spite the comparatively small effective area of currene){instru-
ments, such measurements have already been successpligdap
to a small subset of extragalactic black holes, e.g., 1HO'AYB
(Fabian et al. 2009; Zoghbi etlal. 2010; Zoghbi & Fabian 2011;
Kara et all 2013), NGC 4151 (Zoghbi etlal. 2012), ME&30-15
and Mrk 766 (Emmanoulopoulos, McHardy & Papadekis 2011),
and PG 1213143 (de Marco et al. 2011)). In all these measure-
ments the primary source was constrained to be compachdxte
ing only in the order of a few-to-tens, away from the black hole.
Current concepts for the next generation of X-ray satelkigch as
the Large area Observatory for X-ray TimingQFT;|Feroci et al.
2012) or the Advanced Telescope for High Energy Astroplsysic

the SLxFIG module used to prepare the figures in this paper, Katja
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