PROCEEDINGS

OF SCIENCE

Energy shifts of spectral lines from accretion discs
near a black hole with negative spin

Vjaceslav Sochora
Astronomical Institute, Academy of Sciences, Prague
E-mail: sochor a@stro. cas. cz

Vladimir Karas
Astronomical Institute, Academy of Sciences, Prague
E-mail: vl adi m r. karas@uni . cz

Spectral lines are a powerful tool to gain important infotimaabout black holes in X-ray binaries
and active galactic nuclei. We present a semi-analytidatism to determine the observed energy
range of such relativistic spectral lines as a function efittodel parameters, namely, the emission
radius, observer’s view angle, and the black hole spin. islasontinued work, where we already
presented the solution for the systems with black holes potiitive spin. Now we study the case
of systems with negative spin. We compare the results faethwo different cases and discuss
the dependence of minimum and maximum energy shifts on trlehparameters.
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1. Introduction

The observation of spectral lines from inner regions of etben disks around black hole gives
us information about this matter in extreme conditionsxy gpectral line of iron, broadened and
skewed by fast orbital motion and redshifted by strong ga#iginal field, has been used to constrain
parameters of the black hole, both in active galactic nudl@], [19], [16] and Galactic X-ray
binaries containing black-holes [15], [14]. Most of thess&s suppose prograde rotation of the
black hole. In our theoretical work we present the resuligtie case of the black hole with the
negative spin [8] and compare it with the case of the pos#tpia [12].

We can imagine the accretion disk as a superposition oftiradiaccretion rings that extend
from the inner edge to the outer rim of the disk, with a prdxsagtiprofile of emissivity as a function
of radius. On one hand such a superposition can be seen asly rieemal way of integrating
the total signal from the accretion disk that extends overrénge of radii. The convenience of
this formulation arises naturally from the fact that we dlyueonsider perfectly circular motion
of the emitting material, which only very slowly spirals tad the centre (eccentric rings are only
rarely discussed in the literature). Therefore, the emissiriginates effectively from a set of
infinitesimally narrow, concentric rings which sum up torfothe total signal.

On the other hand, a relatively narrow range of emissiori gy indeed represent a realistic
emission profile under certain circumstances. This is fang{e the case of so called flare/spot
scenario [7], [9], [11]. According to this scheme, magredtictriggered flares occur above the disk
surface due to reconnection of field lines twisted by diffitiad rotation. Illlumination of the disk
then produces the reflection spectral line that emerges &rapot at a well defined radius in the
disk. As the flare orbits with the underlying disk it createdng of emission, azimuthal extent of
which is determined by the interplay between duration ofdbgervation and the orbital period at
the corresponding radius.

The exposure time is governed by technical specificatiohefietector and brightness of the
source. As for the orbital period, Keplerian motion (whick assume) near a rotating black hole
is determined by distance from the centre and the spin of ldek thole. The latter causes asym-
metry between the cases of prograde versus retrogrademgatjmurely general relativistic effect).
Although prograde rotation (i.e. a positive spin) is oftegwamed, counter-rotation (negative spin)
cannot be excluded priori. In fact, the orientation of the black hole rotation withpest to the ac-
cretion disk is mainly defined by the boundary condition atdhter edge of the system. Therefore,
it makes sense to include both positive and negative spircioisideration.

There is currently a lot of uncertainty concerning the maximlife-time of the flares illumi-
nation the disk below. Because of significant shearing ofitagnetic loops, it has been assumed
that flares can last typically a fraction of the orbital pdrat the corresponding radius, but excep-
tionally prominent and persistent flares seem to occur emeally in the observed lightcurves [18].
Another relevant point in this respect is that actually thdividual flares do not have to last for
the entire period, instead a sequence of causally triggmredts can develop from the parent flare
[17]. These “offsprings” should all occur at a similar rasllike the original parent flare, producing
the reflection line at approximately the same distance filwarbtack hole.

In our work we show straightforward method to calculate extal energy shifts of radiation
from accretion rings lying in equatorial plane. The caltedbextremal energy shifts are presented
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in contour graphs for different observer’s view angle.

2. Photon propagation in Kerr metric

The gravitational field of a stationary, axisymetric andatioty black hole is described by
Kerr metric [5], [13]. The form of Kerr metric in Boyer-Linddst co-ordinategt,r, 8, ) and
geometrised unitc=G=M =1) is

ag——(1-2% o|t2—ﬂsinzeottolqwr ésinzeo|<p2+§o||r2+20|92, (2.1)
2 2 > A
where
> =r?4+a%co$0; A=r?—2r+a’ A= (r>+a?)? — a’Asir’ 6. (2.2)

The metric depends only on one parameter, angular momerfttira black holea.
The minimum allowed radius of a stable circular equatorigitpso called marginally stable
orbit [2], is given by the roots of the equation

r?— 6r ¥ 8ay/r —3a% =0. (2.3)

The roots are
Fms= 3+ Zo T [(83— Z1)(3+ Z1 + 2Z,)]¥2, (2.4)

wherez; = 1+ (1—a?)Y/3[(14a)Y/3 + (1—a)Y/%]; Z, = (3a® 4 Z2)¥/?, where the upper sign refers
to co-rotating and the lower to counter-rotating orbits.

The path of photons (null geodesic) in Kerr metric is comglietiescribed by three constants
of motion: the total energ¥, the azimuthal angular momentum, and Carter’s consta. We
can further reduce the number of constants by re-normglizirand Q with respect to energi,
=% ¢=3.

Further, a null geodesic must satisfy the Carter equatibn [4

i/L - i/ _ (2.5)
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where
R(r) =r*+(a®— A2 —g?)r? + 2[¢? + (A —a)?Jr — a’q? (2.6)
and
O(1,A,q°) = o + (& = A% — o) p® —a?u’, (2.7)

where we suppose the substitutign= cos6. The left side of the eq. (2.5) describes the motion in
radial direction and the right side the motion in latitudidaection.

The roots oR(r) and®(u) correspond to the turning points in radial and latitudiriegctions
respectively, see [6] and [12].

The integrals in Carter equation (2.5) can be expressecifotim of the elliptical integrals of
first kind [1], [3]

¢
: dd
F(¢,k):/7_. 2.8)
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The explicit form of the integral depends on whether theg@oé real or complex and whether
the photon passes through the turning points or not.
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2.1 Theradial integral, real roots

The case of real roots is
(o]

dr
/ JRiAD O [F(¢o, k) £ F (e, k), (2.9)

where 5
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bo(A,0°) = arcsin( :2 — r4> : pe(A,0P) = arcsin[\/(rz_ Fa)(re rl)] , (2.11)

(rz—r3)(r1—ra)
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(2.10)

1— T4 (re—rg)(re—r2)
ri,ra,r3,rq are the roots oR(r) andr, is the radius of an accretion ring, see [12]. The upper sign

refers to the case of a photon that passes through the tysoingand the lower sing refers to the
case of a photon that does not pass through the turning poiheiradial direction.

2.2 Theradial integral, complex roots

We suppose, r, are complex ands, r4 are real, then the rootsg, r, can be written in the
formry =u+iv, r, = u—iv. The expression for this case is

00
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2.3 Thelatitudinal integral
The form of the latitudinal integral is
T du g
—_F PRk 2.16
| Vol @10

if the photon does not pass through the turning point. Foc#se with transit through the turning
point it is
u

Ho
du
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where
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p2, p? are the roots 0®(H), o is observer's view angle arfd(k,) = F(5,ky).
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3. Extremal photon energy shifts

The energy shift is defined as the ratio

Eb 1 1

Q(A):E:Jm (3.1)

between the observeg, and emittingEe energy. The emission source orbits the black hole at
Keplerian four-velocityu = u'(1,0,0,Q), whereu' = [1—2rg}(1—aQ)? — (r3+a?)Q?] Y2 and
Q(re) = (rf;‘/2 +a)~Lis the Keplerian angular velocity at the emission radiuanda is the spin of
black hole.

The extreme values af are required to meet the conditions of the Carter equatids).(2Ve
used the Lagrange multipliersto find their values. Define the Lagrangian as

1 1

__7_0{/ch dr +070 du
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The partial derivatives of the Lagrange function (3.2) witkpect tok ,¢? anda must vanish
identically. The latter condition yields two equations fao unknowns(A , g?),

AN, Q% Q) (3.2)
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To solve egs. (3.3) and (3.4) we used numerical Newton-Rapimethod in the form of Taylor
expansion about the root. The explicit solution can be fdmduccessive iterations according to
the prescriptiomn;1 = An+ AAn, G2, ; = g3 +Ag3, where

df; afy _f, _ AgR2fL
AR o~ _ N Adng (3.5)
NT 9fdf,  dhaf’ N T af, '
0A 02 992 0A oA

There are always two solutions of pa(r/};,qz), where one corresponds to the minimal energy
shift and the second to the maximal energy shift. The extremexgy shifts for different observer’s
view angles are shown in Fig. 1. The success of this numeriethod depends on the right starting
value and on the knowledge of the derivatives of the elliptiegrals.

4. Discusion and Conclusion

The solution for the case of the negative spin of black holeeots to the solution of the
positive spin (Fig. 1). We see that the valuegafix is always bigger for smaller spins than for
greater spins and the value @, is smaller for smaller spins than for greater spins if we sggp
the same radius. That means the width is broader for neggtine than for positive spins.
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Figure 1: Examples of contour graphs with extremal energy shifts fifei@nt view angle of the observer
(cosi on the top of graph) and for the negative spin of black l@l&hick lines represent emission radius
rem, thin lines the spin of black hole

The dependence of energy shift on emitting radius is thairmim and maximum ofj go
always to the value 1 for farther radii. The maximum valueradrgy shift grows at first with larger
emitting radius and then declines to the value 1. This effectrs with a small inclination angle.

The maximum values of the energy shift drop and minimum &afirew with smaller inclina-
tion angle. It is because for smaller view angle there is EnBloppler redshift and blueshift.

In our work we presented semi-analytic solution to find axtmbvalues of energy shifts of
radiation from accretion ring around Kerr’s black hole. Hodution is written in an implicit form,
egs. (3.3), (3.4) and we used Newton-Raphson numericaladdthsolve them. It is an iteration
procedure with prescription (3.5). The advantages of thethod are the quickness and accuracy,
but we need to know the derivatives of the elliptical intégyra

Acknowledgments

The authors acknowledge support from the doctoral granbh@fGzech Science Foundation
no. 205/09/H033.



Energy shifts of spectral lines from accretion discs neafazkhole with negative spin

References

[1] M. Abramowitz, I. A. StegunHandbook of Mathematical Function3over, New York 1965.

[2] J. M. Bardeen, W. H. Press, S. A. TeukolsRgtating Black Holes: Locally Nonrotating Frames,
Energy Extraction, and Scalar Synchrotron RadiatidpJ 178 (1972), 347-370.

[3] P. F. Byrd, M. D. FriedmanHandbook of Elliptic Integrals for Engineers and Scierstist
Springer-Verlag, New York 1971.

[4] B. Carter,Global Structure of the Kerr Family of Gravitational Field8hys. Revl74 (1968) 1559.
[5] S. Chandrasekhafhe Mathematical Theory of Black HoJ&3xford University Press, Oxford 2004.

[6] A. Cadez, C. Fanton, M. Calvariine Emission from Accretion Discs around Black Holes: the
Analytic ApproachNew Astronom$ (1998) 647-654.

[7] B. Czerny, A. R@ahska, M. Do¥iak, V. Karas, A. M. DumonfThe Structure and Radiation Spectra
of llluminated Accretion Disks in AGN. II. Flare/spot Mod#IX-ray Variability, A&A 420 (2004) 16.

[8] T. Dauser, J. Wilms, C. S. Reynolds, L. W. BrennenmBimad Emission Lines for a Negatively
Spinning Black HoleMNRAS409 (2010) 1534-1540.

[9] M. Dovciak, V. Karas, G. Matt, R. W. GoosmarWariation in the Primary and Reprocessed
Radiation from an Orbiting Spot around a Black HoMNRAS384 (2008) 361.

[10] A.C. Fabian, K. lwasawa, C. S. Reynolds, A. J. YouBmad Iron Lines in Active Galactic Nuclei
PASP112 (2000) 1145-1161.

[11] P. Jovanow, L. C. Popove, M. Stalevski, A. I. Shapovalov¥ariability of the H3 Line Profiles as an
Indicator of Orbiting Bright Spots in Accretion Disks of aaas: A Case Study of 3C 390/80J718
(2010) 168.

[12] V. Karas, V. SochorgExtremal Energy Shifts of Radiation from a Ring Near a RotaBlack Hole
ApJ725(2010) 1507-1515.

[13] R. P. Kerr,Gravitational Field of a Spinning Mass as an Example of Atgétally Special Metri¢
Phys. Rev. Letil1 (1963) 237.

[14] J. E. McClintock, R. A. RemillardCompact Stellar X-ray SourceSambridge University Press,
Cambridge 2006, pp. 157-213.

[15] J. M. Miller, A. C. Fabian, R. Wijnands, R. A. RemillarB, Wojdowski et al.Resolving the
Composite Fe i Emission Line in the Galactic Black Hole Cygnus X-1 with GiranApJ, 578
(2002) 348-356.

[16] J. Miller, Relativistic X-Ray Lines from the Inner Accretion Diskswrd Black HolesARA&A45
(2007) 441-479.

[17] T. Pech&ek, V. Karas, B. Czernyjot-spot Model for Accretion Disc Variability as Random Bess
A&A 487 (2008) 815.

[18] G. Ponti, M. Cappi, M. Dadina, G. MalaguMapping the inner regions of MCG-6-30-15 with
XMM-Newton A&A, 417 (2004) 451.

[19] C. S. Reynolds, M. A. Nowal&luorescent iron lines as a probe of astrophysical blaclketsstems
Phys. Rep377 (2003) 389-466.



