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Abstract: This is a tutorial on the strong gravity effects (motion of massive and massless particles
in a curved spacetime, evaluation of redshift factors, estimate of physical quantities in different
reference frames, etc.) necessary to calculate the electromagnetic spectra of geometrically thin and
optically thick accretion disks around black holes. The presentation is intentionally pedagogical,
and most calculations are reported step by step. In the disk—corona model, the spectrum of a source
has three components: a thermal component from the disk, a Comptonized component from the
corona, and a reflection component from the disk. This tutorial reviews only the strong gravity effects,
which can be decoupled from the physical processes involving the interaction between matter and
radiation. The formulas presented here are valid for stationary, axisymmetric, asymptotically flat,
circular spacetimes, so they can be potentially used for a large class of black hole solutions.

Keywords: black holes; accretion disks; X-ray astronomy; reflection models

1. Introduction

The development of sufficiently advanced astrophysical models is crucial if we want
to analyze high-quality data. The aim of this tutorial is to review the relativistic calculations
of the electromagnetic spectrum of thin accretion disks around black holes.

The physical system that we want to study is shown in the left panel of Figure 1 and is
normally referred to as the disk—corona model. The black hole can be either a stellar-mass
black hole in an X-ray binary or a supermassive black hole in an active galactic nucleus. The
key point is that the black hole accretes from a cold, geometrically thin, and optically thick
accretion disk'. The disk is “cold” because it can efficiently emit radiation. Every point on
the surface of the accretion disk has a blackbody-like spectrum, and the whole accretion
disk has a multi-temperature blackbody-like spectrum. The thermal spectrum of the disk is
normally peaked in the soft X-ray band (0.1-10 keV) for stellar-mass black holes in X-ray
binaries and in the UV band (1-100 eV) for supermassive black holes in active galactic
nuclei [1,2]. The corona (yellow regions in Figure 1) is some “hot” (~100 keV), usually
optically thin, cloud close to the black hole and the inner part of the accretion disk, but
its exact morphology is not yet well understood [3-10]. The right panel in Figure 1 shows
possible coronal geometries. In the lamppost model, the corona is a compact source along
the black hole spin axis (for example, the base of the jet may act as a lamppost corona [7]).
In the sandwich model, the corona is the hot atmosphere above the accretion disk [4,8,10].
In the spherical and toroidal models, the corona is the hot material in the plunging region,
between the inner edge of the accretion disk and the black hole [4]. Compact coronae have
been found from the study of reverberation lags in black hole X-ray binaries [11] and from
the gravitational microlensing of quasars [12]. The coronal geometry can change (even on
timescales of the order of hours or days in the case of X-ray binaries) [13], and two or more
coronae may coexist at the same time.

Since the disk is cold and the corona is hot, thermal photons from the disk (red arrows
in Figure 1) can inverse the Compton scatter off free electrons in the corona. The spectrum
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of the Comptonized photons can be normally approximated well by a power law with
a low- and a high-energy cutoff [5,14,15]. A fraction of the Comptonized photons (blue
arrows in Figure 1) can illuminate the disk: Compton scattering and absorption followed
by fluorescent emission produce the reflection spectrum (green arrows in Figure 1).

Comptonized
Photons Lamppost Corona Sandwich Corona

/\ / ‘L
Thermal Photons Reflection

Photons
\\\\\ / \ ,,:,/ y 4 Spherical Corona Toroidal Corona
= . — L*j*;—,/v.\r‘f?fii [ii{:;/ . —

Accretion Disk Black Hole

Figure 1. Left panel: Disk—corona model. Right panel: Examples of possible coronal geometries. See
the text for more details. Figure from Ref. [16].

The reflection spectrum in the rest-frame of the material in the disk is characterized
by narrow fluorescent emission lines in the soft X-ray band and a Compton hump with a
peak around 2040 keV [17,18]. The strongest emission feature is often the iron Ka complex,
which is a very narrow feature at 6.4 keV in the case of neutral or weakly ionized iron
atoms and shifts up to 6.97 keV in the case of H-like iron ions. The reflection spectrum of
the whole disk as seen far from the source is blurred because of relativistic effects (Doppler
boosting due to the motion of the material in the disk and gravitational redshift due to the
gravitational well of the black hole) [19-22]. X-ray reflection spectroscopy is the analysis of
these relativistically blurred reflection features in the X-ray spectra of X-ray binary systems
and active galactic nuclei and can be a powerful tool to study the accretion process around
black holes, measure black hole spins [23-25], and test Einstein’s theory of general relativity
in the strong field regime [26-28].

In these notes, we assume that the spacetime is stationary, axisymmetric, asymptotically
flat, and circular. In spherical-like coordinates (¢, 7,6, ¢), the line element can always be written
in the following form:

ds® = gudt® + 2gipdt dp + grdr” + gped6” + gppdd”, M

where the metric coefficients are independent of the coordinates t and ¢. The fact that the
only non-vanishing off-diagonal element is gy is a consequence of the assumption that the
spacetime is circular [29,30]. Without such an assumption, in general, we may have other
non-vanishing off-diagonal metric coefficients. In general relativity, R, = 0 in vacuum,
and we can always write the line element as in Equation (1) for vacuum solutions if the
spacetime is stationary and axisymmetric [30].

In these notes, we employ units in which Gy = ¢ = i = 1, unless stated otherwise,
and the convention of a metric with signature (— + ++).

1.1. Basic Concepts

It is useful to start reviewing some basic concepts. For the moment, we ignore the
relativistic effects. Let us consider a detector and a source as shown in the left panel
in Figure 2. The detector and the source are in empty space, so there is no absorption,
scattering, or emission of radiation along the path from the source to the detector. Moreover,
the size of the detector, the size of the source, and the distance between the source and the
detector are much larger than the wavelength of the radiation emitted by the source, so we
can use the ray optics approximation, where the radiated energy flows in straight lines. 6 is
the angle between the straight line connecting the detector and the source and the normal
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to the surface of the detector. The energy dE illuminating the infinitesimal surface do of the
detector from the solid angle () in the time dt and in the frequency band of width dv is

dE =1, cos0dodQdtdv, 2)

where we introduced the specific intensity of the radiation I,, which is thus defined as

dE

b= osadoydrdray ©)

The specific intensity can be measured, for example, in W m~2 Hz~! sr~!. The total
intensity is obtained after integrating the specific intensity over all frequencies

I:/Ooolvdv. 4)

-1

The total intensity can be measured, for example, in W m2Zsr

Source

Detector

Figure 2. Left panel: The source illuminates the detector and deposits the energy dE on the surface
do of the detector from the solid angle dQ in the time dt and in the frequency band of width dv:
dE = I, cosBdo dQ dtdv. Right panel: the specific intensity I, and the total intensity I are conserved
along photon trajectories in empty space. See the text for more details. Figure from Ref. [16].

From our definition of specific intensity and total intensity, these two quantities are
conserved along photon trajectories in empty space. Let us consider two infinitesimal
surfaces, doj and doy, as shown in the right panel in Figure 2. D is the distance between
doy and dop. dQ) = cos 6,do, / D? is the infinitesimal solid angle subtended by doy as seen
from the surface doy, and dQ)y = cos 01doq / D? is the infinitesimal solid angle subtended
by doy as seen from the surface doy. The power dE; /dt in the frequency range v to v + dv
flowing through the surface doy in the solid angle d(); is

E
b = L} cos 01 dQ)y doq dv = I,} cos 01

cos 0, doy
dt d

D2 oy dv, )
where I! is the specific intensity on doy. In the same way, the power dE; /dt in the frequency
range v to v + dv flowing through the surface do; in the solid angle d(); is

d Ez Ccos 91 do 1

T 15 cos 0, dQ)y dor dv = I,% cos 0, Dz doy dv . 6)
Since there is no absorption/emission between the infinitesimal surfaces doq and doy,

dE1 = dE,, therefore I,} = IE, i.e., the specific intensity is conserved. We can repeat the

calculations for the total intensity and arrive at the same conclusion.
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If we integrate the specific intensity over the solid angle subtended by the source, we
find the spectral flux (also called the spectral flux density or the flux density)

R::/. I, cos 0.0 @)
source

The spectral flux can be measured, for example, in W m~2 Hz~ L. The total flux is
obtained after integrating the spectral flux over all frequencies

F:Awam. (8)

The total flux can be measured, for example, in W m~2.

The spectral luminosity is the total power per unit bandwidth emitted by the source
at a certain frequency. It can be indicated with L, and can be measured, for example, in
W Hz~l. In general, it is not straightforward to measure the spectral luminosity of an
astrophysical source if its emission is not isotropic. For an isotropic source at distance D,
the spectral luminosity is

L, = 4nD?*E,. )

The total luminosity (also called the bolometric luminosity) is obtained after integrating
the spectral luminosity over all frequencies

L:/ Lydv. (10)
0

The total luminosity can be measured, for example, in W.
Before concluding this subsection, it can be useful to stress a few important properties
of the quantities discussed here:

1. The specific intensity I, is independent of the distance of the source I, = constant,
while the spectral flux F, is proportional to the inverse of the square of the distance
F, < D72,

2. The specific intensity I, can be seen as the energy flowing out of the source as well as
the energy flowing into the detector and, in general, as the energy flowing along any
photon trajectory.

3. Ifasource is unresolved (i.e., it appears as a point-like source because its angular size
is smaller than the angular resolution of the instrument used for its observation), we
can measure the spectral flux F,, but we cannot measure the specific intensity I.

1.2. Relativistic Effects

If the astrophysical source is a compact object, like a black hole or a neutron star,
relativistic effects may not be ignored. Some results discussed in the previous subsection
may require modifications.

If the wavelength of the radiation A is much smaller than the size of the source, the
size of the detector, and the distance between the source and the detector, we can still use
the ray optics approximation, but in a curved spacetime, the radiated energy flows along
null geodesics, which may not be straight lines.

The specific intensity I, and the total intensity I are not conserved along the photon
trajectories. Liouville’s theorem shows that the conserved quantity is instead I, /v? (for the
details, see Ref. [31]). If I¢(ve) is the specific intensity at the emission point at the frequency
Ve as measured in the rest-frame of the emitter, and I, (v, ) is the specific intensity at the
detection point at the frequency v, as measured by the observer, the relation between these
two specific intensities is

Io(vo) = & 1e(ve), (11)
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where ¢ = v, /1, is the redshift factor between the detector and the emitter. If relativistic
effects are negligible, ¢ = 1, and we recover the result of the previous subsection.

2. Thin Accretion Disk

In this section, we present a simple model to describe thin, Keplerian accretion disks.
The key assumptions are that the disk is non-self-gravitating” and that the motion of the
material in the disk is determined by the gravitational field of the black hole, while other
effects (for instance, the pressure of the material itself or the presence of magnetic fields)
can be neglected. This implies that the motion of the accreting material is governed by the
geodesic equations in the black hole spacetime.

2.1. Motion in a Stationary and Axisymmetric Spacetime

We assume that the motion of the “material”” in the accretion disk is determined by

the gravitational field of the black hole, and therefore it can be derived from the Lagrangian
of a point-like free particle

1, N . .
L= (gtttz + 2819k + grri* + 0902 + g¢¢4)2) , (12)

where = d/dt, and 7 is the proper time of the material. Since the metric coefficients are
independent of the coordinates ¢t and ¢, we have two constants of motion: the specific
energy E and the axial component of the specific angular momentum L,:*

oL . ,

o= o= gt + grpp = —E, (13)
oL . .

Py = 3% Stpt +8pgpP = Lz (14)

From the two equations above, we can write f and ¢ in terms of E, L,, and the
metric coefficients

. E L

i g¢2¢ + 8t z (15)
8tp — SttEPpp

. E+guL

g — _Swbrsuts (16)

8tp — 88p9

2.2. Infinitesimally Thin Disk

Equations (15) and (16) directly follow from the conservation of E and L., and there
are no assumptions about the orbits in the spacetime. Now, we want to describe the
motion of the material in an accretion disk. This accretion disk is infinitesimally thin and
perpendicular to the black hole spin axis, so the motion of the material has 8 = 7/2 and
6 =0.

2.3. Motion in the Disk Region (r > risco)

The motion of the material in the disk is approximated with quasi-geodesic equatorial
circular orbits”, so # = 0. Let us write the geodesic equations in the following form:

d 1
it (gumx") = 5 (Ogup) "3 (17)

For equatorial circular orbits, 7 = # = 6 = 0, and for y = r, Equation (17) reduces to

(9rgu )i + 2(0,8t9) fd + (arg¢¢)¢2 =0. (18)
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The angular velocity of the material as measured by the coordinate system (¢,7, 6, ¢) is
Qg = d¢/dt = ¢/1, and the previous equation becomes®

(0r899p) Ok +2(3r81p) Ok + (Brgt) = 0

o - _a,gt(pi\/(argt¢)2—(8rgtt)(3rg¢¢) (19)
A 9r8pg '

where the sign + is for co-rotating orbits (orbits with angular momentum parallel to
the black hole spin) and the sign — is for counter-rotating orbits (orbits with angular
momentum anti-parallel to the black hole spin).

Since the material of the disk follows time-like geodesics, which we are parametrizing
with the proper time 7, we have g, ¥#%" = —1. Since # = 6 = 0 and ¢ = O, we have

- 1
V=81 — 28100 — g%

(20)

gtth +2gt¢f¢+g¢¢¢2 =-1 =

At this point, we can write the specific energy E and the axial component of the
specific angular momentum L, for geodesic, equatorial, and circular orbits in terms of
known quantities
B gt + grpQx

\/—gtt = 239Ok — 899 O
; tp + Spp K
L: = (8 +8ppQk)f = Sl =
\/—gtt — 2819 Q0 — &g X

(21)

E = —(gun+8upQx)f=

(22)

Since the motion of the material is determined by the gravitational field of the black
hole (and we ignore the pressure of the fluid and possible magnetic fields), the inner edge
of the accretion disk can naturally be at the radius of the innermost stable circular orbit
(ISCO) [34]. Inside the ISCO, circular orbits are unstable, so the material can quickly plunge
onto the black hole. To find the ISCO radius, we need to study the stability of the geodesic

equatorial circular orbits. From g,,%"x" = —1 and using Equations (15) and (16), we
can write

g + 8" = Vet (1,6), (23)
where

_ 8ppE? + 2819 EL; + g1 L2 _1

Vet 5
8tp — SttEPp

(24)

Orbits are stable (unstable) under small perturbations along the radial and vertical
directions if, respectively,

0* Ve
or2

0% Vst
062

<0 (>0)), <0 (>0) (25)

In the Kerr spacetime and in many other black hole spacetimes, equatorial circular
orbits are always stable along the vertical direction, the ISCO radius is determined by the
stability along the radial direction, and there is one ISCO radius separating stable orbits
(r > risco) and unstable orbits (v < rigco). In general, this is not guaranteed: orbits may be
even vertically unstable and/or there may be more than one stable region and/or more
than one unstable region [35,36].
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2.4. Motion in the Plunging Region (r1 < r < ri5co)

At r = rigco, equatorial circular geodesics become unstable. We can approximate
the motion of the material in the plunging region (r1 < r < rigco, where 74 is the
radial coordinate of the black hole event horizon in the equatorial plane) with equatorial
geodesic orbits with specific energy E'SC© and the axial component of the specific angular
momentum LSO, where EICO and LI5© are E and L, at r = rigco.

The 4-velocity of the material in the plunging region is u# = (f,#,0,¢). { and ¢ are
given by Equations (15) and (16) for E = EBSCO, 1, = LI5€O and 6 = 7 /2

S0 EISCO + Stp L;SCO

f 5 (26)
8tp — 8tt8¢gp

(p _ 7gt¢EISCO 4 gttLéSCO . (27)

834; — 8ut&pg

i can be inferred from g, %" = —1
oo [ st — 28t — gggd?
Qrr

_ i g¢¢(EISCO)2 + 2gt¢EISCOL£SCO 4 gtt(L£SCO)2 g 28)

8rr 8tp — §18p9

where the sign — in front of the square root is chosen because the material is falling onto
the black hole. It can be useful to stress that f, ¢, and # are functions only of the radial
coordinate 7, so we have the 4-velocity of the accreting material in the plunging region at
every radial coordinate.

The presence of magnetic fields can make the model significantly more complicated.
General Relativistic Magnetohydrodynamic (GRMHD) simulations can provide the most re-
liable description of the accretion process onto compact objects, even if current simulations
still rely on a number of simplifications, so caution is necessary when we want to derive
conclusions for the accretion process on astrophysical black holes, and the morphology of
magnetic fields around black holes is still poorly understood. Current GRMHD studies
suggest that thin accretion disks are close to being Keplerian, and the simple model de-
scribed in Section 2.3 can well approximate the motion of the material in the disk region [37].
Magnetic fields can instead affect the motion of the material in the plunging region and
change the location of the inner edge of the disk, which may not be rigcpo any longer. In
such a case, Equations (26)—(28) may not well describe the motion in the plunging region.
The simplest models to describe the motion of the material in the plunging region in the
presence of magnetic fields still assume that the motion is on the equatorial plane (8 = 7t/2
and 6 = 0) and consider simple modifications in the Lagrangian in Equation (12) to slow
down the fall of the material from the ISCO to the black hole.

3. Corona

This section is devoted to studying how the corona illuminates the accretion disk.

3.1. Coronal Spectrum

We start assuming that the corona is a point-like source. An extended corona can be
easily described as the combination of a number of point-like coronae.

The photon spectrum of the corona in its rest-frame can be approximated by a power
law with a high-energy cutoff Enax and a low-energy cutoff Ein [5], so we can write

dNe { KEZ'  Emin < Ec < Emax 29)

dtdE. 0 otherwise
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where N is the photon number, K is a normalization constant, I is the photon index, and
the subindex c indicates that a quantity is evaluated in the rest-frame of the corona. The
spectral luminosity of the corona is

dL. . dN
dE. EcdthEc ’ (30)

and the total luminosity of the corona is

K [p2-T _ p2-T
L= / E-2Ne gp — / KE-T+1dE, = @)
dt.dE. Emmin E
Kin( o) r=2

If we know the total luminosity of the corona and its spectrum, we can fix the normal-
ization constant K.

The spectrum of the corona detected far from the source is not exactly that in Equation (29)
because it is redshifted. The redshift factor is

E, —ugky
= - = , 32
S E T Tk (32)

where ul, = (1,0,0,0) is the 4-velocity of the distant observer, ul is the 4-velocity of the
point-like corona, and k;, = (kt, kr, kg,kqj) is the conjugate 4-momentum of the photons
emitted by the corona and detected by the distant observer. k;, should be evaluated at
the detection point in the numerator and at the corona in the denominator. The photon
spectrum of the corona detected by the distant observer is

, (33)

dtodE, - 0 otherwise

dNo { K’ESF Elmin <E, < Elmax
where E'max = §Emax and E'min = ¢Emin are, respectively, the redshifted high-energy
cutoff and the redshifted low-energy cutoff, K’ = ¢' K, and the subindex o indicates that a
quantity is evaluated in the rest-frame of the observer. The photon number is an invariant.
If the corona emits photons from time ¢. to time ¢. + Af. in the corona rest-frame, the total
number of photons is (for I' # 1)

te+Atc Emax At.K
T 1-T 1-T
Ne = /t dt. /E dEKE." = Tt [ERL - LT (34)

min

The total number of photons detected by the distant observer is

to+Ato Emax /
Ny = /t dto / T AE KE,T = ?t_Kr [E o~ E'han
—1At) ('K
A G R i e @)

3.2. llumination of the Accretion Disk

To calculate how the corona illuminates the disk, we fire N photons from the corona
to the disk, where  is a sufficiently large number to meet our requirements of accuracy
for the final result. If the corona emission is isotropic in its rest-frame, we consider the
rest-frame of the corona, and we isotropically fire these A/ photons. If this is not the case,
we consider the rest-frame of the corona, and we fire N photons according to the specific
angular emission law of the corona such that any photon trajectory can represent the same
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number of photons per unit time and unit energy. The photon spectrum for every emission
direction (ray) is

, (36)

dt.dE. - 0 otherwise

dNc { IZEC_F Emin < E < Emax
where K = K/ .

As an example, let us assume that the corona is an infinitesimally thin disk above
the accretion disk and the black hole as shown in Figure 3 [38]. The system is perfectly
axisymmetric, so the central axis of the corona coincides with that of the accretion disk and
with the rotational axis of the black hole. The corona may rotate with angular frequency @
as measured in the spherical-like coordinates (¢, 7,6, ¢). Since the system is axisymmetric,
we can restrict our calculations to a certain radial direction. We consider a number of
point-like coronae along such a radial direction and, as shown in Figure 3, we indicate with
R the radial coordinate of every point-like corona from the central axis. The spacing of
the point-like coronae can be used to regulate the intensity profile of our disk-like corona.
For example, if we assume that the surface of the corona has constant luminosity, we need
a point-like corona for every equal-area annulus. In the Newtonian limit, the area of the
annulus of radius R and width AR is 27t R AR, and therefore we would need to distribute
the point-like coronae with a separation AR « 1/R. If we employ AR = constant, it is
equivalent to assume that the intensity profile of the corona scales as 1/R.

Z
Corona R X/ Tetrad
>

Accretion Disk

Black Hole

Figure 3. Rotating disk-like corona: an extended corona can be thought of as the combination of

a number of point-like coronae. For every point-like corona, we consider its locally Minkowskian
reference frame, and we fire A/ photons. We calculate the null geodesics from the point-like corona to
the accretion disk in order to calculate how the point-like corona illuminates the disk. See the text for
more details. Figure from Ref. [16].

To write the photon initial conditions, it is convenient to choose the locally Minkowskian
reference frames of the point-like coronae (see Appendix A). If u;-l is the 4-velocity of the

point-like corona j, u]’. = u? = 0 (because the corona rotates about the black hole spin axis)

]
¢ o~ ¢ e ey u o . t
and Uuj = wu; by definition. From vl u}’ = —1, wefind Uj

¢ 1

ul = )
] - -
\/—gtt — 2081y — @2y

(37)
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The time-like tetrad basis vector E?T) is u]y . We choose the orientation of the space-like

tetrad basis vectors as shown in Figure 3 with # = Z and § = Y. The expression for E?X)
M — K — K —
(0 Fog = Land 8k By = 8wEoo By =

gWE? X) EE,Z) = 0. In the end, the tetrad of the orthogonal basis vectors associated to the

can be inferred from the conditions g, E

locally Minkowskian reference frame of the point-like corona j has the following form:

1 y 8tg T W&¢
0 - 0
Bt neoo_ j
En=ml o | En = 75— 0 '
- 8tp — SttEPp .
w —&tt — Wt
u 1 1

,E}‘_

(z2) — N (38)

E
) VAL

o= O O
[N e o]

For every point-like corona, we fire N photons and check if and where these photons
hit the accretion disk. In the locally Minkowskian reference frame of the point-like corona,
the initial 4-momentum of the photons can be written as

E
() | Esinxcosy
%= Esin xsing |’ (39)
Ecos x

where E is the photon energy, and x € [0; 7] and ¢ € [0;271] are the polar angles in the
locally Minkowskian reference frame of the point-like corona. If the emission of the point-
like corona is isotropic, we can consider a grid of constant A(cos x) and Ay, and fire a
photon from every point of the grid’. In the spherical-like coordinates (t,7, 6, ¢), the initial
conditions for the photon position will be like

R
to=0, rg=+VH?+R?, Go—arctan<H>, $po=0. (40)
The initial conditions for the photon 4-momentum will be like
K= kWE! (41)
In our case, with the tetrad in (38), we have

r r Y
K=k Ely +K VBl Ko =K By, K =kE,,
Kb =k EL + kG VEL 42)

With the initial conditions in (40) and (42), we solve the geodesic equations in the
coordinate system (¢,7,6, ). We calculate the trajectory of every photon of the grid of the
point-like corona, and then we repeat these calculations for every point-like corona.

3.3. Spectral Flux llluminating the Disk

We divide the accretion disk into annuli (radial bins). The annulus i has radial coordi-
nate r; and width Ar;. We fire photons from the point-like corona j to the disk as discussed
in the previous subsection. If the ray k (k = 1,..., ) hits the annulus i, it deposits the
following energy on the annulus i with photons of energy E4

deijk = EddN, (43)
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where dN is the photon number, which is conserved along the photon path because we are
in vacuum and there is no photon emission or absorption. The photon number of a ray in
the rest-frame of the corona is

dN = RE; " dt.dE., (44)

The redshift factor between the emission point (the point-like corona j) and the incident
point (the annulus ) of the ray k is

ij y — ,
Ec u]»ky \/_gtt_zath¢_Qng¢¢ 1- 1 bkw ;
where by, = —k(p /kt is a constant of motion of the ray k, the subindices i and j in the last

expression are used to indicate that the first term is evaluated at the annulus 7 and the
second term is evaluated at the point-like corona j, Q) is the angular velocity of the material
in the disk given in Equation (19), and @ is the angular velocity of the point-like corona.
We can thus rewrite Equation (44) as

dN = Rgly Eg" dtqdEy . (46)

The spectral flux on the annulus i produced by the ray k of the point-like corona j is

Z ol p-T+1

Fu oo deye  KgipEq " “7)

Xijk = do; dtg dEg N A; !

where A, is the proper area of the annulus i (see Appendix B)

2
8rr\ 8t — 8tt8pg

A(r;, Ar;) = 2mtAr; ( il ) 5 (48)

—8tt — 281900k — 8¢y ¢

r=r;,0=m/2

If the ray k hits the plunging region and we want to include the emission of the
plunging region in the calculations, we proceed in the same way, but we need to use the
4-velocity of the material in the plunging region for 1! (see Section 2.4) and the proper area
of an annulus in the plunging region for A(r;, Ar;)5.

The spectral flux on the annulus i produced by the disk-like corona is obtained by
summing over all rays for every point-like corona and then over all point-like coronae

Fx;i =YY Fxj- (49)
2

j

The total flux illuminating the annulus i by the disk-like corona is

F= / Fy;dEq. (50)
Note that the ionization parameter of the annulus i is

g=h (51)

Ne,i

where 7, ; is the electron density of the annulus .
We repeat these calculation for every annulus i of the accretion disk and we find the
spectral flux and the total flux at every radial coordinate: Fx = Fx(r) and F = F(r).
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If we are interested only in the X-ray flux illuminating the disk (0.1-100 keV) and
ijkEmin < 0.1 keV and g;jxEmax > 100 keV, Equations (49) and (50) become, respectively,
(forT #2)

K E(;I'Jrl -
Fri(fa) = —4— L L8 (52)
i
o~ K {EH - EZ*F} Yy sf (53)
! Ai(z_r) high low ~ ijk +

where Ej,y, = 0.1keV and Epjgp, = 100 keV.
If the photon index I changes over the corona, Equation (44) becomes

AN = RE. 7 dt. dE., (54)

where T is the photon index of the point-like corona j. We can proceed in the same
way, and the spectral flux and the total flux of the disk-like corona will be still given by
Equations (49) and (50).

If the corona moves at mildly relativistic velocities with respect to the disk, relativistic
effects may significantly alter the illumination of the disk [39,40] and therefore the motion
of the corona should be included in the calculations.

4. Non-Relativistic Reflection Spectrum

The non-relativistic reflection spectrum is the reflection spectrum in the rest-frame of
the material of the disk. In the previous section, we calculated the spectrum of the radiation
illuminating the disk. We can plug this spectrum in a reflection model (like reflionx [18]
or xillver [17]) and obtain as the output the non-relativistic reflection spectrum.

In general relativity, the atomic physics near a black hole is the same as the atomic
physics in our laboratories on Earth. This is because in general relativity, the gravitational in-
teraction is only described by the metric tensor g, and locally the laws of non-gravitational
physics are those of Special Relativity: indeed, we can always perform a coordinate trans-
formation and find a locally inertial reference frame (see, for example, Subsection 6.4.2 in
Ref. [41]). In theories beyond general relativity, this may not be true’.

If we know the spectrum of the radiation at every radius of the accretion disk, we
can calculate the non-relativistic reflection spectrum at every radial coordinate. Since this
tutorial is focused on the relativistic calculations, and the calculations of non-relativistic
reflection spectra involve only atomic physics (at least in general relativity and in any
other metric theory of gravity), here we briefly present the main results and the reader
can find more details in [17,18] and the references therein. In general, the calculation of
a non-relativistic reflection spectrum requires solving some radiative transfer equations.
Figures 4-6 show non-relativistic reflection spectra calculated by the xillver model [17]'
assuming that the incident radiation is described by a power law with photon index I and
high-energy cutoff E.,; = 300 keV, and illuminates a cold material with incident angle
¥; = 45° (i.e., the angle between the propagation direction of the incident photons and the
normal to the surface of the cold material in the rest-frame of the cold material). The cold
material is characterized by the electron density N, the ionization parameter ¢ (defined
as in Equation (51)), and has solar elemental abundances. The emission angle is ¢#. = 60°
(i.e., the angle between the propagation direction of the emitted photons and the normal
to the surface of the cold material in the rest-frame of the cold material). Figure 4 shows
how a non-relativistic reflection spectrum changes if we change the value of the photon
index I of the incident radiation, while Figures 5 and 6 show, respectively, the impact of
the ionization parameter and of the electron density.
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Figure 4. Examples of non-relativistic reflection spectra produced with xillver [17] for different
values of the photon index I' and assuming that the high-energy cutoff is Ecy¢ = 300 keV, the incident
angle is ¥; = 45°, the emission angle is 9e = 60°, the ionization parameter is log ¢ = 3 (¢ in units of
erg cm s~ 1), and the electron density is log N = 18 (N in units of cm~3).
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Figure 5. As in Figure 4 for I' = 1.7 and different values of the ionization parameter ¢ (¢ in units of
erg cm s7h.
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Figure 6. As in Figure 4 for I' = 1.7 and different values of the electron density N (N in units of cm~3).

5. Returning Radiation

The returning radiation (or self-irradiation) is the radiation emitted by the disk and
returning to the disk because of the phenomenon of light bending. Figure 7 shows the
fractions of photons that at every emission radius return to the disk (red curve), fall onto
the black hole or the plunging region (black curve), or escape to infinity (blue curve). The
plot refers to the case of an infinitesimally thin Keplerian disk in the equatorial plane of a
Kerr black hole with spin parameter 2, = 0.998. As we can see from Figure 7, the fraction
of photons returning to the accretion disk is relevant only at very small radii, say, r < 2 M,
while at larger radii, most of the radiation can escape to infinity [43].

10°
ret
—— bh
c inf
o 10—1-
©
(o]
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[
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= 10
1073 ; .
1 10 100

e [M]

Figure 7. Fraction of photons that at every emission radius 7, return to the accretion disk (returning
radiation, red curve), fall onto the black hole or the plunging region (black curve), or escape to infinity
(blue curves). We assume that the compact object is a Kerr black hole with spin parameter 2, = 0.998
and that the accretion disk is Keplerian, infinitesimally thin, and perpendicular to the black hole spin
axis. We ignore the radiation from the plunging region, and the three curves start from 7. = r15co on
the left. Figure from Ref. [16].
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To include the returning radiation in our calculations, we can consider a number of
points on the accretion disk along a certain radial direction and fire photons from every
point to study if and where they return to the accretion disk. At every emission point, we
consider the locally Minkowskian reference frame associated to the material of the accretion
disk. In the disk region r > risco, the tetrad of the orthogonal basis vectors and its inverse
are those reported in Equations (A6) and (A7) with w = Qg

1 0
0 1 1
oot -
Qk 0
, Sty + Qk&pp 0
u 0 1 0
El, = —— EV = (55)
(Y) " (Z) ’
\/ &g — 8189 OQ V8 | 1
=8t — LIk &tp 0
St + Qth4> 0
1
E](AT) = _ut grr 0 ,
8ty + QK8¢¢ 0
—Qk 0
EO) b /o2 0 (Z) _ 0
# gtq; 818 0 » Ev = /8o 1|’ (56)
1 0

and u' is given in Equation (20) because we are considering the material in the disk.
In the plunging region r < r < ri5co, E? ) = (uf,u",0,u?), where u', u”, and u? are

given, respectively, by Equations (26) and (27). E ( 7) = = (0,0,1/,/g¢s,0) as in the disk region
because the material is still assumed to be confined on the equatorial plane. E/" (X) and E?Y)

can be found from the condition gw,E (@ )E (8) = M(w)(B)*

In such locally Minkowskian reference frames, the 4-momentum of the photons have
the form

T
kéx) E
K@ _ k(() ) E sin ¥¢ cos @e 57)
0 k(()y) E sin O, sin @e
k(z) E cos Ue
0

where E is the photon energy, and 0. € [0;77/2] and ¢ € [0;277] are the polar angles in the
rest-frame of the material of the disk. If the emission is isotropic, we can consider a grid
of constant A(cos 9. ) and A, and fire a photon from every point of the grid. The photon
4-momenta in the coordinate system (¢,7,6, ¢) can be obtained from

po_pit (@)
ky = Eky - (58)

We can then solve the geodesic equations in the coordinate system (t, r,0, 4)) to calcu-
late the photon trajectories and study which trajectories return to the disk. For the photons
that return to the disk, we can calculate the redshift factor

_E _ —ubky
Eq —ulk

(59)

where the subindices 1 and 2 refer, respectively, to the emission point and the absorption
point. In the numerator, we have the 4-velocity of the material in the disk and the photon
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4-momentum at the absorption point. In the denominator, we have the 4-velocity of the
material in the disk and the photon 4-momentum at the emission point. For r > rigco, we
use the 4-velocity of the material in the disk region (Section 2.3)

1-bvQ

ulky = £ = (60)

—8it — 28190k — 89
where b = —kgy/k;. For r < rigco, we use the 4-velocity of the material in the plunging

region (Section 2.4)
™ . g¢¢EISCO + gt¢L£SCO B k(p gtszISCO + gttLéSCO
' 8tp — 818p9 8y — 818p9
r 1 g¢¢(EISCO)2 + 2gt¢EISCOL£SCO + gtt(L£SCO)2 . 1)
—_ 7 —_— - .
8rr gﬁp — &1t8p¢

We can proceed as in the case of the illumination of the disk by the corona discussed in
Section 3. We divide the disk into annuli and we calculate the spectral flux for every annulus
as in Equation (49). Note that the total spectral flux illuminating the disk eventually will
be the sum of the direct radiation from the corona, the returning radiation of the thermal
component of the disk, and the returning radiation of the reflection component [44].

6. Relativistic Reflection Spectrum

Once we have the non-relativistic reflection spectrum at every radial coordinate of the
accretion disk, we can proceed to calculate the relativistic reflection spectrum, namely, the
reflection spectrum of the whole disk as seen by an observer far from the source [21,22].
The observed spectral flux is

1
Fo(Eo) = /S  L(Eo X, V)0 = 5 /S & le(Ee e, Be) dXdY (62)

where the subindices o and e are used to indicate quantities measured in the rest-frame of
the distant observer and in the rest-frame of the emitter, respectively. dQ = dXdY/D? is
the infinitesimal solid angle in the sky of the distant observer, X and Y are the Cartesian
coordinates in the plane of the distant observer'!, and D is the distance between the
observer and the source. § = E,/E. is the redshift factor, and I, = g3 I follows from
Liouville’s theorem (see Section 1.2). r is the emission radius in the accretion disk, and ¢,
is the emission angle in the rest-frame of the material of the disk, namely, the angle between
the normal to the disk and the photon emission direction measured in the rest-frame of the
material (which is different, in general, from the inclination angle of the disk i, namely, the
angle between the normal to the disk and the line of sight of the distant observer, because
of the phenomenon of light bending). The plane of the distant observer is assumed to be
perpendicular to the straight line connecting the source and the observer, so the angle 0 in
the definition of the specific intensity (see Section 1.1) is 0 and cos 6 = 1.

We consider a grid in the image plane of the distant observer. From every point of the
grid, we fire a photon and we calculate its trajectory backwards in time from the detection
point on the image plane of the distant observer to the emission point on the accretion disk.
When the photon hits the disk, say, at the radial coordinate r., we calculate the redshift
factor ¢ and the emission angle 9. At this point, for every pixel with Cartesian coordinates
(X,Y) and area dXdY of the image of the disk on the plane of the distant observer'?, we
have g and I¢, so we can calculate the integral in Equation (62) and determine the observed
flux density. The next subsections present the calculations of the photon initial conditions,
redshift factor g, and emission angle Je.
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6.1. Photon Initial Conditions

To write the photon initial conditions, we consider the system sketched in Figure 8. We
have a black hole, an accretion disk on the equatorial plane of the black hole perpendicular
to the black hole spin axis, and an observer far from the black hole. D is the distance
between the black hole and the observer, and i is the inclination angle of the disk, namely,
the angle between the black hole spin axis and the line of sight of the distant observer. The
Cartesian coordinates (x,y, z) are centered at the black hole as shown in Figure 8, so the
xy-plane coincides with the plane of the accretion disk, and the z-axis coincides with the
black hole spin axis. The distant observer has the Cartesian coordinates (X, Y, Z), where
the XY-plane coincides with the image plane of the observer, and the Z-axis coincides with
the straight line connecting the black hole and the observer. The Cartesian coordinates
(x,y,z) are related to the Cartesian coordinates (X, Y, Z) by the following relations:

x = Dsini—Ycosi+ Zsini,
= X,
z = Dcosi+ Ysini+ Zcosi. (63)
Y

V4

Observer

Accretion Disk

Figure 8. The Cartesian coordinates (x, y,z) are centered at the black hole. The Cartesian coordinates
(X,Y, Z) are the coordinate system of the distant observer. D is the distance between the black hole
and the distant observer. i is the inclination angle between the black hole spin axis and the line of
sight of the distant observer. Ko = (0,0, —Kj) is the initial 3-momentum of a photon in the coordinate
system of the distant observer. See the text for more details. Figure from Ref. [16].

The metric of our spacetime is in spherical-like coordinates (t,7,0, ¢). Far from the
black holes, the spatial coordinates (7,6, ¢) reduce to the usual spherical coordinates in flat
spacetime and are related to (x,y, z) by

ro= \/x2+y?+22,
0 = aI’CCOS(E> ,
’

¢ = arctan(%) . (64)

For the distant observer, a generic photon has the initial position of the form (Xy, Yo, 0)
and initial 3-momentum of the form Ky = (0,0, —Kp) because the photon trajectory is
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perpendicular to the XY-plane. In the coordinate system (t, 7,6, ¢), the initial position of
the photon is

t = 0,
ro = \Xi+Y:+D?,
(Yosini—i—Dcosi)
0p = arccos| ————— |,
o
Xo
= t _ . 65
Po are an(Dsini—Yocosi) (65)
The initial 4-momentum of the photon is kg = %Kg , where {x'} = (t,x,y,2),

{XM'} = (t,X,Y,Z) are the Cartesian coordinates of the distant observer, and Kg =
(Ko,0,0, —Kp) is the initial 4-momentum of the photon in the reference frame of the distant
observer. The result is

D
ky = ——Ko,
0 0 0
1 , . D
K = [cosz—(lfosmz—i—Dcosz)2 Ko,
\/X(z) + (Dsini — Yy cosi)? "o
Xpsini

X2+ (Dsini — Yp cos i)?

kfy can be easily obtained from the condition gwkg ky = 0 with the metric tensor of flat
spacetime

2
K = \/(k5)2+r5(kg)2+rgsin290(kg’). (67)

With the initial conditions in Equations (65)—-(67), we can integrate the geodesic equa-
tions in the spherical-like coordinates (¢, 7, 6, ¢) backwards in time from a point in the image
plane of the distant observer to its emission point on the accretion disk. In the Kerr metric
in Boyer-Lindquist coordinates, the equations of motion are separable, and we can restrict
the attention to the motion in the rf-plane; the corresponding equations can be solved in
terms of elliptic integrals [19]. In general, this is not the case. We can still exploit the fact
that the spacetime is stationary and axisymmetric, so we have Equations (15) and (16),
which can be rewritten as

dt +b

LA Soo + 080 (68)
8t — SttEPp

d +0b

o= e &
8tp — S1tEPpg

where b = L, /E = —kg/k; is a constant along the photon trajectory, and A’ = EA is the
normalized affine parameter. For the r and 8 coordinates, we have to solve the second-order
geodesic equations, which reduces to the following equations for the metric in Equation (1):
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e = i) () () (i)
dr? )’ )’ ' PP\ dN/
) (8) - (2 (3
2 2
i = ) () () (@)
() () - ) (2

where Fﬁp are the Christoffel symbols of the metric.

6.2. Redshift Factor and Emission Angle

When the photon hits the accreting material on the equatorial plane, we have to
calculate the redshift factor g and the emission angle ¥e.

If the photon hits the accreting material in the disk region (re > risco), the redshift
factor is

Eo o _uok
—uek

(72)

where ul, = (1,0,0,0) is the 4-velocity of the distant observer, ull = ut(1,0,0,Qx) is the

4-velocity of the Keplerian material in the accretion disk, and k;, = (kt, kr, kg, kq,) is the
conjugate 4-momentum of the photon. k; should be evaluated at the detection point in
the numerator and at the emission point in the denominator, but actually k; and kg are
constants of motion, and k, and kg do not play any role as the r and § components of the 4-
velocities of the observer and of the material in the disk vanish. With u/, from Equation (20),
the redshift factor g is

B \/—8tt — 2819k — 8pp ¢
8= 1-b0x

(73)

where b = —ky/k; is a constant of motion and can be evaluated, for example, from the
initial conditions, so from the last expression in Equation (66) and from Equation (67).

To evaluate the emission angle in the rest-frame of the material in the disk, we need
the normal to the disk surface in the rest-frame of the material in the disk, n#. We have to
consider the locally Minkowskian reference frame associated to the material in the disk

(see Appendix A) and n* = E? 7) 80

0
1 0
nt = —— (74)
V8o | 1
0
The emission angle & can be evaluated as
Pk, k 8t — 281K — pp Ok k
cos e = 1 & e \/ ’ AL (75)

Mgk ‘/gg kt v 806 1—1701( kt

where ky is the 6 component of the conjugate 4-momentum of the photon at the emission
point in the disk.
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If the photon hits the accreting material in the plunging region (re < r15co), the redshift

factor is still given by Equation (72), but now the 4-velocity uf has three non-vanishing

components (ul, ul, uf) The redshift factor is

ke ke T
§= | Ut U~ T+ Ue7— ’ (76)
ks k¢

where uf, u, and u? are given, respectively, by the expressions in Equations (26) and (27)
if the material is in free fall. The locally Minkowskian reference frame associated to the
material in the plunging region is different from that reported in Appendix A because uj, is
non-vanishing in the plunging region, and E?T) = uM. However, since ug is still vanishing,

we still have

0
1 0
| ——

n il 1] (77)

0

and the emission angle is
-1
_ 8 ke 1 (e ke eke ) ke

cos B = NN (ue + U k; + e k, ki (78)

The first calculations of iron line emissions from plunging regions were reported in
Ref. [46]. However, current reflection models normally ignore the radiation from the plung-
ing region because the material is thought to be highly ionized. Indeed, in the plunging
region, the material is expected to have a non-negligible radial velocity (see Section 2.4),
which can lead to a low rest-mass density (which will be estimated in Section 7.3). In such
a case, the ionization parameter ¢ must be very high; see Equation (51). If the material
is highly ionized, the interactions between the photons from the corona and the material
in the plunging region are dominated by Compton scattering: the resulting reflection
spectrum has no emission lines and has instead the same shape as the incident spectrum.
In the analysis of the X-ray spectrum of a source, the reflection spectrum from the plunging
region contributes to the continuum and cannot be easily distinguished from the direct
spectrum from the corona. At the same time, it does not affect the analysis of the reflection
features from the disk and, in turn, the estimate of the parameters of the model. Such a
conclusion may change in the presence of non-negligible magnetic fields in the plunging
region, as these magnetic fields may reduce the radial velocity of the accreting material,
and thus increase the value of the electron density and decrease the value of the ionization
parameter. If magnetic fields can significantly slow down the plunging process, even the
reflection spectrum from the plunging region may have emission lines, which may affect
the estimate of the parameters of the system if the reflection spectrum from the plunging
region is not properly taken into account.

6.3. Examples of Relativistic Reflection Spectra

Figure 9 shows some relativistic reflection spectra produced by the relxill model [47]
for different values of the black hole spin parameter. The model ignores the radiation from
the plunging region and the effect of the returning radiation. These relativistic spectra are
calculated from the non-relativistic spectra produced by xillver.
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Figure 9. Examples of relativistic reflection spectra produced with relxill [47] for different values
of the black hole spin parameter 2, = a/M assuming that the disk inclination angle is i = 60°, the
photon index is I' = 1.7, the high-energy cutoff is Ecyt = 300 keV, the emissivity index is g = 6 (the
emissivity profile is described by a power law, I. o r~1), the ionization parameter is log¢ = 3 (¢ in
units erg cm s 1), and the electron density log N = 18 (N in units of cm~3).

The effect of the returning radiation can be important when the inner edge of the
accretion disk is very close to the black hole (which is normally possible only for very
fast-rotating black holes) and when the corona illuminates mainly the inner part of the
accretion disk (for instance, in the case of a lamppost corona, this is possible when the
height of the corona is very low). Reflection spectra can be produced even in the absence
of a corona by the returning radiation of the thermal spectrum of the disk. The model
ziji can calculate reflection spectra from thin disks, taking the returning radiation into
account [43,44].

7. Novikov-Thorne Disk

To calculate relativistic reflection spectra, the disk model discussed in Section 2 is
enough. We just assume that the disk is infinitesimally thin and perpendicular to the black
hole spin axis, and that the material in the disk moves on geodesic equatorial circular
orbits. There are no other assumptions. To calculate the relativistic thermal spectra, these
ingredients are not enough. We need a disk model predicting the temperature of the disk
at any radial coordinate. The Novikov-Thorne disk model addresses this point [1,48].
In this section, we consider a simplified version of the Novikov-Thorne model, and we
follow a more heuristic approach than the original publications, without paying attention
to all assumptions.We consider an ideal case, in which the system is in a steady-state
configuration, while the actual model is valid even if the system is highly dynamical and
derives the time-averaged properties of the disk. The details of the complete model can be
found in Refs. [1,48].

7.1. Near Equatorial Metric

The line element of our spacetime is given in Equation (1) in spherical-like coordinates
(t,7,6,¢). For the discussion of the Novikov-Thorne model, it is convenient to change
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the coordinate system and choose cylindrical-like coordinates (¢, p, z, ¢). The coordinate
transformation is

p=rsinf, z=rcosH, (79)

with inverse

r=1/p%+ 22, 9:arctan(§). (80)

Since we are interested in the region near the equatorial plane, we expand the metric
coefficients gpp, &2z, and gp; around z = 0

Sop = :1—§+O<Z4)}gw+[;iJrO(z‘*)}ggg—gﬂJrO(zz),
gz = ;§+O(z4)]gw+{:2—122+O(z4)}g99=i"29+0(22),
Spz = _;+O(z3)]gw+{—;+O(23)}gee=0(2)- (81)

If we ignore corrections of order z/p, the new line element is
ds? = gudt® + 2gipdtdd + grrdp® + %dzz + gppdd? . (82)

In many black hole spacetimes (including the Kerr case), gg9/0> = 1 on the equatorial
plane. If this is not the case, we can always introduce the coordinate dz’' = /ggs/p? dz to
have g,,» = 1. In the end, the line element in cylindrical-like coordinates (t,7,z, ¢) of our
spacetime near the equatorial plane can always be written as

ds* = Gudt® +2Gigdtdg + Gryddr® + d2” + Zpgdd? . (83)

where the tilde ~is used to indicate the near equatorial metric coefficients in cylindrical-like
coordinates (t,7,z,¢) and avoid confusion with the metric coefficients in spherical-like
coordinates (t,7,6,¢) in Equation (1). The infinitesimal element of the 4-volume of the
metric in Equation (83) is

dv = /—gdtdrdzdp = \/~rr (g%q, - gtt§¢¢) dtdrdzdg. (84)

7.2. Radial Structure of the Disk

From the laws of conservation of rest-mass V,(ou") = 0 conservation of energy
VyTt” = 0, and conservation of angular momentum V T%* = 0, we can derive the radial
structure of the accretion disk [1].

Let us consider the conservation of rest-mass V, (ou*) = 0, where p is the mass density
measured in the rest-frame of the material (0 = mn, where m is the mean rest-mass per
particle, and 7 is the particle density in the rest-frame of the material). We integrate this
expression over the 4-volume of the spacetime from ¢, to t, + At and from 7, to 7. + Ar
shown in Figure 10, where we collapse the z direction

0
= y —0 = _— —0 y = —0 y
0 /Vvy(pu )/ —§dtdrdzdg /vaxﬂ (\/ Spu )dtdrdzdgb /Z\/ Sout doy,, (85)
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where first we use the formula for the covariant divergence of a generic vector A¥ in a
generic spacetime with metric g;,, and metric determinant g (see, for instance, Section 5.3
in Ref. [41] for its derivation)

1 9

and then we apply Gauss’s theorem to convert the integral over the volume V to the integral
over its surface £. As shown in Figure 10, in our case, we can consider four surfaces: two
cylindrical-like surfaces at, respectively, r = r, and r = r, 4+ Ar, and two annulus-like
surfaces at, respectively, t = t, and t = t. + At. We have, thus, four integrals

0 = / t/ z/ \/ —3 u]
|: ty —h/2 0 ? 8 r=ri+Ar
— / dt dz/ d¢ \/—gpur]
t 0

—h/2

r=ry
[ rretAr h/2 27

+ / dr/ dz/ d¢ \/—gput]
L/ s —h/2 0 t=t,+At

/rr*-i-Ardr/h/z dz/ozndqb \/Tgput] i (87)

—h/2 t=t,

where & is the thickness of our disk and, for simplicity, we can assume that the rest-mass
density is p = constant for —h/2 < z < h/2, and 0 otherwise. In our simple model in
the steady state, the last two integrals exactly cancel each other because the integrand is
independent of time. The rest-mass accretion rate is

X h/2 27
M:/h/ dz/ dp \/—gpu" =2m\/—gphu", (88)
-n/2 Jo
and therefore Equation (87) becomes
At M(r + Ar) — At M(r) =0, (89)

so the rest-mass accretion rate (88) is independent of r. This could have been expected
because there are no disk winds or outflows in our model.

t

Figure 10. The 4-volume V in Equation (85) is the cylinder-like region of the accretion disk between
the surfaces ¥ = ry and r = r, + Ar, and the surfaces t = t, and t = ¢, + At. Figure from Ref. [16].
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One can proceed in a similar way with the conservation of energy and angular mo-
mentum to find the energy flux from the surface of the accretion disk and the torque at
every radial coordinate 7. The details can be found in Ref. [1]. To calculate the relativistic
thermal spectrum of a disk, we need to have the energy flux from the surface of the disk,
which is given by the following expression:

M
F(r)= TME E(r), (90)
where F is the following dimensionless function
R 1 o0x M? 7 oL
B(r) = - = (E—OkL:) = do. (91)

(E—QgL.)? or =3 Iy 0

In Equation (91), E and L, are, respectively, the specific energy and the axial compo-
nent of the specific angular momentum for geodesic equatorial circular orbits given in
Equations (21) and (22), Q) is the Keplerian angular velocity of the material in the disk
given in Equation (19), and rj, is the inner edge of the accretion disk (rin, > 715c0)-

7.3. Plunging Region

From Equation (88), we can estimate the rest-mass density in the plunging region. If
we assume that the radial component of the 4-velocity of the accreting material is given by
Equation (28) in the plunging region and & is roughly constant (say / ~ 0.1 or 0.01 M), the
rest-mass density is

M r._ ~ - ~ o 2
o(r) = 5 [84>¢( E1SCO)2 4 2810 EISCOLISCO 4 &, ([1SCOY2 8%4> + Supo . 92)
For a fixed background metric, p in Equation (92) is only a function of r and M.

8. Relativistic Thermal Spectrum

If we assume that (i) the material in the accretion disk is in local thermal equilibrium,
(ii) the heat transport along the radial direction is negligible, and the energy and angular
momentum are radiated from the disk surface, we can define an effective temperature T
at every radial coordinate by imposing that the energy flux F in Equation (90) is the heat
power emitted from the surface of the disk and using the Stefan-Boltzmann law

F =osp élff/ (93)

where osg = 5.67-107° erg s~ ! cm 2 K~* is the Stefan-Boltzmann constant. Figure 11
shows the radial profile of the effective temperature of a Novikov-Thorne disk around
a Kerr black hole with mass M = 10 Mg and different values of the black hole spin
parameters 4., assuming that the black hole mass accretion rate is M = 10'® g s~! and that
Tin = tisco- Since Novikov-Thorne disks are realized when the black hole mass accretion
rate is of the order of 10% of the Eddington limit of the source, F turns out to be always
proportional to 1/M, and we can easily see that the effective temperature of the inner part
of a Novikov-Thorne disk should be of the order of 1 keV for M = 10 M, and of the order
of 10 eV for M = 10° M,

1/4
Teff ~1 (101\]/\;[0> keV. (94)



Universe 2024, 10, 451 25 of 40

10—
a.=0.999 ——
a.=0.9
=07
1 Ax =0
g a,=-0.999 -wuuun 7
;- ¥
O
=,
=
(]
I—
0.1 | “ _:
w%%%
1 10 100 1000

r'M

Figure 11. Radial profile of the effective temperature T in Novikov-Thorne disks around Kerr black
holes with M = 10 M, M = 10'® g s~1, and different values of the black hole spin parameters a..
Figure from Ref. [16].

In the case of accretion disks around stellar-mass black holes, the effective temperature
of the inner part is high, and non-thermal effects (mainly electron scattering in the disk
atmosphere) cannot be ignored. Deviations from the blackbody spectrum can be taken
into account by introducing the color factor (or hardening factor) f.,; and defining the
color temperature To] = feolTets- The specific intensity of the radiation in the rest-frame of
the material in the disk is (for this formula, it can be useful to reintroduce fundamental
constants rather than using natural units):

L 2md 1 Y
€T T2 A ’
 feol exp(k:ﬁﬂ) -1

where } is the Planck constant, c is the speed of light, kg is the Boltzmann constant, and
Y = Y(d) is a function regulating the angular emission. The two most popular choices
are Y = 1 (isotropic emission) and Y = 0.5+ 0.75cos ¢¢ (limb-darkened emission). In
the case of a 10 M, black hole with an accretion luminosity of 10% its Eddington limit,
feol is expected to be in the range 1.5 to 1.9, and it can be evaluated by a model for the
disk atmosphere [49-51]'3. Note that Io = Io(r.) because T (and at some level, even f,)
depends on the radial coordinate.

With [ in Equation (95), we can proceed as in the case of the calculation of a relativistic
reflection spectrum discussed in Section 6 and infer the relativistic thermal spectrum of a
source through Equation (62). We consider a distant observer and we fire photons from
the plane of the distant observer to the accretion disk with the photon initial conditions
presented in Section 6.1. When a photon hits the accretion disk (v > r1gcp), we calculate
the redshift factor g and, if we do not assume Y = 1, the emission angle .. We repeat
the calculations for every small element dXdY in the image plane of the distant observer,
and then we integrate over the full image to obtain the relativistic thermal spectrum of
the whole disk. In the Novikov-Thorne model, there is no emission of radiation from the
plunging region. However, there is material even there, and one can include the thermal
spectrum of the plunging region; see, for instance, the model in Ref. [53].

(95)
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9. Cunningham’s Transfer Function

The calculations of relativistic reflection spectra and of the relativistic thermal spectra
of thin disks discussed in the previous sections turn out to be very time-consuming. The
geodesic equations are relatively easy and fast to solve, but normally one has to calculate
the trajectories of millions of photons to reach the required accuracy in the final result.
The calculation of non-relativistic reflection spectra requires solving radiative transfer
equations, which are definitively time-consuming. On the other hand, during the data
analysis process, we have to be able to quickly generate many spectra for different values of
the model parameters in order to scan the full parameter space and find the best-fit model,
so we cannot perform the calculations described in the previous sections.

Every point in the image of the accretion disk in the plane of the distant observer is
specified by the Cartesian coordinates (X, Y). After calculating the photon trajectories, for
every point in the image of the accretion disk, we can associate a point on the accretion
disk, and we can determine its emission radius . and its redshift factor g. In the case
of an infinitesimally thin Keplerian accretion disk perpendicular to the spin axis of a
Kerr black hole, every point on the accretion disk is visible to a distant observer: the
circle of the points with the same emission radius 7. will not be a circle in the image of
the accretion disk in the plane of the distant observer, but it will still be a closed loop.
Moreover, for each of these closed loops, we will have a point with the minimum value of
the redshift factor and a point with the maximum value of the redshift factor. Which points
on the accretion disk have the minimum and maximum redshift factors depends on the
emission radius 7. and the inclination angle of the disk i (if we fix the background metric
by specifying the black hole spin parameter a.) because the redshift factor is the result
of the competition/combination between the Doppler boosting (which depends on both
the emission radius and the inclination angle of the disk) and the gravitational redshift
(which depends only on the emission radius). We can thus write gmin = min (e, ) and
Smax = Zmax(7e, i) to indicate the minimum and maximum redshift factor for the emission
radius re and the disk inclination angle i. Since the points on the accretion disk at the same
emission radius form a closed loop on the image of the disk in the plane of the observer,
the point with the minimum redshift factor and the point with the maximum redshift
factor are connected by two branches. It turns out that, in both branches, the redshift factor
monotonically increases when we move from the point with the minimum redshift factor to
the point with the maximum redshift factor'*. These results allow us to define the relative
redshift factor g* as

* 8 — &min
=_oc omm 96
& Imax — §min ©6)
and to parametrize the points of the accretion disk with the emission radius 7. and the
relative redshift factor g*.
We can thus recast Equation (62) in the following form [55-57]:

FO (VO Z) Ie (VEI Te, ﬁél)>

1 [rou 1 TTreg>
- d /d v __eo  f(M(o* e,
) Dz/rm e | 48 g*(l_g*)f (8" e

1 Tout 1 N nregZ (2) . ) (2)
+ﬁ/’m ire 48 T/ e ) elvere 0,7

where f is Cunningham’s transfer function [56]

£ (g, o, i) = SVE 1 =)

- Tre (98)

I(X,Y) ‘
d(re, 8*)
and at every emission radius, we have two transfer functions f(!) and f() because we

have two branches connecting gmin t0 max- 7in and 7oyt are, respectively, the inner and the
other radii of the accretion disk. [0(X,Y)/d (e, g*)| is the Jacobian between the Cartesian
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coordinate of the image plane of the distant observer, (X, Y), and the coordinates used on
the accretion disk, (re, g*). If the specific intensity at the emission point does not depend
on the emission radius, then e = I¢(ve, 7e ), and we can rewrite Equation (97) as

1 [Tout 1 Treg? , ,
Fo(vo) = =5 d e d p—_— S O */ es1) + @) */ es le(Ve,7e) . (99
(o) = 5z [ e [ 8" TEE[F & i)+ £ )] Klrerre) . 9)

Figures 12 and 13 show some examples of the transfer functions of an infinitesimally
thin Keplerian accretion disk in the Kerr spacetime. In Figure 12, we change the values
of the inclination angle of the disk i. In Figure 13, we change the value of the black hole
spin parameter a, = a/M (note that a/M < 0 means that the black hole spin is anti-
parallel to the angular momentum of the disk). The minimum and maximum redshifts
are, respectively, at ¢* = 0 and 1. These two points are connected by two branches. In
Figures 12 and 13, dashed lines are for the transfer functions of the upper branches (say
M), and solid lines are for the transfer functions of the lower branches (say f(2)).

0.0 0.2 0.4 0.6 0.8 1.0
g*

— i=5° i=25° — | =45° — [ =65° — j=85°

Figure 12. Examples of Cunningham’s transfer functions for an infinitesimally thin Keplerian
accretion disk in the Kerr spacetime. The central black hole has spin parameter a, = 0.998 and the
plot shows the transfer functions at the emission radius r. = 4 M for different values of the inclination
angle of the disk i. Dashed curves are for the upper branches of the transfer functions, and solid
curves are for the lower branches.

0.22

0.21

0.20

f0.19
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0.0 0.2 0.4 0.6 0.8 1.0
g+

— a/M =0.998 aM=08 —— aM=05 —— a/M=00 —— a/M=-0.998

Figure 13. Examples of Cunningham’s transfer functions for an infinitesimally thin Keplerian
accretion disk in the Kerr spacetime. The inclination angle of the disk is i = 60° and the plot shows
the transfer functions at the emission radius re = 9 M for different values of the black hole spin
parameter a, = a/M. Dashed curves are for the upper branches of the transfer functions, and solid
curves are for the lower branches.
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In the case of a relativistic thermal model, the specific intensity at the emission point is
given by Equation (95). The transfer function f can be pre-calculated and tabulated into a
FITS file'® before the data analysis process. The model for data analysis simply has to solve
the integral in Equation (97), or in Equation (99) if Y = 1, and call the FITS file to know the
value of the transfer function. This is how the model nkbb works [58].

For a relativistic reflection model, there are a few complications. The specific intensity
at the emission point can be determined after numerically solving radiative transfer equa-
tions rather than from a simple analytical formula as in the case of the thermal spectrum.
The emissivity profile of the accretion disk can be determined after studying how the
corona illuminates the disk. Unlike in the case of the thermal component, we do not know
the actual luminosity of the disk in terms of parameters like the black hole mass and the
mass accretion rate, and therefore we cannot predict the observed flux as a function of the
distance of the source. It is thus convenient to rewrite Equation (97) as

Vout nreg 1) (1)
FO(VO) = / / g )f (g Te,1 )IE(FX/VE/rEIﬁe )

Tou

+C / ' / ”reg e FO(g", e i) Ie(Fx, ve, re, 82)), (100)
V=g

where C is a normalization constant to be determined when we fit the data, and Fx = Fx(re)

is the X-ray spectral flux illuminating the disk at the emission radius re. Fx is determined

when we study how the corona and the returning radiation illuminate the disk.

Current reflection models for data analysis often employ a simplification to assume
the same non-relativistic reflection spectrum over the whole disk and normalize the specific
intensity through the emissivity profile (7). Within such an approximation, Equation (100)
can be written as

[ [l nreg T [P e )+ P e el T, (101)

Ve (1—g%)

where [ is the “average” specific intensity over the disk (or some region of the disk if we
divide the disk into a few zones with different specific intensities). It is evaluated from the
weighted sum of specific intensities on the disk (a certain zone of the disk) with different
emission angles'®. Now the transfer function f, the emissivity profile €, and the specific
intensity I. can be pre-calculated and tabulated into three different FITS files before the data
analysis process. In the Kerr spacetime, the transfer function f depends on the black hole
spin parameter 4. and the inclination angle of the disk i, and once these two parameters
are fixed, it is a function of 7. and g*. The emissivity profile € depends on the parameters
of the specific coronal model (for example, in the lamppost setup, it depends only on the
height of the corona) and on the background metric (the black hole spin parameters a. in
the case of the Kerr metric): after fixing the coronal model and the background metric, €
only depends on the emission radius re. I depends on the X-ray spectral flux illuminating
the disk and the parameters of the accretion disk model. For example, if we assume that
the X-ray spectral flux illuminating the disk can be approximated by a power law with
a high-energy cutoff, we can have five parameters: the photon index I', the high-energy
cutoff Eqyt, the electron density of the accretion disk N, the ionization parameter ¢, and the
iron abundance Ap. During the data analysis process, the model calls the three FITS files
in which f, €, and I, are tabulated and quickly calculates different relativistic spectra for
different values of the model parameters.

The emissivity profile produced by a corona of specific geometry can be calculated
with the tools presented in Section 3; see also Refs. [38,59]. If the corona is compact and
close to the black hole, the effect of light bending leads to the illumination of mainly the
inner part of the accretion disk, and the emissivity profile is very steep [39]. If the corona
is compact but not very close to the black hole, at large radii, we recover the Newtonian
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limit, where € o =3 [39]. For a corona of unknown geometry, it is common to employ a
phenomenological emissivity profile, like a power law (€ « r~7, where g is the emissivity
index), a broken power law (e o r~%in for r < Ry, and € o r~9ut for ¥ > Ry, where Ry,
is the breaking radius), or a twice broken power law (e o« r~¥in for r < Ry, € o r~Imid
for Ry < 7 < Rppp, and € o r™ 90wt for r > Ry,,), where the emissivity index/indices
and the breaking radius/radii can be free in the fit and inferred from observations. Steep
emissivities (g > 3) are commonly found in X-ray binaries [28] and active galactic nuclei [60].
Some observations require extremely steep emissivities in the inner part of the accretion
disk (even g > 10), which are beyond the values that we could expect from theoretical
calculations and may point to some deficiency in our theoretical models.

10. Comparison Between Theoretical Predictions and Observational Data

While this tutorial is focused on the relativistic calculations to predict black hole X-ray
spectra, this section is devoted to comparing the predictions of reflection models discussed
in the previous sections with real observational data.

In the analysis of real data, we have to model every component of the source, not
only the reflection and/or the thermal spectra, and this clearly complicates the analysis of
an observation. As an example, here we consider MCG-6-30-15, which is a very bright
Seyfert 1 galaxy at redshift z = 0.007749. This source has been studied by many authors
with different observations and different X-ray missions [24,61-65]. It is the source in which
a relativistically broadened iron line was unambiguously detected for the first time [66].
The spectrum of MCG—-6-30-15 often shows a very broad and prominent iron Ku line,
making this source an excellent candidate to test and study reflection models.

XMM-Newton and NuSTAR observed simultaneously MCG—-6-30-15 from 29 January 2013
for a total time of ~315 ks and ~360 ks, respectively (observation ID 0693781201, 0693781301,
and 0693781401 for XMM-Newton and 60001047002, 60001047003, and 60001047005 for NuS-
TAR). The first study of these data was reported in Ref. [64]. The quality of the data was very
good, but the source was very variable, so the data analysis required some special attention.
Here, we report the analysis of Ref. [67]. We arrange the data into four groups according to
the flux state of the source (low, medium, high, and very-high flux states) requiring a similar
spectral data count for every flux state. The search for the model is described in Ref. [27].

If we fit the data with an absorbed power law, we clearly see a broad iron line peaking
around 6 keV and a Compton hump peaking around 20-30 keV; see Figure 14. These are the
two typical signatures indicating strong relativistic reflection features in the X-ray spectra
of a source. The final model is (in XSPEC language)

tbabs Xwarmabs) X warmabs) X dustyabs X (cutoffpl+RR+NR+zgauss+zgauss),

where tbabs describes the Galactic absorption, warmabs; and warmabs; describe two ion-
ized absorbers, dustyabs describes a neutral absorber and only modifies the soft X-ray
band, cutoffpl describes the direct spectrum from the corona, RR and NR indicate, re-
spectively, a relativistic and a non-relativistic reflection component, and zgauss is used to
describe a narrow emission line at 0.8 keV and a narrow absorption line at 1.2 keV (for
more details, see Ref. [27]). We consider three models. Model 1: we use the reflionx
model [18] and we have NR = reflionx and RR = relconvxreflionx. Models 2 and 3:
we use xillver [17] and NR = xillver, while RR = relconvxxillver in Model 2 and
RR = relxill in Model 3. For every model, we consider two emissivity profiles: a simple
power law (e o< 1/ 1, where the emissivity index g is a free parameter in the fit) and a
broken power law (€ o 1/r&" for re < Rpy and € « 1/ 3o for re > Ry, where the inner
emissivity index gin, the outer emissivity index gout, and the breaking radius Ry, are all
free parameters in the fit). Figure 15 shows the the best-fitting models of the low flux states
and the data to best-fitting model ratios. The six fits provide somewhat similar (even if not
completely consistent) estimates of the model parameters (for more details, see Ref. [67]).
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The measurements of the spin and of the inclination angle of the disk are reported in
Table 1.
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Figure 14. Data to best-fit model ratio for an absorbed power law (in XSPEC language,
tbabs x cutoffpl) for the low flux state (top left panel), medium flux state (top right panel), high
flux state (bottom left panel), and very-high flux state (bottom right panel). Red crosses are used
for XMM-Newton data, green crosses are used for NuSTAR /FPMA, and blue crosses are used for

NuSTAR /FPMB. Figure from Ref. [67].
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Figure 15. Best-fit models of the low flux state and data to best-fit model ratios for Model 1 (top
panels), Model 2 (central panels), and Model 3 (bottom panels), where the emissivity profile is
modeled by a simple power law (left panels) or a broken power law (right panels). In every panel,
the total spectrum is in black, the power-law component from the corona is in red, the relativistic
reflection component from the disk is in blue, and the non-relativistic reflection component from
cold material is in green. Red crosses are used for XMM-Newton data, green crosses are used for
NuSTAR /FPMA, and blue crosses are used for NuSTAR /FPMB. Figure from Ref. [67].

Table 1. Best-fit values of the black hole spin parameter a, and of the inclination angle of the
disk i for Model 1 (NR = reflionx and RR = relconvxreflionx), Model 2 (NR = xillver and
RR = relconvxxillver), and Model 3 (NR = xillver and RR = relxill). For every model, the
emissivity profile can be either a simple power law (s) or a broken power law (b). The reported
uncertainties correspond to the 90% confidence level for one relevant parameter (Ax? = 2.71). (P)
means that the 90% confidence level reaches the maximum value of the parameter in the model. The
table also shows the value of x?, the number of degree of freedom (dof), and the value of the reduced
X2. See Ref. [67] for more details.

Model 1 Model 2 Model 3
s b s b s b

0.03 0.04 0.06 0.024 p 0.019
ay 0.83j01_064 o.agst%o8 0.9oj02 v 0.915t02 030 0.997jlé_g)4 0.9621’01.0717
i +1. + +2. +2. +1. +1.
i [deg] 242778 1912 29.013% 30.71%% 33.3719 28.7°10
x> 3171.36 3130.26 3094.68 3079.54 3081.74 3024.46
dof 2691 2683 2689 2681 2691 2683
x?/dof 1.17850 1.16670 1.15087 1.14865 1.14520 1.12727

10.1. Requirements in the Analysis of Reflection Features with Current Reflection Models

Reflection models have several parameters. If we want to measure all parameters from
the spectral fitting, we need high-quality data and a spectrum with strong signatures of
relativistic effects. Without these two ingredients, we are unlikely to be able to break the
parameter degeneracy of the model, and we would be forced to freeze the values of some
parameters in the fit, with the result that the final measurement may be biased.

To have high-quality data, the source must be very bright to have a good statistics
(assuming that our X-ray detector has no pile-up problems), the data should cover a wide
energy band to see both the relativistically broadened iron line and the Compton hump,
and we should have a good energy resolution at the iron line (which is the most informative
part of the spectrum concerning relativistic effects).

In order to have strong relativistic signatures in the reflection spectrum, it is necessary
that the inner edge of the accretion disk is as close as possible to the black hole (which, in
turn, requires selecting very fast-rotating black holes with an inner edge of the disk at the
ISCO radius) and that the corona well illuminates the very inner part of the disk (which, in
turn, requires that the corona is compact and very close to the black hole, so the strong light
bending can focus most of the hard X-ray photons from the corona to the region around the
inner edge of the disk). These two conditions lead to very broadened iron lines in reflection
spectra [39]. In the presence of strong relativistic signatures in the reflection spectrum, it is
possible to break the parameter degeneracy [68,69].
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Since our reflection models assume that the disk is thin, we should only analyze
sources with geometrically thin accretion disks. This condition can be satisfied if we select
sources with an accretion luminosity between ~5% and ~30% of the Eddington limit [70],
but this requires having a reliable estimate of the black hole mass and distance. The exact
thickness of the disk is not relevant in the final measurement as long as the disks are thin,
especially if we study very fast-rotating black holes [54,71]. On the contrary, if the black
hole accretes from a thick disk, we can easily obtain precise but non-accurate measurements
of the source [72,73].

10.2. Accuracy of the Theoretical Models

Reflection models have been significantly developed in the past decade [23], but they
still rely on a number of simplifications that may somewhat affect the final measurements.
Even in the example of MCG-06-30-15 at the beginning of this section, we see that the
choice of the reflection model may give somewhat different estimates of some parameters.

The geometry of the corona is not yet well understood, though it is important in
the calculation of reflection spectra because it determines the exact emissivity profile of
the disk. However, the emissivity profiles produced by specific coronal geometries have
been calculated in a number of studies [13,38,59,74], and the conclusion is that a broken
power law (or a twice broken power law) profile should be enough to well approximate
the emissivity profile generated by a corona of arbitrary geometry. In the presence of high-
quality data, the fit should be able to determine all parameters of this phenomenological
emissivity profile. For example, in Ref. [28], it is shown that the spectra that seem to require
a lamppost corona can be also fit with a broken power law profile, always finding consistent
estimates of the model parameters, even if the fit is a bit worse (however, the opposite is
not true, namely, the spectra that require a broken power law profile may not fit with the
less flexible lamppost model).

The accuracy of the disk model employed in reflection models was recently tested
with NuSTAR simulations of reflection spectra calculated from GRMHD-simulated disks
in Ref. [37]. The conclusion of that work is that we can recover the correct input parameters
from the spectral analysis of the reflection features with the current reflection models. The
concept of the inner edge of the disk is more likely replaced by the “reflection edge”, which
is still around the ISCO radius and separates the disk from the plunging region [75]. The
plunging region can be optically thick and produce reflection photons, but its density is
so low that the gas is highly ionized: as a result, the reflection process is dominated by
Compton scattering, and the reflection spectrum looks like a power law without emission
lines, so it does not affect the analysis of the reflection features and, in turn, the estimate of
the model parameters [75,76].

The effect of the returning radiation (discussed in Section 5) is normally ignored in
the analysis of current black hole X-ray spectra. In the case of thermal spectra, it was
shown that a thermal spectrum calculated taking the returning radiation into account is
very similar to a thermal spectrum calculated without including the returning radiation
and a slightly higher mass accretion rate [77]. The effect is therefore ignored because it
does not affect the measurement of black hole spins. In the case of the reflection spectra,
the returning radiation has two effects: it alters the original emissivity profile produced
by the corona and changes the reflection spectrum itself because the direct spectrum from
the corona illuminating the disk can be approximated by a power law with a high-energy
cutoff but the spectrum of the returning radiation is a reflection spectrum. Moreover, even
the thermal radiation can return to the disk and produce reflection radiation, and we may
have a reflection spectrum even without a corona and entirely generated by the returning
radiation of the thermal component. Recently, the reflection model relxill included the
effect of the returning radiation on the emissivity profile of the disk, still assuming that the
reflection spectrum is produced by a power law spectrum with a high-energy cutoff [78].
The model ziji can calculate reflection spectra, taking the returning radiation of both the
reflection and thermal component into account [43,44], but it is too slow to analyze data.
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However, it was shown that the analysis of data with a reflection model that ignores the
returning radiation or considers only the effect of the returning radiation in the emissivity
profile of the disk can significantly overestimate or underestimate some model parameters,
especially in the case of fast-rotating black holes with compact coronae close to the inner
part of the accretion disk, which are the kind of systems for which we can have more precise
measurements [43,44].

11. Concluding Remarks

This tutorial reviews the relativistic calculations of the electromagnetic spectrum of
cold, thin, Keplerian accretion disks around black holes. The disk—corona model predicts
a thermal spectrum from the disk, a Comptonized spectrum from the hot corona, and a
relativistically blurred reflection spectrum from the disk. The expressions reported in this
tutorial are valid for a generic stationary, axisymmetric, asymptotically flat, circular black
hole spacetime, and therefore they can be potentially applied to a large class of black hole
solutions. The presentation is intentionally pedagogical in order to help graduate students
to enter this line of research. More details can be found in the papers in the reference list. As
pointed out in this tutorial, current models for data analysis present many simplifications
in order to be able to quickly produce many spectra. Some improvements are already
required for the analysis of XRISM data: the microcalorimeter on XRISM [79] has an energy
resolution of around 5 eV at the iron line, but current non-relativistic reflection models
have tables with an energy resolution of up to 20 eV at the iron line. The analysis of data of
future X-ray missions like Athena [80] will require significantly more advanced models
than those available today.
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Appendix A. Locally Minkowskian Reference Frames

There are situations in which it is convenient to choose the reference frame of a locally
Minkowskian observer. Formally, this is equivalent to a coordinate transformation from
the coordinate system {x#} to the coordinate system {x'*} = (T,X,Y, Z)'®

dxt — dx'™ = EWaxr, (A1)
such that the new metric tensor is the Minkowski metric
_ rH
v = () (p) = E(,X)Ez,s)gﬂv ’ (A2)

p ; () (@) py  _ sv (@pn  _ s(@) pm oy
where E(“) are the inverse of E;;”’, so E, E(‘X) =d,and Ey E(ﬁ) = 5(ﬁ)' {E(“)} is the tetrad
of the orthogonal basis vectors associated to the reference frame of the locally Minkowskian
observer. If a vector (dual vector) has components V# (V) in the coordinate system {x*},

the components of the vector (dual vector) in the locally Minkowskian reference frame are

Ve ZEWVH, Vi =BV, (A3)

It is straightforward to see that

viE=El VI, v, = E Vi - (A4)
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Note that the spacetime indices are lowered by g,y and raised by ¢"¥, and the internal
indices of the locally Minkowskian reference frame are lowered by 7,)(g) and raised by
@),

The time-like tetrad basis vector EE‘T) is the 4-velocity of the locally Minkowskian

observer in the coordinate system {x"}, say, u*. In our case, the spacetime metric is
given in Equation (1) in spherical-like coordinates (t, 7,6, ¢). If the locally Minkowskian
observer is in a circular orbit (not necessarily on the equatorial plane), his/her 4-velocity is
ut = u'(1,0,0,w), where u' can be inferred from g, ¥V = —1

P 1
V=8 = 28190 — gppe?

u

(A5)

and w = u?/u' is the angular velocity of the observer with respect to the coordinate system
(t,7,0,$)". Anatural choice for the tetrad of the orthogonal basis vectors associated to the
reference frame of the locally Minkowskian observer is

1 0 t 8t + W8py
0 1 1 u 0
EF =yt o EF =
(T) 0o |”7 "X | O |7 T 2 0 !
\/ 8ty — 818
w 0 t pp\ Qi — W3ty
0
1 0
-
Eo= | 1 (A6)
0
The inverse is
St T Wty 0 —w
T 0 X 1 Y / 0
E;(L ) = —Mt 0 ’ E;, ) = \/&rr 0 ’ E‘SI ) = T/lt g%(P — Stt8¢pe 0 ’
8t + Wepy 0 1
0
Z 0
B2 = | © | (A7
0
A special case is an observer with angular velocity w = QpNrr = —&tp/ gp¢, Which is

often referred to as a locally non-rotating frame (LNRF) in the literature [34]*. The 4-velocity
of such an observer is

ut - 2&# . (A8)
8tp — SttEPpgp

The tetrad of the orthogonal basis vectors associated to the locally non-rotating ob-
server reduces to

1 0 0
Ef — 8o 0 T 1 1 - 1 0
(T) gt2¢_8ttg¢4> 0o |” "X /G| O |7 T Zep | O |
w 0 1
0
1 0
-
Eo= el 1 | (A9)
0



Universe 2024, 10, 451 35 of 40

with inverse

1 0 —w
2
(1) _ | 8tp — 81t8pg [ 0 (X) _ 1 () _ 0
o T o | BTV o | B = Vel o |
0 0 1

EY = 3w (A10)

(=3 e o)

Appendix B. Proper Areas of the Annuli of an Accretion Disk

Let us consider an observer in an equatorial circular orbit with Keplerian angular
velocity. The tetrad and the inverse of the tetrad associated to such an observer are given in
Equations (A6) and (A7) with w = Qg, where Q) is the angular velocity in Equation (19).

First, we want to figure out the proper length of the orbit of this observer. At a certain
time t = f,, in the coordinate system (¢, 7,6, ¢), we measure the angle d¢. In his/her locally
Minkowskian reference frame, the observer measures

2
St — Stt8pg
dy = EMaxt =yt [o2 — do = ¢ do, All
Iz \/8tp — 81t8¢pp AP gt — 239Ok — 89p ¢ (A11)

because dt = 0. If the radial coordinate of the orbit is r = r;, the proper length of the orbit
of the observer is

t0r) = [ ap et L B Sig ~ 8usy (a12)
' 0 —81t — 281k — Spp % —gtt — 281k — pp

r=r;,0=rm/2

Second, we want to figure out how the same observer measures distances perpen-
dicular to his/her trajectory. If in the coordinate system (t,1, 0, $) we measure dr, the
observer measures

dX = \/grdr. (A13)

We can now combine these two results to evaluate the proper area of an annulus of a
Keplerian accretion disk with radial coordinate #; and width Ar;:

27 ri+Ar; 8%47 — 818 g
Arjar) = [“dp [Td
(ri, Ary) Jo ? ri ' \/@J — 81t — 2819k — 8pp O

2

8rr| 8ty — &tt8

27A; J (& ») . . (A14)
—8tt — 28190 — 89

r=r;0=m/2

This result is used in Equation (48).

In the existing literature, the calculation of A(r;, Ar;) is normally proposed with a
slightly different approach. First, we consider a locally non-rotating observer on the
equatorial plane. The angular velocity of such an observer is w = QpNrr = —&tp/ gpgp and
the tetrad and the inverse of the tetrad are given in Equations (A9) and (A10), respectively. If
in the coordinate system (¢, 7, 0, ¢) we measure the angle d¢, in his/her locally Minkowskian
reference frame, the locally non-rotating observer measures

dYINRE — E gyt — e dg. (A15)
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The proper length of the orbit of the locally non-rotating observer with radial coordi-
nater =r; is

21
JLNRF _ /0 A /3o =27 (/00— g /2 (A16)

Concerning length measurements perpendicular to his/her trajectory, if in the coordi-
nate system (t,7,6, ) we measure dr, the locally non-rotating observer measures

AXINRE — /o dr, (A17)

If we consider a Keplerian accretion disk, the velocity of the material of the disk

with respect to the locally non-rotating observer is u(*) = E;(l“)uy, where El(f‘) is given
in Equation (A10), u* = u'(1,0,0,Qx) is the 4-velocity of the material in the coordinate
system (t,7,0,¢), and u' is given in Equation (20). Since in a Minkowskian (or locally
Minkowskian) reference frame, the temporal component of the 4-velocity of a particle
corresponds to its Lorentz factor [41], we can evaluate the Lorentz factor  of the material
of the accretion disk measured by the locally non-rotating observer as

2 _
;,T)u”: 8rp — St8¢p

89 (—8tt — 2819k — 89K )
r=r;,0=m/2

’y:u(T):E

(A18)

The proper area of an annulus of a Keplerian accretion disk with radial coordinate #;
and width Ar; can be evaluated as

A(ri, Ary) = yAWNRE(r A, (A19)

where AMNRE(7, Ar;) is the proper area of the annulus with radial coordinate r; and width
Ar; in the rest-frame of the locally non-rotating observer

27 ri+Ar;
ALNRF (1 Ay /0 dp /r ar \/SnGep = 27[\/8rnSop) s gonjp Ai- (A20)

Equation (A19) is equivalent to Equation (A14), of course.

Notes

1

Generally speaking, an accretion disk is geometrically thin if 1 /r < 1, where & is the thickness of the disk at the radial coordinate
r, and is optically thick is 1 > A, where A is the photon mean free path in the disk. The accretion disk is instead geometrically
thick if /7 2 1. The accretion disk is optically thin if & < A.

This is normally a very acceptable approximation. Let us consider, for example, a 10 M, black hole in an X-ray binary. Its
Eddington luminosity is Lggq ~ 10% erg s~1 Its Eddlngton mass accretlon rate can be found from the relation Lgqq = 7Mgqq,
where 77 ~ 0.1 is the radiative efficiency, and we have Mgggq ~ 1077 Mg, /yr. In a typical outburst of a black hole binary, the
luminosity of the source is around 10% of its Eddington limit and the outburst lasts for about a month, so the total mass in the
accretion disk is roughly 10~ M, and the ratio between the mass of the disk and the mass of the black hole is of order 101
Even if the mass of the disk were confined in a relatively small space region (which is not the case), it could produce only a very
small perturbation on the background metric. We can thus conclude that the gravitational field of the disk can be ignored. See,
for instance, Ref. [32] for more details.

We note that we are not considering the motion of the single particles in the accretion disk (ions and electrons) but the motion of
a “parcel” of particles.

We use the term “specific” because the Lagrangian of a point-like free particle is £ = 1m (guf? + 2819td + §rri? + S006* + §pp$?),
and we set m = 1 in Equation (12).

Here we ignore the “quasi” and we assume that the material in the disk follows geodesic equatorial circular orbits. However, the

“quasi” is important to have accretion onto the black hole. It is indeed necessary a mechanism to transport energy and angular

momentum outward, so the material of the disk can slowly inspiral onto the black hole. In reality, the magnetorotational instability
is the mechanism responsible to transport energy and angular momentum outward and to permit the accretion process [33].
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The subindex K is used to indicate that this is the Keplerian angular velocity of the material in the accretion disk and to avoid
confusion in the formulas between such a quantity and the infinitesimal solid angle dQ).

If the emission is isotropic, we can divide the sky of every emission point in small solid angles AQ) = constant and fire a photon
from each of these directions. Since dQ) = sin x d) d, we need a grid of constant A(cos x) and Ap.

For the proper area of an annulus in the plunging region, we can consider a locally non-rotating observer as described in
Appendix B and evaluate the Lorentz factor 7y with Equation (A18) by using the 4-velocity of the material in the plunging region
for ut.

In models in which gravity does not universally couple to matter, we can have, for example, the phenomenon of variation
of “fundamental” constants, namely constants like the fine structure constant «, the electron mass ., etc., may not be actual
constants and may change in space and/or time [42]. For example, their value in the strong gravitational field of a black
hole may be different from their value in our laboratories on Earth. In such a context, the atomic physics may depend on the
gravitational field.

The public version of xillver has several “flavors”. One can choose among three types of incident spectra: (i) a power law with
a high-energy cutoff (2 parameters: photon index I' and high-energy cutoff Ecy); (ii) a Comptonized spectrum (2 parameters:
photon index I" and electron temperature of the corona kTe, while the temperature of the seed photons is kTs = 10 eV); a blackbody
spectrum (1 parameter: blackbody temperature kTy,,). The cold material is characterized by the ionization parameter ¢, the iron
abundance Ap, (while all other elements have Solar abundances), and in some flavors there is also the electron density N. The
emission angle ¥ is another parameter of the model, while the incident angle is ¢¥; = 45° and cannot be changed.

While current X-ray observatories do not have the necessary angular resolution to resolve the accretion disk of a black hole and
the system appears as a point-like source, we have to consider an ideal observer with an excellent angular resolution in order to
calculate the theoretical spectrum of an accretion disk within our model.

Starting from Ref. [45], ray-tracing codes to calculate images of accretion disks around black holes have been significantly
developed and today there are a number of public codes that can do these calculations.

In the soft state, when the X-ray spectrum of black hole X-ray binaries is dominated by the thermal spectrum of the disk,
powerful disk winds are common [52]. While current calculations of the color factor ignore disk winds, the latter may affect the
color temperature.

These results, strictly speaking, are valid in the case of infinitesimally thin Keplerian accretion disk in Kerr spacetimes. They
are normally valid even in the case of infinitesimally thin Keplerian accretion disk in non-Kerr spacetimes, but exceptions are
possible. In the case of accretion disks of a finite thickness, some parts of the disk may not be visible to a distant observer, so the
image of the points on the accretion disk at the same emission radius may not be a closed loop [54].

FITS (Flexible Image Transport System) is a common format for astronomical data files that can store multidimensional arrays
and tables.

This approach is motivated by the need to be able to calculate quickly a relativistic reflection spectrum. Note that the ionization
parameter is £ (r) = 47F /n, where F is the total flux illuminating the disk at the radial coordinate r and # is the electron density of
the disk at the same radial coordinate. A model in which the ionization parameter ¢ and the disk electron density # are constant
over the disk would require that F is constant too. This is not how most of the current models work: they employ I, which is
calculated for certain values of ¢ and #, and model the emissivity profile with e(r.).

In Model 1, we have the inclination angle of the disk i in relconv, while reflionx does not have the emission angle ¢, as a
parameter of the model. In Model 2, the value of the inclination angle of the disk i in relconv is tied to that of the emission angle
Ue in xillver, even if the two angles are different, in general, and ¢ should change value over the disk. In Model 3, there is only
the inclination angle of the disk i in relxill: the model calculates the averaged emission angle and extracts the corresponding
spectrum from the xillver table.

The transformation (A1) reduces the metric tensor g, to the Minkowski metric at a point of the spacetime, which is always
possible because it is equivalent to make diagonal a symmetric matrix with constant coefficients and then rescale the coordinates
to reduce the diagonal elements to £1. See, for example, Ref. [41] for more details.

Please note the notation adopted in this tutorial. w is used to indicate a generic angular velocity, while the Keplerian angular
velocity of the material in the disk is indicated by Qx and the angular velocity of a locally non-rotating reference frame is
indicated by QLNRF-

From Equation (14) we see that a particle with L, = 0 has a non-vanishing angular velocity in the coordinate system (¢, 7,6, ¢):
dp/dt = ¢/t = —g1p/8pe- A locally non-rotating observer is thus an observer with vanishing L, and its non-vanishing angular
momentum is due to the frame dragging of the spacetime.
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