
Fundamentals of X-ray 
Spectroscopy 

Javier García
California Institute of Technology

javier@caltech.edu

LA-CoNGA (Clase I)
Julio 8, 2021

mailto:javier@caltech.edu


Outline

Introduction to X-rays

Fundamentals of X-ray production

The Fe K line in AGN

Modeling reflection with/without GR

Reflexion in Black Hole Binaries

Reflexion in other sources 

Related Topics



What are X-rays?

High Energy Photons
E = 0.1 -- 200 keV

Wavelength = 0.1 -- 100 Å
T = 106 -- 1010 K 

We can see:
Very high temperature

Non-thermal particle acceleration
Atomic Processes



Discovery of X-rays

Wilhelm Röntgen's first "medical" X-ray, 
of his wife's hand, taken on 22 December 1895

http://en.wikipedia.org/wiki/Wilhelm_R%C3%B6ntgen


X-rays in Astronomy

Sco X-1 - First X-ray source detected

Number of counts versus azimuth angle 
(Giacconi et al. 1962)



Temperature and Radiation

Planck’s Function 

Omar, Javier and Margarita at the 
Aerospace museum.
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X-RAY FOCUSING

Requires:

1. Angle of reflection small related 
to surface (grazing incidence)

!   ~1° for 1 keV

2. Highly polished surface
! surface roughness of ~few Å

NuSTAR Chandra

Image credit: Chandra

Slide courtesy of P. Boorman



Supernova remanent Cassiopeia A

Optical 



Supernova remanent Cassiopeia A

X-Ray 



Optical + X-ray  

Supernova remanent Cassiopeia A



The Crab Nebula
Infrared   Visible  

Radio   X-rays  



X-ray Emission Mechanisms

Continuum
Black-Body
Bremsstrahlung (free-free)

Cyclotron & Synchrotron  
Inverse Compton Scattering

Lines
Bound-Bound
Fluorescence
Charge Exchange
Cyclotron
Exotic Physics (?)



X-ray Emission Mechanisms

Continuum



X-ray Emission Mechanisms

Lines
K-shell Photoabsorption

Liedahl+Torres05

The X-ray band (⇠ 0.1 � 10 keV) cov-
ers the emission and absorption produced
by the inner-shell transitions of the astro-
physically abundant ions (C ! Ni).

Line positions provide information
about the gas composition (identifica-
tion), as well as about its dynamics (red-
shifts, gas outflows)

Line intensities provide information
about the column of the absorbing ma-
terial (including ions), constrains on
the ionization degree of the gas (⇠ =
L/nR2), temperature and density

Line shapes provide information about
the thermal and turbulent motions of
the gas, and can also probe relativistic
e↵ects near strong gravitational fields

J. Garćıa (CfA) Modeling Photoionized Plasmas April 26, 2013 4 / 25



X-ray Emission Lines



Astrophysical Plasmas

Collisional:
kT ~ Ionization energy of the ions in the plasma

Photoionized:
kT << Ionization energy of the ions in the plasma

In general, there are two types of X-ray emitting 
plasmas



T, n, abundances

n (or P), abundances

Collisional

Photoionized

T is not a free parameter!



Collisional Plasmas
kT ~ Ionization energy of the ions in the plasma

Collisional Radiative: 
Ne = 1014 - 1027 cm-3

Collisions compete with photons in de-exciting levels. A level with a small A 
value may be collisionally de-excited before it can radiate

Coronal/Nebular:
Ne < 1014 - 1016 cm-3

In a Coronal plasma, collisions excite ions but are too rare to de-excite them; 
decays are purely radiative. This is also called the “ground- state” 
approximation, as all ions are assumed to be in the ground-state when 
collisions occur.



Collisional Plasmas

TW Hya, Chandra  HETG

Bric khouse et a l. 
2010

Collisional Plasmas

TW Hya, Chandra  HETG

Bric khouse et a l. 
2010

Collisional Plasmas
HETG ~500 ks Chandra observation of the accreting young star 
TW Hydrae (Brickhouse et al 2010)

Spectrum dominated by H- and He-like emission lines



Collisional Plasmas

While the temperature diagnostics for Mg XI, Ne IX, and O VII all give 
roughly the same result, the density diagnostics are quite different, 
especially for O VII, leading to the primary result.

COLLISIONAL PLASMAS

While the tempera ture d iagnostic s for Mg XI, Ne IX, and  O VII a ll 
g ive roughly the same result, the density d iagnostic s a re quite 
d ifferent, espec ia lly for O VII, lead ing to the p rimary result.  

Brickhouse+ 2010
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Fig. 2.—Merged MEG spectrum of order !1 together with two insets. Left: A region that compares the HEG (thin line) with the MEG. Right: O vii He-like
triplet.

Fig. 3.—VEM distribution based on analysis of our HETGS spectra and
from earlier work. The symbols mark the VEM that would correspond to the
case in which all the observed emission for the line originates in an isothermal
plasma with a temperature corresponding to the peak in the emissivity for that
line. These points are shown for selected lines from Table 1 spanning a range
in formation temperature. For a few of these, the curved lines are the loci
corresponding to the VEM required to produce the observed flux from an
isothermal plasma as a function of plasma temperature. The dotted line is an
upper limit based on the observed counts in the vicinity of the Fe xxv resonance
line (1.85 Å). The thick solid line is the emission measure distribution derived
from ultraviolet and extreme-ultraviolet emission lines by Brickhouse (1996)
plotted for .d log T p 0.1

TABLE 1
Selected Emission Lines from MEG

Line
la

(Å)
Fluxb

(photons cm!2 s!1) Cc

dTm
(K)

Fe xxv . . . . . . . 1.85 !4 !7 7.8
S xv . . . . . . . . . 5.040 33 110 7.2
S xv . . . . . . . . . 5.060 16 55 7.2
S xv . . . . . . . . . 5.100 26 85 7.2
Si xiii . . . . . . . . 5.680 25 93 7.0
Si xiv . . . . . . . . 6.180 48 472 7.2
Si xiii . . . . . . . . 6.650 182 1228 7.0
Si xiii . . . . . . . . 6.690 47 374 7.0
Si xiii . . . . . . . . 6.740 121 834 7.0
Al xii . . . . . . . . 7.750 16 204 6.9
Mg xii . . . . . . . 8.419 152 1947 7.0
Mg xi . . . . . . . . 9.170 348 2818 6.8
Mg xi . . . . . . . . 9.230 63 618 6.8
Mg xi . . . . . . . . 9.310 190 1425 6.8
Ne x . . . . . . . . . 10.240 92 740 6.8
Ni xxii . . . . . . . 10.791 62 426 7.0
Ne xe . . . . . . . . 12.132 929 4171 6.8
Fe xviie . . . . . . 12.134 … … 6.8
Fe xixe . . . . . . . 13.515 530 1587 6.9
Fe xixe . . . . . . . 13.524 … … 6.9
Fe xvii . . . . . . . 15.013 3043 7476 6.7
Fe xvii . . . . . . . 15.272 1119 2919 6.7
Fe xviii . . . . . . 15.641 410 938 6.8
O viii . . . . . . . . 16.003 898 1885 6.5
Fe xvii . . . . . . . 16.796 2004 3669 6.7
Fe xvii . . . . . . . 17.071 2641 4554 6.7
Fe xvii . . . . . . . 17.119 2443 4191 6.7
O viii . . . . . . . . 18.967 2634 2810 6.5
O vii . . . . . . . . . 21.600 967 396 6.3
O vii . . . . . . . . . 21.800 255 102 6.3
O vii . . . . . . . . . 22.100 736 249 6.3
N vii . . . . . . . . . 24.779 549 327 6.3

a Theoretical wavelengths of identification.
b The observed flux is 10!6 times the tabulated flux. The sys-

tematic uncertainty is less than 10%, except in the range from
6 to 12 Å where it is up to 20%.

c Integrated line counts in 89 ks.
d The log temperature of maximum emissivity.
e Blend; entry for sum of two components.

house, J. Raymond, & D. Liedahl (1998; in the low-density
limit). In both cases, the ratios indicate that the corona has a
broad range of temperature.
An approximate upper envelope to the true VEM distribution

is given by the family of curves formed by plotting the ratio
of line strength to corresponding emissivity for a collection of
lines. For a given element, its abundance affects only the overall

normalization of the envelope of all lines from that element.
For this initial analysis, we assumed solar abundances (Anders
& Grevesse 1989); this analysis is consistent with previous
analyses except possibly for Ne (Brickhouse et al. 2000).
The VEM envelope of Figure 3 indicates that plasma must

be present over nearly a decade in temperature. The absence
of lines from He-like and H-like ions of Fe provides an upper
limit to the VEM above . Although the envelopelog T p 7.2
does not trace closely the peaked distribution derived from
EUV lines, such a distribution is not excluded.

3.2. Density Diagnostics

The He-like ratio is primarily sensitive to density. Usingf/i
the theoretical line ratios of R. Smith, N. Brickhouse, J. Ray-
mond, & D. Liedahl (1998; see footnote 2), our measured O vii
ratio of implies an electron density within the range2.9! 0.4
of cm!3. Similarly, the Mg xi and Si xiii ratios10(0.8–2)# 10

Coronal Plasmas
Capella:  Active binary system (G1 and G8 giants) with a rich 
spectrum of X-ray emission lines

89 ksec Chandra HETG (Canizares et al. 2000)



X-ray Emission from Capella

http://cxc.harvard.edu

http://cxc.harvard.edu/


Coronal Lines Testing Atomic Data

An unexpectedly low oscillator strength compared to the theoretical 
calculations has been proposed as the origin of the Fe XVII emission problem 
(Bernitt et al. 2012)

http://www.nature.com/nature/journal/v492/n7428/full/nature11627.html


T, n, abundances

n (or P), abundances

Collisional

Photoionized

T is not a free parameter!



• Photoionization of plasmas occurs when an external source of radiation 
illuminates a relatively cold material

• Incident photons excite and/or ionize atoms in the gas

• The gas is heated by photo-absorption or scattering of photons by cold 
electrons

• Cooling is achieved by both continuum and line emission

• In a photoionized gas, equilibrium is reached at a particular temperature 
where heating balances cooling

Therefore, the gas temperature needs to be calculated self-
consistently, and the ionization balance is determined by the 
strength and shape of the incident radiation (for a given density 
or pressure)

Photoionized Plasmas



• Ionization balance allows for the possibility of different ionic 
species to co-exist with similar abundances

• Complex emergent spectrum:
- Absorption: continuous (photoelectric); discrete (lines, 
resonances and edges)
- Emission: continuous (thermal black-body, bremsstrahlung); 
discrete (fluorescence lines, radiative recombination 
continua)

• Inner-shell ionization and fluorescence emission 
particularly important for X-ray astrophysics

Photoionized Plasmas



Credit:  NASA/Chandra 

Fluorescence

- needs L shell  electrons
- photoionization, then either  2p -> 1s radiative transition  or Auger ionization
Fluorescence  yield ~ Z^4,  appreciable for a high-Z element

- such a process is an important contributor to iron K emission   

Monday, September 9, 13

K-shell Fluorescence

• Needs L-shell electrons
• Photoionization, then either 2p → 1s radiative transition or Auger ionization 
• Fluorescence yield ~ Z4, appreciable for a high-Z element
• Such a process is an important contributor to iron K emission



Photoionized PlasmasAbsorptionNGC 3783 900 ksec Chandra observation

Kaspi et al. 2003135 absorption lines identifiedNGC 3783 900 ksec Chandra observation, over 135 lines identified!
Kaspi et al (2003)
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Figure 1. Spectrum showing fits to table model described in the text. Vertical axis is counts s−1 Hz−1 scaled according to the maximum flux in the panel.
(A color version of this figure is available in the online journal.)

11.5 12 12.5 13 13.5 14 14.5 15

0
10

20
30

40 MEG

wavelength (A)

co
un

ts
 s

−1
 H

z−1
 x

 1
0−1

8 ne
 ix

ne
 x

fe
 x

vi
i

fe
 x

vi
ii

ne
 ix

ne
 ix

ne
 ix

fe
 x

vi
ii

fe
 x

vi
ii

o 
vi

ii

fe
 x

vi
ii

o 
vi

ii
fe

 x
vi

i

11.5 12 12.5 13 13.5 14 14.5 15

0
5

10
15

HEG

wavelength (A)

co
un

ts
 s

−1
 H

z−1
 x

 1
0−1

8 ne
 ix

ne
 x

fe
 x

vi
i

fe
 x

vi
ii

ne
 ix

ne
 ix

ne
 ix

fe
 x

vi
ii

fe
 x

vi
ii

o 
vi

ii

fe
 x

vi
ii

o 
vi

ii
fe

 x
vi

i

Figure 2. Spectrum showing fits to table model described in the text. Vertical axis is counts s−1 Hz−1 scaled according to the maximum flux in the panel.
(A color version of this figure is available in the online journal.)
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Figure 2. Spectrum showing fits to table model described in the text. Vertical axis is counts s−1 Hz−1 scaled according to the maximum flux in the panel.
(A color version of this figure is available in the online journal.)
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Figure 3. Spectrum showing fits to table model described in the text. Vertical axis is counts s−1 Hz−1 scaled according to the maximum flux in the panel.
(A color version of this figure is available in the online journal.)
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Figure 4. Spectrum showing fits to table model described in the text. Vertical axis is counts s−1 Hz−1 scaled according to the maximum flux in the panel.
(A color version of this figure is available in the online journal.)
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Figure 4. Spectrum showing fits to table model described in the text. Vertical axis is counts s−1 Hz−1 scaled according to the maximum flux in the panel.
(A color version of this figure is available in the online journal.)
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Photoionized Gas in NGC 1068

Fits of the XSTAR model to 400 ksec Chandra HETG observation 
(Kallman et al. 2014)



Photoionized Gas in NGC 1068
The Astrophysical Journal, 780:121 (18pp), 2014 January 10 Kallman et al.

wavelength (A)

km
/s

 5 10 15 20
   0

 200

 400

 600

 800

1000

1200

1400

1600

1800

2000

2200 width

   0

 200

 400

 600

 800

1000

1200

1400

1600

1800

2000

2200 velocity

Figure 5. Plot of the widths and velocity offsets of the lines shown in Table 2
in km s−1. Only lines for which errors on the line width can be derived are
plotted.

region half the standard width. This shows that the line emission
outside half width region is significant; the values of the ratios
of essentially all the lines are greater than unity, and many are
∼2. Plus, the emission from outside the standard 4.8 arcsec
extraction region is not negligible; the values of the ratio for this
region (red symbols) are on average greater than the values of the
ratio for the standard region. The principal difference between
standard region and the double size region is the importance of
the radiative excitation emission, which is larger in the standard
region. This is consistent with results from Ogle et al. (2003).
For example, for the He-like lines of Ne ix, the G ratio is larger
in the standard region spectrum than in the spectrum from the
double size region. For the O vii lines, the G ratios are similar for
the two regions, but the R ratio is lower in the standard region,
implying higher density there.

These results demonstrate that most of the line emission is
contained within the standard extraction region, 4.8 arcsec wide,
and most line ratios are unaffected when emission from outside
the standard extraction region is included. It is worth noting that
the physical length scale corresponding to this angular size is
approximately 1 arcsec = 72 pc (Bland-Hawthorn et al. 1997),
so the standard extraction region corresponds to a total size
of 347 pc, or a maximum distance from the central source of
approximately 174 pc. This is much larger than the region where
the broad line region and the obscuring torus are likely to lie,
which is ≃2–3 pc (Jaffe et al. 2004). For the remainder of
this paper we will discuss primarily analysis of data from the
standard extraction region.

2.3. He-like Lines

The He-like lines in Table 2 provide sensitive diagnostics
of emission conditions: excitation mechanism, density, and
ionization balance. These challenges of fitting these lines are
apparent from the region containing the H and He-like lines from
the elements O, Ne, Mg, Si, and S. This shows the characteristic
three lines from the n = 2–n = 1 decay of these ions: the
resonance (r), intercombination (i) and forbidden (f). These lines
provide useful diagnostics of excitation and density. These are
described in terms of the ratios R = f/i and G = (f + i)/r
(Gabriel & Jordan 1969a, 1969b). R is indicative of density, since
the energy splitting between the upper levels of the two lines
(23Sand 23P) is small compared with the typical gas temperature
and collisions can transfer ions from the 23S to the 23P when
the density is above a critical value. R can also be affected by
radiative excitation from the 1s2s3S to the 1s2s3P levels, but
this requires photon field intensities which are greater than what
is anticipated for NGC 1068. In our modeling we include this
process, using an extension of the global non-thermal power
law continuum, and find that it is negligible. We do not consider
the possibility of enhanced continuum at the energy of the 23S
to the 23P provided by, e.g., hot stars. G is an indicator of
temperature or other mechanism responsible for populating the
various n = 2 levels. At high temperature, or when the upper
level of the r line (21P) is excited in some other way, then G can
have a value !1; in the absence of such conditions, the 23S and
23P levels are populated preferentially by recombination and G
has a characteristic large value, G " 4. Table 2 shows that the
various elements have common values of R, in the range 1–3,
indicating moderate density. More interesting is the fact that
there is a diversity of values for G: O and Ne have values 2.5–3
while the other elements all have smaller values, G ! 1.5.

The G ratio is most affected by the process responsible for
excitation of the r line. This can be either electron impact
collisions or radiative excitation. Collisions are less likely in
the case of NGC 1068 due to the presence of RRCs from
H-like and He-like species in the observed spectra (Kinkhabwala
et al. 2002). This indicates the presence of fully stripped and
H-like ions, which produce the RRCs, but at a temperature
which is low enough that the RRCs appear narrow. Typical
RRC widths in NGC 1068 correspond to temperatures which are
!105 K. A coronal plasma, in which electron impact collisions
are dominant, would require a temperature "106 K in order
to produce the same ions. Radiative excitation can produce G
ratios as small as 0.1. Thus, the G ratios for NGC 1068 indicate
the importance of radiative excitation for Mg and Si, while O
and Ne are dominated by recombination.

Radiative excitation depends on the presence of strong
unattenuated continuum from the central source in order to
excite the r line. A consequence of the large cross section
for radiative excitation in the line is the fact that the line will
saturate faster than continuum. At large column densities from
the source, the radiation field is depleted in photons capable
of exciting the r line, while still having photons capable of
ionizing or exciting other, weaker lines. Thus, the G ratio is
an indicator of column density. He-like lines formed after the
continuum has traversed a large column density will have large G
ratios, corresponding to primarily recombination. He-like lines
formed after the continuum has traversed a small column density
will have small G ratios, corresponding to radiative excitation
(Kinkhabwala et al. 2002).

Figures 8 and 9 display the G ratio for the elements O, Ne, Mg,
and Si from the NGC 1068 HETG observations. These are shown
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• H-like and He-like ions from C to Si, as well as significant emission due to Fe 
L-shell transitions
• Bright RRC point to the predominance of recombination in a photoionized 
plasma
• Diversity of ionization parameters ranging from ξ ~ Fx/ne=10 to1000. 
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Figure 12. Element abundances from best-fit models. Colors red, green, and blue
correspond to log(ξ ) = 1, 1.8, 2.6, respectively; solid corresponds to column
3 × 1023 cm−2, and dashed corresponds to column 3 × 1022 cm−2. Black points
are average over the best-fit model.
(A color version of this figure is available in the online journal.)

low column density components (components 4–6) is generally
lower than for the high column components (components 1–3).
The normalization for component 5 is consistent with zero,
though we include it for completeness. Component 6 is needed
to provide photoexcitation-dominated lines of Fe xix–xxi.

None of the abundances is significantly subsolar, except for
O at log(ξ ) = 2.6 and column = 3 × 1022 cm−2 (component
6). This is necessary to avoid over-producing O viii RRCs. It is
worth noting that X-ray observations are not generally capable
of determining abundances relative to H or He, but rather only
abundances relative to other abundant metal elements such as O
or Fe. Thus, an apparent underabundance of O, for example, is
equivalent to an overabundance of other elements such as Si, S,
and Fe, relative to O.

The highest ionization parameter component is responsible
for the Si and Mg emission. Although its mass is dominated
by the 3 × 1023 cm−2 component (component 3 in Table 4),
the abundances of these elements are lower than for lower
Z elements, so the optical depths in the He-like resonance
lines are small enough that radiative excitation dominates the
He-like lines. It is notable that the differences in the importance
of radiative excitation between the various He-like ions, and
also Fe xvii, can essentially all be accounted for by the effects
of varying amounts of resonance line optical depth which is pro-
duced solely as a result of ionization and elemental abundance
effects. This is consistent with the hypothesis suggested by Ogle
et al. (2003). An exception is for the lines from Ne ix, for which
a large ion column density is needed in order to suppress the
radiative excitation. Models with column less than 3 ×
1022 cm−2 produce G ! 1.6, while the observations give
G ≃ 4+6

−2. Our model produces the Ne ix f line with approx-
imately half the observed strength, while producing r and i lines
which are close to the observed strengths. The Ne ix RRC is also
too weak in our models. We have found, through experimenta-
tion, that an additional component with pure Ne and a column
of 3 × 1024 cm−3, and this is able to provide the observed Ne re-
combination features, but we have not included this component
in the fits in Figures 1–4 or Table 4.

The table models are calculated assuming that the emitting gas
fills a spherical shell defined by an inner radius Ri = (L/nξ )1/2

and outer radius Ro defined by
∫ Ro

Ri
n(R)dR = N . Table 4

provides the normalizations κi of the table models as de-
rived from the xspec fits. This normalization can be inter-
preted in terms of the properties of the source as follows:
κ = f (L38/D

2
kpc) where L38 is the source ionizing luminos-

ity integrated over the 1–1000 Ry energy range in units of
1038 erg s−1, and Dkpc is the distance to the source in kpc. The
normalization also includes a filling factor f which accounts for
the possibility that the gas does not fill the solid angle, and
f ! 1. We assume the density n scales as n = ni(R/Ri)−2.
With this assumption the ionization parameter is independent of
position for a given component and the total amount of gas in
each emission component j, is

Mj = 4πfjmHniR
2
i (Ro − Ri). (1)

Similarly, the emission measure for each component can be
written:

EMj = 4πfin
2
i R

4
i

(
1
Ri

− 1
Ro

)
. (2)

Since niR
2
i = L/ξ both the mass and the emission measure

depend on the physical size of the emission region, but not di-
rectly on density. They also depend on the ionizing luminosity.
Table 4 includes values for fi, Mi and EMi derived using these
expressions, assuming L = 1044 erg s−1. The Chandra HETG
spectrum of NGC 1068 constrains the density to be !1010 cm−3,
from the strength of the O vii forbidden line. In the results given
in Table 4 we have chosen the inner and outer radii of the emis-
sion region to reflect simple conclusions from our data: the inner
radius is Ri = 1 pc, based on physical arguments about the loca-
tion of the obscuring torus (Krolik & Begelman 1988), and the
outer radius is chosen to be Ro = 200 pc in order to reflect the ob-
served extent of the X-ray emission, and this is roughly consis-
tent with the extraction region width. The density is chosen such
that the inner radius of the line emitting gas is at 1 pc for all three
emission components. Total masses and emission measures are
also given. The total emission measure is log(EM) = 66.3. This
is greater than would be required to simply emit the observed
lines if the gas had an emissivity optimized for the maximum line
emission, owing to the fact that the table models include the gas
needed to create the column density responsible for shielding
the photoionization dominated gas from the effects of photoex-
citation. Furthermore, most of the mass and emission measure
comes from hydrogen, while the Chandra HETG spectrum con-
strains only metals. Values for mass and emission measure are
calculated using the elemental abundances given in Table 4.

It is also apparent that the assumptions described so far are not
fully self-consistent. That is, if density ∝ R−2 and if Ro ≫ Ri

then the column density is ≃niRi , and an inner radius of
1 pc cannot produce an arbitrary column density and ionization
parameter. A self consistent model with density ∝ R−2 requires
different inner radii for the different ionization parameter and
column density components, and results in a total mass which
is greater than that given in Table 4 by approximately a factor of
12. The emission measure is insensitive to these assumptions.
Our subsequent discussion is based on the simple scenario given
in Table 4: Ri = 1 pc, Ro = 200 pc.

Figures 1–4 show general consistency between most of the
lines and a single choice for outflow velocity. This corresponds
to a net redshift of 0.0023+

−0.0002, or an outflow velocity of
450+

−50 km s−1 relative to the systemic redshift of 0.00383 from
Bland-Hawthorn et al. (1997). There are apparent discrepancies
between some model line centroids and observed features when
this redshift is adopted. An example is Mg xii Lβ, which has
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Plasma Codes
Understanding a plasma requires a physical model. For these, a 
large number of atomic lines are needed (hundreds or more). 
Modern plasma codes have made of the hard work, compiling 
millions of transitions!
Code
SPEX
Chianti
AtomDB

Source

CLOUDY
XSTAR

http://www.sron.nl/spex
http://chiantidatabase.org
http://atomdb.org

http://www.nublado.org
http://heasarc.nasa.gov/docs/software/xstar/xstar.html

Fitting Codes
XSPEC
ISIS
Sherpa

https://heasarc.gsfc.nasa.gov/xanadu/xspec/
http://space.mit.edu/asc/isis/
http://cxc.harvard.edu/sherpa/

http://www.sron.nl/spex
http://chiantidatabase.org
http://atomdb.org
http://www.nublado.org
http://heasarc.nasa.gov/docs/software/xstar/xstar.html
https://heasarc.gsfc.nasa.gov/xanadu/xspec/
http://space.mit.edu/asc/isis/
http://cxc.harvard.edu/sherpa/


Although moderately complex, there are relatively few processes 
that dominate X-ray emission; analyzing the observed spectrum 
from each can reveal the underlying parameters. These processes 
are:

• Line emission
• Collisional ⇒ temperature, abundance, density

• Photoionized ⇒ ionization state, abundance, density

• Synchrotron emission ⇒ relativistic electrons, magnetic field 

• Inverse Compton scattering ⇒ relativistic electrons

• Blackbody ⇒ temperature, size of emitting region / distance2

• Absorption ⇒ abundance, density, velocity

Summary



Einstein and the Space-Time
In 1915 Albert Einstein develops the theory 
of General Relativity. 

The Persistence of Memory, by Salvador Dali



Theoretical prediction of Black Holes
"As you see, the war treated me kindly enough, in 
spite of the heavy gunfire, to allow me to get away 
from it all and take this walk in the land of your 
ideas.” 
       - Schwarzschild to Einstein, December 1915.

In 1915, provided the first exact solution to the 
Einstein field equations of general relativity (for non-
rotating mass). 



  

Accretion Into Compact Objects

Fluorescence Lines 
from the AD disk



Accretion Physics is the Same!

Neutron Star Stellar-mass BH

Supermassive BH

Mass of the Compact Object

1.4 - 3 Msun 3 - 100 Msun 106 - 109 Msun



X-ray Reflection First Detections
1960-1970’s: First X-ray observatories were 
launched: Uhuru,  Ariel-V, OSO-8, HEAO-1.

Several X-ray sources were associated with AGN, 
with a power-law continuum with Gamma ~ 1.7 
(e.g., Tucker et al. 1973; Mushotzky, 1976, 1984).

1980’s: Einstein, EXOSTAT,  Tenma, Ginga.

19
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..
18
0.
.7
15
T

UHURU Observation of NGC 5128 (Tucker et 
al. 1973)

Detection of Fe K emission and absorption as a 
common property of Seyfert galaxies (Pounds et 
al. 1989, 1990; Matsuola et al. 1990; Nandra & 
Pounds 1994).
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Figure 1. Best-fit photon spectra for NGC 5548 with residual counts, for (a) power law and (b) power law plus 
Fe /C-line. 

© Royal Astronomical Society • Provided by the NASA Astrophysics Data System 

Ginga Observation of NGC 5548 showing one of 
the first clear detection of Fe K emission near 6.4 
keV (Pounds et al. 1989)



X-ray Reflection First Detections

The line profile of iron K-alpha from 
MCG-6-30-15 observed by the ASCA 
satellite (Tanaka et al. 1995)

1990’s: ROSAT,  ASCA.  First CCDs flying on 
X-ray observatories. First detections of a 
distorted Fe K line, which was interpreted 
as emission affected by relativistic effects 
near the BH (Tanaka et al. 1995; Nandra et 
al. 1997; Fabian et al. 2000).

© 1992 Nature  Publishing Group

Residuals from a power-law fit to the ROSAT spectrum of MCG-6-30-15, 
showing a strong absorption feature at ~0.8 keV due to iron.



X-ray Reflection from the Inner-Disk

The line profile of iron K-alpha from 
MCG-6-30-15 observed by the ASCA 
satellite (Tanaka et al. 1995)



Relativistic Effects (Special + General)



But Why X-ray Reflection is Important?



But Why X-ray Reflection is Important?

X-ray reflection is the corner stone of the Fe-line 
method to measure the spin of Black Holes

But also see the continuum fitting 
method in L. Gou’s talk tomorrow!

Relativistic E↵ects on the Fe K line

The radius of the Inner Most Circular Orbit (ISCO) changes monotonically
with the black hole spin, but is Rin = RISCO at all states?
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X-ray Reflection from Accretion Disks



IONISED GAS
~ 10 - 1000 pc

X-RAY CORONA
~10-3 pc

DUSTY TORUS
~ 1 – 100 pc

ACCRETION DISC
~10-3 pc

AGN 
SCHEMATIC

Marin 2016

RADIO JET
~ kpc

Slide courtesy of P. Boorman

The Complex AGN Structure
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BLR HIDDEN

NARROW LINES ONLY

Type 1

Marin 2016
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Slide courtesy of P. Boorman



BROADBAND SPECTRUM

RADIO IR UV X-RAY

Koratkar & Blaes1999

X-RAY 
CORONA

DUSTY TORUS

ACCRETION 
DISC

RADIO 
JET

Slide courtesy of P. Boorman



Torus

Black Hole

Accretion DiskJet

Type 2

Type 1

Parsec Scale 

Absorption & Reflection

Narrow (~1000 km/s) Fe K emission

Compton shoulders 

Compton Hump at ~10-30 keV

Variability ~ years

Relativistically-smeared Reflection

Compton Hump

Relativistically-broadened (v/c~0.3) Fe K emission

Variability ~ days

Active Galactic Nucleus

~106-109 solar mass

BLR

NLR

Warm Thomson-thin 
Scattering Zone

Murphy & Yaqoob (2008)



X-ray Reflection from the Torus
 • X-rays produced in the central region illuminate the distant torus
 • The photons excite the cold-neutral material, producing fluorescence 
(remember the photoelectric effect?)
 • Iron K emission is the most prominent (yield ~ Z4)

Suzaku data fitted with the MYTORUS model. The spectral shape depends on 
the geometry of the system, inclination angle, and column density, providing 
important diagnostics. See www.mytorus.com

http://www.mytorus.com


OBSCURATION

Video: R. Ramírez

C-THICK
NH > 1.5 ✕ 1024 cm-2

COLUMN DENSITY, NH

Measure of obscuration

Slide courtesy of P. Boorman



OBSCURED X-RAY SPECTRA

PHOTOELECTRIC 
ABSORPTION

COMPTON 
SCATTERING 
(REFLECTION)

IRON 
FLUORESCENCE

BN-Torus model

Slide courtesy of P. Boorman



* TORUS (Brightman & Nandra)
* MYTORUS (Murphy & Yaqoob)

Neutral & Distant Reflection

Provide very simplistic calculation of the reflection spectra, 
but good geometrical information

* PEXRAV (Magdziarz & Zdziarski)
* PEXMON (Nandra)

Provide very simplistic calculation of the reflection spectra. 
No geometrical information.

* REFLIONX (Ross & Fabian)
* XILLVER (Garcia & Kallman)
Provide detailed calculations of the reflection spectra (also 
including ionization). No geometrical information.



X-ray Reflection from Cold Material
Reflection modeling is being around for a long time…
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Matt et al. (1991)

Ross & Fabian (2005)

790 T. Dauser, J. Garcı́a, and J. Wilms: Review on Relativistic Reflection
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Fig. 1 Reflection spectra calculated with the xillver model
(Garcı́a et al., 2013; Garcı́a & Kallman, 2010; Garcı́a et al., 2011)
for different values of the ionization parameter ⇠, assuming a con-
stant density of the accretion disk (n = 1015 cm�3). The val-
ues in the plots specify log ⇠ for each curve, from a neutral disk
(log ⇠ = 0) to a completely ionized disk (log ⇠ = 4.6). Note that
the spectra are not renormalized, meaning the flux scales linearly
with the ionization parameter for constant density.

2.1 Non-Relativistic Reflection

First, we will discuss the non-relativistic ionized reflection,
which takes place at the surface (atmosphere) of the accre-
tion disk. The reflionx model (Ross & Fabian, 2005;
Ross & Fabian, 2007; Ross et al., 1999) is the most fre-
quently used model in the last decade for fitting relativis-
tic reflection by applying a relativistic blurring kernel to it.
More recently, the xillver model (Garcı́a et al., 2013;
Garcı́a & Kallman, 2010; Garcı́a et al., 2011) was devel-
oped. It uses a similar approach with an extended set of
atomic data. Both models are largely in agreement. The ma-
jor improvement of xillver comes from the implemen-
tation of the largest collection of atomic data in X-ray as-
tronomy, namely the xstar1 atomic database (Bautista &
Kallman, 2001).

Figure 1 shows ionized reflection spectra for different
illuminating fluxes of the accretion disk. The ionization is
parameterized by the ionization parameter ⇠, which is de-
fined as the incident flux F divided by the density of the
disk n, namely ⇠ = 4⇡F/n. A low value implies that the
disk is almost neutral (⇠ ⇠ 1). As can be seen in the fig-
ure, this leads to a strong Fe K↵ line at 6.4 keV and a large
forest of emission an absorption lines at lower energies. For
increasing ionization, the number and strength of these lines
generally decreases, leading to what is called a highly ion-
ized disk for ⇠ = 103. For even larger values of ionization

1 See http://heasarc.gsfc.nasa.gov/xstar/xstar.html for more informa-
tion.

(⇠ = 104), the disk is fully ionized. This means that the
disk acts almost as a mirror and therefore the spectrum ex-
hibits no line features, although electron Compton scatter-
ing still affects the shape of the spectrum at high energies
(see Garcı́a et al., 2013, for a more detailed description). It
is notable that the most prominent feature, the iron K↵ line
at roughly 6.4 keV, strongly changes in position, shape, and
flux for different ionizations ⇠.

2.2 Relativistic Smearing

The reflection spectrum as described in the previous sec-
tion will then be relativistically distorted on its way to
the observer. Various models have been developed in the
past to describe the shape of the relativistically smeared
features (e.g., diskline, laor, kyrline, kerrdisk,
and relline, as published in Brenneman & Reynolds,
2006; Dauser et al., 2010; Dovčiak et al., 2004; Fabian et al.,
1989; Laor, 1991, , respectively). All of these models pre-
dict the relativistic line profile for a narrow line emitted in
the rest frame of the accretion disk. Depending on the pa-
rameters of the system, such as the spin, the irradiation of
the disk, or the inclination to the system, the relativistic dis-
tortion then leads to different line shapes. Due to the gravita-
tional redshift and the motion of the emitting particles in the
disk, these lines are always broadened. The actual shape of
these lines strongly depends on the parameters of the black
hole system. Generally, a higher spin leads to broader reflec-
tion features, as shown in Fig. 2. This is due to the fact that
for larger values of spin, the accretion disk extends closer to
the black hole, and therefore more highly red-shifted pho-
tons from these innermost parts are emitted. Additionally,
other parameters such as the inclination angle or the emis-
sivity profile, which is the irradiating intensity impinging on
the disk, lead to significant differences in shape.

2.3 Irradiation of the Accretion Disk

As discussed in Dauser et al. (2013), the properties of the ir-
radiating primary source have a significant influence on the
broadening of the line shape. In general terms, the primary
source determines how significantly the highly relativistic
inner parts of the disk contribute to the total reflection spec-
trum. While a low source height leads to a strong focusing
of the photons onto the inner regions and therefore a broad
feature, a large source height irradiates a much larger part
of the disk more homogeneously, and therefore renders the
line shape to be narrower.

In the canonical coronal model of the ↵ disk, the ra-
dial intensity is given by I / r�3 (see, e.g., Reynolds &
Fabian, 2008). However, much steeper emissivities are gen-
erally observed at small radii (see, e.g., Dauser et al., 2012;
Fabian et al., 2004; Miller et al., 2013b; Risaliti et al., 2013;
Wilms et al., 2001). The lamp post geometry, in which the
primary source is above the black hole on the rotational axis
of the black hole, automatically predicts such steep emissiv-
ities. These considerations are strengthened by direct mea-

c� 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org

García & Kallman (2010)

Reflionx
Xillver

Reynolds et al. (1996)

Current models allow for ionization structure (thus, not so cold material)



Calculation of the Reflected Spectrum
Simplistic assumptions regarding the geometry of the system:

The illumination is prescribed
The calculation is done at one single place in the disk
Gas density is constant in the vertical direction
No magnetic fieldsX-ray Reflection from Accretion Disks: XILLVER

The accretion disk is illuminated by a source of X-rays

Radiation is reprocessed in an optically-thick material

The ’reflected’ spectrum contains both emission and absorption features from ions

in the gas

This component is observed in nearly all accreting sources (e.g. AGNs, GBHs, NS).

J. Garćıa (CfA) Highlights on X-ray Reflection Models Feb 22th, 2014 3 / 43



Ionized Reflection in a Nutshell
In any photo ionized plasma, one needs to solve at least 3 basic equations:

1) Level Populations: All processes populating an atomic level are balanced by those 
depopulating it.

2) Energy: All heating processes are balanced with the cooling processes
3) Radiation Transport: Interaction of the incident radiation field with the matter in 

the gas.

The result is a very complex emergent spectrum, with both absorption 
and emission features!

* Incident photons excite and/or ionize atoms in the gas
* The gas is heated by photo-absorption or scattering of photons by cold electrons
* Cooling is achieved through both continuum and line emission
* Equilibrium is reached at a particular temperature where Heating = Cooling

* Thus, gas temperature needs to be calculated self-consistently, and the ionization 
balance is determined by the strength and shape of the radiation field.



The XILLVER Code for Ionized Reflection 
XILLVER in a Nutshell

Z

θ

θ=π/2, µ=0

µ= Cos θ

τ=0

τ=τmax

I
+

I
−

θ=0, µ=1

θ=3π/2, µ=0

θ=π, µ=−1

Solve Radiation Transfer equation in 1D, plane-parallel geometry

Solve ionization balance using XSTAR (Kallman+Bautista10)

Calculations include the most recent and complete atomic data for K-shell transitions

Compton scattering is included via a convolution kernel

J. Garćıa (CfA) Highlights on X-ray Reflection Models Feb 22th, 2014 5 / 43

- Solves the Radiation Transfer equation for every energy and angle at all depths, 
assuming plane-parallel geometry

- Solves the ionization balance using the XSTAR routines (Kallman & Bautista 
2001)

- Includes the most complete and updated atomic data for inner-shell transitions
- Includes Comptonization of the radiation field within the disk 



XILLVER: Reflected Spectrum
XILLVER: log ⇠ = 2, � = 2, AFe = 1
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Input Parameters

Ionization: Sets how strong 
is the illuminating field (Xi 
= 4pi Fx/ne), where 
ne=const is the gas density

Gamma: Sets the shape of 
the incident spectrum by 
assuming a E^-Gamma 
power-law

Afe: Sets the abundance of 
iron in Solar units

Gamma=2, log Xi = 2, Afe = 1



XILLVER: Temperature Profiles
XILLVER: log ⇠ = 2, � = 2, AFe = 1
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Disk 
Surface

Disk 
Interior

Hot (ionized) Region 
Compton Scattering 

regulates temperature

Warm (more neutral) Region 
Photoionization/
Recombination 

regulates temperature

Fast transition due 
to recombination



XILLVER: Ionization Balance
Ionization Balance
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Highly Ionized

Less Ionized

The relative amount of each ion changes 
with  the conditions of the gas 

Disk 
Surface

Disk 
Interior

In Astrophysics Notation: 
He I = Neutral Helium 

He II = Single Ionized (1 electron was removed) 
He III = Doubly Ionized (2 electrons removed) 

Etc. 



Ionization Balance
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XILLVER: Ionization Balance
The relative amount of each ion changes 

with  the conditions of the gas 

Disk 
Surface

Disk 
Interior

Highly Ionized

Less Ionized



Ionization Balance
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XILLVER: Ionization Balance
The relative amount of each ion changes 

with  the conditions of the gas 

Disk 
Surface

Disk 
Interior

Highly Ionized

Less Ionized



XILLVER: Changing the IonizationVariable Ionization Parameter ⇠

Low- to high-ionization reflected spectra for � = 2 and solar abundances.

1020

1022

1024

1026

1028

1030

1032

1034

102 103 104 105

E
 F

E
 (

e
rg

/c
m

2
/s

)

Energy (eV)

ξ=1

ξ=5

ξ=20

ξ=100 (a)

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

102 103 104 105

Energy (eV)

ξ=200

ξ=500

ξ=103

ξ=2x103

ξ=5x103
(b)

(Garcı́a+13)

J. Garćıa (CfA) Highlights on X-ray Reflection Models Feb 22th, 2014 8 / 43

The Ionization 
Parameter ⇠ =

4⇡Fx

ne

Gas density (held fixed)

Integrated incident flux



XILLVER: Changing the Photon IndexVariable Photon Index �

Reflected Spectra
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The ionization parameter is the same, yet the changes are dramatic!



XILLVER: Changing the Iron AbundanceVariable Iron Abundance AFe
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The amount of iron (or any 
other metals) affects both the 

state of the gas and the 
spectrum. 

Higher Afe increases both the 
emission and absorption!



XILLVER: The Fe K Emission Complex

The emission of Fe in the 6-8 
keV range is due to a large 

number of transitions

The Fe K Emission Complex

Emission lines from all the Fe ions in the
6� 10 keV energy range.
Red circles: Transitions with
Ar > 1013 s�1.
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The Fe K Emission Complex

Emission lines from all the Fe ions in the
6� 10 keV energy range.
Red circles: Transitions with
Ar > 1013 s�1.
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The line energy changes 
according with the 

ionization stage



XILLVER: More than Iron

XILLVER includes all 
astrophysically relevant ions

Lower-Z elements
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Lower-Z elements
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XILLVER: More than Iron
Fits to Observations

(Kreikenbohm+13)
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XILLVER: Cold Reflection in IC 4329A
Angle-dependent XILLVER: Cold Reflection in IC 4329A
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Ratio plot to a 
Power-law Model

Brenneman et al. (2013)



Angle-dependent XILLVER: Cold Reflection in IC 4329A
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XILLVER: Cold Reflection in IC 4329A

Ratio plot to a 
Power-law + XSTAR 

Model

Brenneman et al. (2013)



Angle-dependent XILLVER: Cold Reflection in IC 4329A
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XILLVER: Cold Reflection in IC 4329A

Ratio plot to a  

Power-law + XSTAR + XILLVER 
Model

Brenneman et al. (2013)



Relativistic effects also need to 
be accounted for!



3 Emission from a Thin Accretion Disk
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Fig. 3.4: Same as Fig. 3.2, but showing the energy shifts of the photons for an inclination of
80◦. The color scheme reflects the direction of the energy shift, i.e., red illustrates a shift to
lower energies and blue a shift to higher energies, respectively. Note how the light bending
serves to virtually flip the disk behind the black hole upwards.

The energy shift due to Doppler effect is expected to be larger in the case of high inclinations,
as the projected velocity of the particles in the disk is higher. And indeed, the maximal energy
shifts are gmax(40◦) ≈ 1.1 and gmax(80◦) ≈ 1.4. Note that the absolute values of the energy
shift do not coincide with the pure Doppler shift, but gravitational redshift and other spin
dependent effects contribute, too. Nevertheless, the change in energy shift with inclination
can be compared, as the other effects named above do not depend on the angle. In fact, the
gravitational redshift gets extremely strong close to the black hole. As can be seen in Fig. 3.2
and Fig. 3.4, no blue-shifted photons are observed from the very inner part of the accretion
disk, despite the relativistic movement of the emitting particles towards the observer.

The other interesting parameter characterizing a photon when emitted from the disk, is the
emission angle θe (see Eq. 3.10 for a definition). Figure 3.5 shows θe for inclinations of θo = 40◦

and θo = 80◦. The shape of the disk itself does not deviate from Fig. 3.2 and Fig. 3.4, as the
photon trajectories stay the same. Hence, we will only concentrate on the effects of the viewing
angle on θe. For both inclinations, the emission angle converges towards θo at sufficiently
large distances from the black hole. This behavior is good, as θe ≈ θo implies that the photon
flies on a straight trajectory to the observer. Especially for θo = 40◦, slight differences at larger
distances are visible between the left and the right part, because of the rotation of the accretion
disk. The rotation plays a role here, as θe is measured in the rest frame of the disk and hence
also depends of the motion of the particle with respect to the observer. Looking at the zoomed
images in Fig. 3.5, the profile varies more strongly close to the black hole and the angle takes
almost all values between 0◦ and 90◦. In greater detail, θe is much lower than the inclination
for photons emitted behind the black hole, as light bending affects the photon trajectories in
this case most. Even for θo = 80◦, the emission angle gets close to 0◦ for a small part of the
disk. Again due to the rotation of the disk and also the rotation of the black hole, this effect is

28

The relxill model: Combines ionized 
reflection spectra from xillver (Garcia & 
Kallman 2010), with the relativistic blurring code 
relline (Dauser et al. 2010) 

Model parameters:

Black hole spin
Disk's inner edge
inclination
Emissivity index

Reflection fraction
Photon index
High energy cutoff
Iron abundance

Modeling Relativistic Reflection

García et al. (2014)



Coronal Emission

Distant Reflection

Relativistic Reflection
Disk Emission



Constraining Physical Quantities
Black Hole Spin Coronal Height

Inclination Iron Abundance



Measuring the Spin  
of Black Holes



Spin Distribution for SMBHs

Possible observational biases: 

Radiative efficiency scales as ~1/r, 
which favors high spin detections. 
Also, high spin and low coronae 
enhances the reflection fraction.

Spinning black holes and the X-ray background 2019

Table 1. Summary of published AGN/SMBH spin measurements. All mea-
surements are based upon XMM–Newton and/or Suzaku data. Reflecting the
conventions in the primary literature, all masses are quoted with 1σ error
bars whereas spins are quoted with 90 per cent error ranges. Key to ref-
erences: AG14=Agı́s-González et al. (2014); Be11=Bennert et al. (2011);
BR06=Brenneman & Reynolds (2006); Br11=Brenneman et al. (2011);
Fa13=Fabian et al. (2013); Ga11=Gallo et al. (2011); Go12=González-
Martı́n & Vaughan (2012); Lo12=Lohfink et al. (2012); Lo13=Lohfink
et al. (2013); Ma08=Malizia et al. (2008); Mc05=McHardy et al. (2005);
Mi09=Miniutti et al. (2009); Pe04=Peterson et al. (2004); Pa12=Patrick
et al. (2012); Re14=Reynolds et al. (2014); Ri09=Risaliti et al. (2009);
Ri13=Risaliti et al. (2013); Ri14=Ricci et al. (2014); Wa13=Walton
et al. (2013); Zo10=Zoghbi et al. (2010); ZW05=Zhou & Wang (2005);
Be06=Bentz et al. (2006); Ke15=Keck et al. (2015).

Object Mass (× 106 M⊙) Spin Mass/spin references

Mrk 335 14.2 ± 3.7 > 0.91* Pe04/Ga15

IRAS 00521−7054 – > 0.73 –/Ri14

Tons180 ∼8.1 0.92+0.03
−0.11 ZW05/Wa13

Fairall 9 255 ± 56 0.52+0.19
−0.15** Pe04/Lo12

Mrk 359 ∼1.1 0.66+0.30
−0.54 ZW05/Wa13

Mrk 1018 ∼140 0.58+0.36
−0.74 Be11/Wa13

NGC 1365 ∼2 > 0.84 Ri09/Ri13

1H0419−577 ∼340 > 0.89 ZW05/Wa13

3C120 55+31
−22 > 0.95 Pe04/Lo13

Ark120 150 ± 19 0.64+0.19
−0.11 Pe04/Wa13

Swift J0501.9−3239 – > 0.99 –/Wa13

1H0707-495 ∼2.3 > 0.97 ZW05/Zo10

Mrk 79 52.4 ± 14.4 0.7 ± 0.1 Pe04/Ga11

Mrk 110 25.1 ± 6.1 > 0.89 Pe04/Wa13

NGC 3783 29.8 ± 5.4 > 0.88∗ Pe04/Br11

NGC 4051 1.91 ± 0.78 > 0.99 Pe04/Pa12

RBS1124 – > 0.97 –/Wa13

IRAS13224−3809 ∼6.3 > 0.987 Go12/Fa13

MCG–6-30-15 2.9+1.8
−1.6 > 0.98 Mc05/BR06

Mrk 841 ∼79 > 0.52 ZW05/Wa13

Swift J2127.4+5654 ∼1.5 0.6 ± 0.2 Ma08/Mi09

Ark564 ∼1.1 0.96+0.01
−0.11 ZW05/Wa13

ESO 362–G18 12.5 ± 4.5 > 0.92 AG14/AG14

H1821+643 4500 ± 1500 > 0.4 Re14/Re14

NGC 4151 45.7+5.7
−4.7 > 0.9 Be06/Ke15

∗Result for Mrk 335 consistent with more recent result a > 0.98 ± 0.01
from Parker et al. (2014).
∗∗ Two solutions were found for Fairall 9; we tabulate the lower spin value
here.

constraints on spin in 25 moderately luminous AGN, finding high
spin (a > 0.9) in many (12) of the objects. Table 1 summarizes
the latest spin measurements from Fe Kα line analysis including
more recent spin determinations not available to Reynolds (2013),
and Fig. 6 shows the spins as a function of black hole mass. At
higher masses, there may be some intermediate spins. However,
spin measurements from this method rely on very high-quality data
to measure the red wing of the Fe Kα line, restricting this approach
to mainly bright objects.

We plot the distribution of spins in Fig. 7 together with lines
representing the expected observed distribution for a flux-limited
sample with an intrinsic spin distribution f(a) ∝ ap with p = 0,
1 and 2. In principle, the distribution extends down to a = −1.

Figure 6. Plot of SMBH mass M and spin a from the sample listed in
Table 1 (the three objects without mass estimates are omitted from the
figure.). Reflecting the conventions in the primary literature, all masses are
marked with 1σ error bars whereas spins are marked with 90 per cent error
ranges. When no error estimate is available for the mass, we have assumed
an error of ±0.5M.

Figure 7. Distribution of spin measurements from Table 1. The lines repre-
sent the observed spin distributions expected from an intrinsic distribution
f(a) ∝ ap, with p = 0 (black solid), 1 (red dashed) and 2 (green dotted).

Several of the sources in the range between a=0.4 and 0.7 have
upper limits compatible with much higher spin. The results so far
therefore appear compatible with a flat intrinsic distribution of spin
from 0.4 to 1, or a power-law distribution steeper than f(a) ∝ a. The
observed spin distribution instantly rules out the possibility that all
AGN have a single spin, and furthermore requires that there should
be a substantial fraction of unobserved lower-spin AGN that have
been missed out due to the radiative efficiency bias.

We note, however, that while the sources in Table 1 are among
the brightest in the sky they do not constitute a complete sample.
Robust measurement of spin requires good irradiation of the ISCO
which in turn requires at least part of the corona to lie at h < 10Rg

(Fabian et al. 2014). Since the smallest source heights are only
accessible with high spin, this itself provides a weak bias against
low values of a, which may explain the absence of objects with a
! 0.5 in Table 1.

In addition to these direct measurements, there are a host of ob-
servational results from AGN spectral stacking and sample analyses
that are consistent with the idea of an over-representation of high
spin. These are listed in detail in Appendix A.

MNRAS 458, 2012–2023 (2016)Downloaded from https://academic.oup.com/mnras/article-abstract/458/2/2012/2589055
by California Institute of Technology user
on 31 July 2018

Reynolds (2014),Vasudevan et a. (2016)

The distribution of Spin vs Mass can constrain SMBH formation 
models (Steady Growth/Galaxy Mergers)

What can we learn from the Spin of a Black Hole
Example: Galaxy Evolution

Steady Growth Galaxy Mergers

Bardeen (1970) Volonteri et al. (2005) King et al. (2008)
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⇒ Spin could distinguish Galaxy Evolution Models



Measuring Spins in BHBs
• BH spins are not always easy to measure. BHBs provide better 

signal but there are still discrepancies.  
• Results often depend on the quality of the data, but also on the 

quality of the observer ;)

Not a real trend!

Cyg X-1 Spin Measurements

Figure courtesy of J. Tomsick Compilation from Krawczynski (2018)



The Evolution of the Corona 
and the Accretion Disk 



Coronal Geometry
Lamppost Spherical Slab

Kara et al. (2019)

Radially-structured ionisation in AGN 9

Figure 7. Input model used to simulate the data assuming an
ionisation gradient in the accretion disc with h = 3 rg, log ⇠in =
3 and nH = 1017 cm�3 (dashed blue line) used to simulate the
spectrum and the best-fit model obtained by fitting the spectrum
in the soft X-rays assuming a constant ionisation (solid red line).
We extrapolated both spectra to the hard X-rays in order to check
whether the consistency remains at these energies. Bottom panel:
The ratio between the two models (bottom panel) is within ⇠ 5%
for the broad X-ray band.

isation gradient and a model with the constant ionisation
and the steep radial emissivity for any set of parameters.
Most fits with the constant ionisation resulted in C-statistics
C/do f . 1.5 (see bottom panel of Fig. 5), thus providing
with rather acceptable fits. However, we consider our work
to be useful for understanding how the fitted parameters can
be a↵ected by our simplified model assumptions since the
disc ionisation gradient is a naturally expected consequence
of the lamp-post geometry. Nevertheless, we plan to extend
our work by applying our suggested model to the archival
observational data from current instruments such as XMM-
Newton and compare the results with those obtained here
with simulated data for future X-ray mission Athena.

6 SUMMARY

X-ray reflection spectra in AGNs and XRBs are thought to
originate thanks to the illumination of the accretion disc by
a corona of hot electrons in the vicinity of the black hole.
For a compact X-ray source located on the black hole ro-
tational axis, this illumination will naturally decrease with
radius, implying a radially-structured ionisation of the disc.
We showed that such a decrease in ionisation will result in
measurements of steep radial emissivities (q > 5) assuming a
model where the disc ionisation is constant, and fitted as an
independent parameter. Steep emissivities are indeed mea-
sured in several sources, which may indicate the relevance of
the combined e↵ect of the lamp-post geometry and the ion-
isation gradient. We note that many of these sources show a
mild ionisation state, when fitted with a constant-ionisation
model, which along with the steep emissivity profiles could
indicate the presence of a radial ionisation gradient in the
disc. Furthermore, we showed that the ionisation gradient
may a↵ect the spin measurements as well. For highly ionised
discs, the reflection features are smoothed out, which may

result in inaccurate spin measurements if one assumes a con-
stant ionisation (this may underestimate the real contribu-
tion by reflection to the total spectrum). We also confirmed
previous results stating that spin measurements would not
be accurate if the corona is located at large heights. Finally,
we showed that the level of the disc density does not play
any important role in determining the emissivity profile.
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Dovčiak M., Done C., 2016, Astronomische Nachrichten, 337, 441
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R = 30rg

Γ = 2.5Γ = 3

R = 

Γ = 2.5

v = 0.01c

fbreak = 5x10-2 c3/GM

vvisc
fbreak = 10-4 c3/GM

Figure 23. The combined model in which the low frequency
variability is dominated by fluctuations propagating through a
corona extending vertically over the plane of the accretion disc.
The corona is seeded with variations at all radii with the break fre-
quency of the power spectral density at each radius corresponding
to the orbital frequency. Fluctuations propagate inwards on the
viscous timescale through the underlying disc. The corona has a
bright central region driven through which fluctuations propagate
upwards at constant velocity.

reflected from the innermost parts of the disc, the extreme
redshifting of photons reflected from these regions and the
bending of a substantial portion of continuum rays emitted
from lower parts of the extended corona towards the black
hole. The detection of the 3 keV dip requires that the ac-
cretion disc extends su�ciently close to the black hole that
a substantial fraction of photons are reflected within 5 rg.
Within this radius, the delay and extreme redshift experi-
enced by reflected photons produces the upturn in the lag-
energy profile. A strong dip at 3 keV in a high frequency
lag-energy spectrum showing reverberation from the accre-
tion disc is a further indication of a rapidly spinning black
hole.

6.4 Piecing together the corona

The results of these simulations of simplified models of the
coronal geometry and the propagation of luminosity fluctu-
ations suggest that it is possible to reproduce the features of
the observed lag-energy and lag-frequency spectra of Seyfert
galaxies through the combination of two scenarios. The in-
creasing time lag as a function of photon energy in the con-
tinuum at low frequencies can be produced self-consistently
with the reverberation of this continuum o↵ the accretion
disc at higher frequencies if luminosity fluctuations propa-
gate inwards through a corona extended radially over the ac-
cretion disc on the viscous time scale within the underlying
disc. On the other hand, the 3 keV dip in the high frequency
(reverberation) lag-energy spectrum is reproduced by the
upward propagation of luminosity fluctuations through a
vertically extended corona.

The simultaneous detection of the hard lag and the
3 keV dip suggests that these two modes of propagation op-
erate simultaneously within the corona. On the longest time
scales, the variability is dominated by luminosity fluctua-
tions that arise in the outer parts of a corona (or the cor-
responding radii on the accretion disc) extending radially

at a low height over the disc surface and then propagate
inwards on the viscous time scale. In addition to the slow
variability that is generated at large radii in the disc (lim-
ited in frequency by either the orbital or viscous time scale
at the radius at which it arises), more rapid variability may
be introduced into the corona at successively smaller radii.
This would reflect stochastic processes occurring locally; tur-
bulence within the disc or the generation and reconnection
of magnetic flux loops, for instance. In the innermost re-
gions, the corona becomes collimated vertically and in these
regions, fluctuations in the luminosity propagate upwards
(Fig. 23). This collimated inner part of the corona is driven
by processes arising on the inner regions of the accretion flow
where the orbital and viscous time scale are much shorter.

The lag-energy and lag-frequency spectra expected from
such a hybrid model is shown in Fig. 24. The emission from
a radially extended corona is seeded with stochastic fluctua-
tions throughout its extent as in Section 5.5 (with PSDs gov-
erned by the orbital frequency at each radius). This is com-
bined with emission from a collimated core as in Section 5.6
driven by stochastic variability with a PSD appropriate to
the orbital velocity on the innermost stable orbit of the ac-
cretion disc. The relative proportion of X-ray counts from
the extended and collimated portions of the corona is a free
parameter and we find that the collimated part producing
around one third the total count rate of the entire extended
portion approximately reproduces the observed behaviour.

At low frequencies, the measured time lags are domi-
nated by propagation through the radially extended corona
which is slowly varying in time and hence dominates the
time-averaged X-ray spectrum of the AGN (providing the
flattened accretion disc emissivity profiles that are ob-
served). The low frequency lag-energy spectrum approxi-
mates the observed hard lag. An approximate log-linear in-
crease in time lag as a function of photon energy is pro-
duced with a slight flattening seen between 0.5 and 1 keV
(as seen in 1H0707�495) which arises due to the early re-
sponse of reflected photons in the soft excess from regions
of the disc below the outer edge of the corona. No evidence
is seen in the observations for the double-trough structure
associated with the iron K↵ line where fluctuations propa-
gate inwards slowly. Despite the predicted structure being
finer than the achievable energy binning (a drop in the av-
erage lag over these bins should still be seen). In this model,
we find that the double-trough structure becomes smoothed
out and its lead time over the continuum at those energies
(i.e. the depth of the troughs) reduced by a combination of
factors which may account for its non-detection. The seed-
ing of the corona with luminosity fluctuations throughout its
extent means that the early response to any given fluctua-
tion is not dominated by a single annulus on the disc, which
is required to produce the double-trough structure, spread-
ing it over a broader range in energy. The reduced reflection
fraction associated with fluctuations propagating through
the outer regions of the corona compared to those arising
closer to the black hole where more photons are lensed onto
the inner disc, reduces the time di↵erence associated with
these energies and, finally, the feature becomes smoothed
out and hence less detectable in higher frequency compo-
nents. Sharp troughs associated with a long time delay are
only detectable in the lowest frequency components of the
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RELXILL LP: Lampost Geometry
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Diagnostic Tool: Geometry

Probe geometry and location of the primary source
Low high implies enhanced irradiation of the inner regions



Reflection Fraction in Lampost Geometry

Accretion Disk

Rf =
FAD
F1

Fraction of the photons
that reach the disk to those
that reach infinity

Rf > 1
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Light Bending Effects 

Dauser, Garcia et al. (2014)



The Reflection Fraction

Dauser, Garcia et al. (2014)

Reflection Fraction in Lampost Geometry
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Photons from the corona 
can reach the observer, 
hit the accretion disk, or 
get lost in the black hole



The Reflection Fraction

Dauser, Garcia et al. (2014)

The reflection fraction is 
controlled by the spin, 
inner radius, and the 

height of the X-ray source

Reflection Fraction from RELXILL

Main parameters that control Rf : BH spin a, inner radius rin, and the height h of

the X-ray source.
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Observational Implications: Mrk 335
4 M. L. Parker et al.
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Figure 3. Ratio of the 100 ks NuSTAR observation of Mrk 335 to a power
law, fit from 3–4, 7–10 and 40–50 keV. A narrow iron line is visible at just
above 6 keV, as well as a broader feature extending from around 4–7 keV.
Above 10 keV, a large excess is visible. Possible small absorption features
are visible at �7 and 8 keV. The FPMA and FPMB spectra are grouped
in this plot for clarity, but are kept separate for spectral fitting. Data are
re-binned in XSPEC for visual clarity.

3 SPECTRALMODELLING

Fig. 3 shows the ratio of the 100 ks observation by NuSTAR to a
power law, fit from 3–4, 8–10, and 40–50 keV to exclude bands
where strong reflection or absorption features may be present. The
photon index of the power law is 1.72±0.03. This model is clearly
a poor fit, and separate narrow (at � 6keV) and broad (4–7 keV)
features can be seen, along with a high energy excess peaking at
� 20 keV. We note that the residuals in Fig. 3 do not represent
the true shape of the component causing the excess: for that the
underlying continuum needs to be determined, which is likely to
be steeper than that found from this fit. In this and all following
fits to the NuSTAR data alone, we neglect Galactic absorption as
its effect is negligible in the NuSTAR band for this source. To thor-
oughly investigate the spectrum of this source, we first consider the
time-averaged spectrum, then simultaneously fit the spectra from
the four different flux-states.

In all our fits to the spectra of Mrk 335, we include a single
highly ionised warm absorption zone. This absorption is to allow
for the potential narrow iron absorption features in the 7–8 keV
band, which are also seen in NGC 1365 (Risaliti et al. 2013). In
all cases, this absorption zone is too highly ionized to have any
significant effect on the continuum or broad iron line fits. While
Longinotti et al. (2013) found evidence for three warm absorption
zones, the effect of the two lower ionisation zones is negligible over
the NuSTAR band. 1

3.1 Time-Averaged Spectrum

We initially investigate a simple fit using a power law plus dis-
tant reflection alone, as would be expected if the intrinsic source

1 We note that the predictions for the iron absorption features at �7–
8 keV differs between the XSTAR grids used here and the XABS SPEX
model used in Longinotti et al. (2013). At the ionisation states reported by
Longinotti et al., XABS does not predict any features over this band, while
XSTAR does. It is therefore unclear whether this represents the same absorp-
tion zone or another, higher ionisation zone.
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Figure 4. Data/model ratios for the models (1,2 and 4 from Table 3) fit
to the time-averaged spectrum. We also show (3rd row) the residuals from
fitting model 4 without a warm absorber. Data are rebinned and grouped
in XSPEC for clarity, but both detectors are fit independently and with the
binning described in the text. All models are fit from 3–50 keV, where the
spectrum is source-dominated.

flux had dropped sharply so that distant material contributes signif-
icantly to the observed spectrum. We model the distant reflection
using the XILLVER model (Garcı́a et al. 2013), fixing the incident
photon index to the same value as the power law but leaving all
other parameters free. The resulting fit is poor (�2

� = 584/408 =
1.43) (residuals for this and other fits to the average spectrum are
shown in Fig. 4). While this removes the narrow line feature shown
in Fig. 3 and flattens out the high energy feature, significant resid-
uals remain from 4–6 keV and above 20 keV. The parameters for
this model and all others fit to the average spectrum are given in
Table 3.

To examine the blurred reflection spectrum of Mrk 335,
we use three different relativistic reflection models: the conven-
tional REFLIONX convolved with RELCONV (Ross & Fabian 2005;
Dauser et al. 2010), and the new RELXILL and RELXILLLP mod-
els (Dauser et al. 2013; Garcı́a et al. 2014). The RELXILL models
self consistently calculate the angle dependent reflection spectrum
from the disk, and in the case of RELXILLLP the reflection fraction
and line profile is calculated as a function of source height, assum-
ing a simple lamppost geometry. By comparing the three models,
we aim to establish the robustness of our parameter estimates, as
well the plausibility of simple light bending models. We include an
additional constraint to the two non-lamppost models, limiting the
reflection fraction for each spin value to be less than the maximum
possible reflection fraction for a lamppost geometry at that spin.
This constraint rules out unphysical models, and can give much
more precise measurements of spin in reflection-dominated spec-
tra (for more detailed discussion of this method, see Dauser et al.,
submitted).

All three of the blurred reflection models give excellent fits
(see Table 3), and all three require high spin (Fig. 5, left panel). The
high reflection fractions are consistent between the models, as are

c� 0000 RAS, MNRAS 000, 000–000

3 � 50 keV 100 ks NuSTAR
observation of the AGN Mrk 335
in a very low flux state.

(Parker+14)
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Extreme Reflection in Mrk 335

Powerlaw: continuum Emission
XSTAR: warm absorber
XILLVER: distant reflection
RELXILL: relativistic reflection

Relativistic effects are observed 
within just 2 gravitational radii 
of the event of horizon! 
(Rg = GM/c2)

Rapidly-spinning black hole
(a=0.9 at 3-sigma confidence)

100 ks NuSTAR observation 
(Parker et al. 2014)



Extreme Reflection in Mrk 335
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The corona, which flares 
in X-rays, was found to 

brighten before shooting 
away from the black hole



Relativistic Reflection is also 
important in Stellar-Mass BHs



Black Hole Binaries (BHBs)
Stellar Masses (~5-30 Msun)
Modest variability in human time-
scales
Many are transient in nature
They flare in X-rays increasing 
their luminosity by a billion fold
An outburst can last from weeks 
to months
AU-scale persistent jets and 
parsec-scale ballistic jets
X-ray Quasi-Periodic Oscillations 
(QPOs) (0.01-450 Hz)
Very dist inct spectral 
states: hard/intermediate/
soft

(Figure courtesy of Jerome Oroz)

Black Hole Binaries

Stellar-mass black holes
(⇠5–30M�)

Modest variability in human
timescale

Many are transient in nature

Bright outbursts can last several
months with up to a billion fold
increase in luminosity

AU-scale persistent jets and
parsec-scale ballistic jets

X-ray QPOs (0.01–450 Hz)

Distinct spectral states
(hard/intermediate/soft)
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RXTE: Rossi X-ray Timing Experiment
Observed hundreds of X-ray sources between December 1995 and January 2012

RXTE: The Rossi X-ray Timing Explorer Mission

Observed hundreds of X-ray sources between Dec 1995 and Jan 2012.

Proportional Counter Array (PCA)

Energy range: 2 - 60 keV

Energy resolution: < 18% at 6 keV

Time resolution: 1 microsec

Detectors: 5 proportional counters

Collecting area: 6500 square cm

Layers: 1 Propane veto; 3 Xenon,
each split into two; 1 Xenon veto
layer

Sensitivity: 0.1 mCrab

PCA made ⇠ 110, 000 pointed observations collecting ⇠ 295 Msec of data

J. Garćıa (CfA) Spectral Analysis of GX 339-4 September 3th, 2014 6 / 25

PCA made ~110,000 pointed observations collecting ~295 Msec of data



The Prototypical BHB GX 339-4The Black Hole Binary GX 339-4

Hynes+03:
f (M) = 5.8± 0.5M�
Kolehmainen+Done10:
D = 6� 15 kpc
M = 6.2� 15M�
20� < i < 70�

X-ray reflection in GX 339−4 1769

Figure 1. The RXTE all-sky monitor light curve of GX 339−4 covering the three outbursts analysed in this study. Red (circles), green (triangles) and blue
(squares) correspond to the 2002, 2004 and 2007 outbursts, respectively.

throughout the observation by alternating between the source and
background fields every 32 s. The data from the background regions
were then merged. When possible we used data from both detector
A and B to extract source and background spectra. However, from
2005 December, due to problems in the rocking motion of Clus-
ter A, we extracted spectra from Cluster B only. HEXTE channels
were grouped by four. The variability analysis (i.e. the rms–intensity
diagrams) was performed using event modes or a combination of
single-bit modes depending on the case.

3 FI T T I N G M E T H O D

There are two significant reasons we have used archival RXTE ob-
servations for this study. First, the PCA (3–50 keV) and HEXTE
(25–200 keV) instruments provide an outstanding spectral band-
pass. Although the Fe K line is the prominent feature of X-ray
reflection, it is ultimately just a fraction of the overall signal. When
looking for subtle effects, such as those due to strong gravity, the
line profile is a very revealing signature. However, the poor spectral
resolution of the PCA (∼1 keV at 6 keV) renders it insufficient to
attempt precise constraints on parameters such as black hole spin.
However, the large bandpass and effective area allows us to study a
much larger fraction of reflection spectrum, including important sig-
natures such as the Compton hump and Fe edge, which characterize
emission over a much larger range. As a result of this, RXTE offers
an alternative and complementary view to high-resolution missions,
such as XMM–Newton, which are restricted to the 0.3–10 keV band.

This leads on to the second significant rationale, which is the
unprecedented number of observations that RXTE offers. In a recent
study of the hard state of GX 339−4 limited to high-resolution
XMM–Newton and Suzaku spectra, Plant et al. (2013) were restricted
to just four observations, whereas the sampling of the hard state in
this investigation amounts to nearly 350 observations. In total, this
study makes use of more than 500 observations, covering three
full outbursts during 2002–2007 (Fig. 1). This amounts to over
1.1 Ms of PCA exposure time, allowing one of the most detailed
investigations to date of how the reflection spectrum is evolving
throughout an outburst (Table 1 and Fig. 2). In particular, such high
cadence enables a scrupulous analysis of state transitions, which
are typically completed within one week.

3.1 Our adopted model

Many attempts have been made to quantify how X-ray reflection
evolves in BHXRBs, but often they have employed phenomeno-

Table 1. The dates and number of observations used in this study after our
selection criteria outlined in Section 3.2 has been applied. The threshold
for a data set to be analysed is defined in Section 3, such that observations
at low flux (i.e. the periods of quiescence) and of poor quality are ignored.
We also list the respective amount of observations and the subsequent total
exposure time per outburst.

Outburst Start (MJD) End (MJD) Total observations (Exposure)

2002 523 67 527 84 133 (300 ks)
2004 530 44 535 14 202 (465 ks)
2007 537 69 543 79 193 (357 ks)
Total 528 (1122 ks)

logical models focusing upon the Fe K region. Dunn et al. (2008)
fitted the Fe Kα emission with a single GAUSSIAN line fixed at
6.4 keV, while Rossi et al. (2005) applied relativistic broadened
emission (LAOR; Laor 1991) with a smeared edge (SMEDGE; Ebisawa
et al. 1994). Both offer a useful diagnostic of the reflection; how-
ever, they only account for a small fraction of the full reflection
signal. Furthermore, while the latter may offer a more physical in-
terpretation of the Fe Kα line, the two components are still not
physically linked. Ultimately, to fully understand how the reflec-
tion component is evolving one must apply a model where all the
signatures are physically linked and accounted for. Motivated by
this, Reis et al. (2013) recently applied the blurred reflection model
KDBLUR*REFLIONX (Laor 1991; Ross & Fabian 2005) to an outburst
of XTE J1650−500. Although this presented a significant improve-
ment to previous works, it only focuses upon one outburst of one
source. Here, we apply an angle-dependent version of the reflec-
tion model XILLVER (Garcı́a & Kallman 2010; Garcı́a et al. 2011),
known as XILLVER-A (Garcı́a et al. 2013), to a much larger sample
(Table 1). This model offers a significant improvement in the treat-
ment of atomic processes over the more widely used REFLIONX, and
in addition includes larger grid for the photon index and ionization
parameters (see Garcı́a et al. 2013 for a comparison). It should be
noted that REFLIONX represents an angle-averaged solution, hence
neglecting the important effect of inclination in the observed reflec-
tion spectrum (see e.g. Magdziarz & Zdziarski 1995; Matt, Fabian
& Ross 1996; Garcı́a et al. 2014).

We account for interstellar absorption using the model PHABS with
an NH fixed at 0.5 × 1022 cm−2, given that the hydrogen column
density towards GX 339−4 is well resolved to be within the range
(0.4–0.6) × 1022 cm−2 (Kong et al. 2000). Since the low-energy
cut-off of the PCA is at ∼3 keV, the ability to constrain the column

MNRAS 442, 1767–1785 (2014)
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BHBs in Outburst— GX 339-4

Archival data from the Rossi X-ray Timing Explorer (RXTE) 

(Animation courtesy of Navin Sridhar)
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Figure 8. The extrapolated and unfolded RXTE/PCA energy spectra of GX 339–4 across the bright intermediate states of
the (a) 2002-03 outburst (left segment) and (b) 2004-05 outburst (right segment). The spectra are ordered according to their
spectral hardness within an outburst, from the hardest spectrum at the top to the softest spectrum at the bottom. The top panel
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modelled with diskbb (pink), relativistic reflection component is modelled with relxillCp (green) and the distant (unblurred)
reflection is modelled with xillverCp (blue). The total model also includes a Galactic absorption component, modelled with
TBabs - not shown here. The residuals from the fit (��) are plotted in the bottom panel.
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TBabs - not shown here. The residuals from the fit (��) are plotted in the bottom panel.

Soft State

Spectral Slope —>

X-
ra

y 
Lu

m
in

os
ity

 —
>



BHBs in Outburst— Cyg X-1

X-ray Observations of Black Hole Binaries

Cyg X-1 in its two most extreme spectral states: the soft state (thermal radiation),
and the hard state (power-law) Nowak: The Microquasar Cyg X-1 203
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Fig. 1. Cyg X-1 in its two most extreme spectral
states: the hard state dominated by a cuto� power-
law spectrum extending to > 100 keV, and the soft
state dominated by a thermal spectrum peaking be-
tween 1–2 keV. The above hard state is from a multi-
wavelength campaign wherein Cyg X-1 was ob-
served by every flying X-ray satellite. Here we dis-
play Chandra-HETG spectra (histogram), Suzaku-
XIS (solid diamonds) and -GSO (hollow triangles)
spectra, RXTE-PCA (circles) and -HEXTE (hol-
low diamonds) spectra, and INTEGRAL -SPI (solid
triangles) spectra (see Nowak et al. 2011). The
soft state spectra are from a simultaneous Chandra-
HETG and RXTE campaign conducted in January
2011. The above spectra are presented without ref-
erence to any underlying spectral model, and are un-
folded using only the spectral response of the detec-
tors (see Nowak et al. 2005).

1; a description of these spectra can be found
in Nowak et al. (2011). Also shown are spec-
tra from simultaneous Chandra-HETG/RXTE-
PCA observations, covering the 0.5–40 keV
range of a spectrally soft state. In terms of
observed flux, the 0.1–50 keV flux of the soft
state is 3.9 � 10�8 erg cm�2 s�1, while the ob-
served 0.5–300 keV flux of the hard state is
4.9�10�8 erg cm�2 s�1. However, making plau-
sible corrections for absorption and extrapolat-
ing the spectra to determine bolometric lumi-
nosities, this is at 2.2% LEdd and this hard state
is at 1.6% LEdd. (The Eddington luminosity,
LEdd, used here assumes a distance of 1.86 kpc
and a mass of 15 M�; Reid et al. 2011; Orosz
et al. 2011.) That is, whereas we directly ob-
serve most of the flux in the hard state, nearly
2/3 of the soft state flux is unobserved due to
both absorption and bandpass limitations.

Fig. 2. Hardness-intensity diagram of a black
hole transient outburst (based upon GX 339�4;
Belloni et al. 2005; Homan et al. 2005; adapted
from www.issibern.ch/teams/proaccretion).
Transients begin faint, hard, and radio loud; they
evolve to brighter states while remaining hard; they
soften and become radio quiet (often preceded by
a radio ejection event); they then fade, harden, and
become radio loud once more. Cyg X-1, which is
persistently emitting in the X-ray band, occupies
only a small portion of this diagram at fractional
Eddington luminosities of � 2%, near the so-called
radio loud/radio quiet transition “jet line”.

As has been noted by previous researchers,
the range of bolometric luminosities traversed
by Cyg X-1 spans only a factor of � 3–4
(Wilms et al. 2006, and references therein).
This is somewhat narrow compared to most
black hole transients. Furthermore, Cyg X-1
also traverses a narrower range of colors than
many black holes, never exhibiting a purely
disk-dominated spectrum without a hard tail
(e.g., like the simple disk-dominated spectrum
of 4U 1957+11; Nowak et al. 2008). Black
hole transients often follow color-intensity di-
agrams as shown in Fig. 2, spanning � 3 or-
ders of magnitude in luminosity, and wider ex-
tremes of color variations. Cyg X-1, however,
exists on an especially interesting portion of
this ‘q-diagram’ — moving between the radio
quiet/soft� radio loud/hard-intermediate state
transition near � 2% LEdd.

The hypothesized emission components in
the Cyg X-1 system include an accretion disk,
a Comptonizing corona (with either a ther-

(Nowak+12)
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Hard StateSoft State

Nowak et al. (2012)



The Hard State of GX 339-4

García et al. (2015b)



Disk and Corona Evolution
Relativistic reflection fits of the black hole binary system GX 339—4

García et al. (2015b)

RXTE PCA spectra

a = 0.95 +/- 0.04
i = 48 +/- 1 deg
Fe abundance 5x Solar 

García et al. (2015b)

Total of 77 million counts 
in six RXTE PCA spectra 
(3–45 keV)



Disk and Corona EvolutionDetecting Geometrical Changes

For increasing luminosity, the
disk’s inner edge moves inward
and the corona cools down

For a 10M� black hole, these
changes in inner-radius corre-
spond to changing from Rin =
75 km to Rin = 30 km

(Garcı́a+15)

Javier Garćıa (Harvard-Smithsonian CfA) Reflection Spectroscopy of BHB FERO 8, Sep 14, 2016 8 / 21

Luminosity increases by ~20x 
Rin decreases from a few to ISCO 
Coronal Temp decreases by 10x 
Yet, continuum slope remains the 
same (𝝘~1.6)… why?

For a 10 Solar-mass BH: 
Delta Rin ~45 km



Disk and Corona Evolution

corona  
evolves  
with time

Figure 4. Schematic of the proposed geometry. Schematic of the proposed geometry, evolving from a
vertically extended corona at early times, to a more compact corona at late times. The constant shape of
the broad iron line is due to a static core of the corona at small radii that is responsible for most of the flux
irradiating the disc. As the corona decreases in vertical extent, the coronal variability timescale shortens,
causing the shift in the thermal reverberation lag to higher frequencies. The decrease in vertical extent of
the corona is also responsible for the decrease in the equivalent width of the narrow component of the iron
line at 6.4 keV.

Case B
Epoch 1 2 3 4 5 6

Apo (⇥10�4 s) �3.6+0.7
�1.0 �3.7±1 �3.3±0.2 �3.1±0.9 �2.6+1.4

�2.2 �2.5±1.0
Gpo (⇥10�3) 0.89±0.11 1.3+1.2

�1.3 0.5±1.5 1.3+1.0
�1.2 1.2+1.9

�2.2 1.3±1.5
Tdiskbb (eV) 23+7

�5 25+7
�6 22+7

�9 26+8
�6 24±12 28+18

�11
Elaor1 (keV) 6.4+0.3

�0.4 7.2+0.8
�1.2 6.8+1.1

�0.6 6.8+0.7
�0.8 7.9+0.07

�1.9 7.1+0.9
�1.0

Elaor2 (keV) 1.02±0.02 0.98+0.02
�0.04 0.84+3.0

�2.3 1.02+0.08
�0.05 0.76+9.0

�0.2 1.18+0.08
�0.06

Dc2/d.o.f. 44/4 19/4 4/4 10/4 4/4 12/4
Fe K lag amplitude (⇥10�4 s) 3.6±1.3 2.8±1.3 3.5±1.3 2.1±0.9 3.2±2.5 3.1±1.8

Thermal lag amplitude (⇥10�4 s) 15.2±0.9 15.9±1.0 17.7±1.6 12.2±1.2 12.1±2.9 8.1±1.3

Extended Data Table 3. Fit parameters of the Case B model. Same as Extended Data Table 2, but
for null continuum model Case B, where the powerlaw index Gpo is free to vary.

19/23

Figure 2. The evolution of the lag-frequency spectra. The evolution of the lag between 0.5–1 keV
and 1–10 keV as a function of temporal frequency for our six observation epochs. Color-coding is the
same as Fig. 1. The points have been connected with a Bezier join to guide the eye. A negative lag
indicates that the soft band follows behind the hard. The soft lag evolves to higher frequencies with time.
The solid lines on the bottom portion of the figure indicate the frequencies used in the lag-energy analysis
(Fig. 3). Error-bars indicate 1-s confidence intervals.

17/23

Figure 1. Overview of MAXI J1820+070 in the hard state. (a) The long term 0.2-12 keV NICER
light curve of MAXI J1820+070 in the hard state (black) overplotted with the times of the six NICER
observations that are the subject of this analysis. After MJD 58290, the source began to rapidly transition
to the soft state; Extended Data Figure 4-b. (b) The NICER Hardness-Intensity Diagram, defined as the
total 0.2–12 keV count rate vs. the ratio of hard (4–12 keV) / soft (2–4 keV) count rates. The black points
show MAXI J1820+070 from its time of discovery to 2018 June 20. The six epochs of interest are shown
as the colored points. We focus on a luminous phase, during which the source became gradually softer
with time, but remained always in the hard, corona-dominated state. Error bars are similar to the size of
the points. (c) The corresponding spectra of the six epochs fit to a simple powerlaw in the 3–10 keV range
(with normalization and photon index free to vary between observations). The ratio plot reveals a clear
broad iron K emission line, and a narrow component at 6.4 keV that decreases in equivalent width as the
source evolves in time. Thin gray vertical lines indicate Fe Ka at 6.4 keV and H-like Fe XXVI at
6.97 keV. Error-bars indicate 1-s confidence intervals.

Epoch Date ObsID Exposure (s) 0.2-12 keV Count rate (cts/s)
1 2018-03-21 1200120106 5438 20568
2 2018-04-04 1200120120 6487 19015
3 2018-04-16 1200120130 10619 18931
4 2018-04-21 1200120134 6964 18487

2018-04-23 1200120135 3692 18731
5 2018-05-02 1200120142 5512 17983
6 2018-05-08 1200120148 4260 18403

Extended Data Table 1. Overview of the observations used in this analysis. The count rate is for
52 active detectors.

16/23

Corona Evolves 
with Time

New Black Hole Binary MAXI J1820+70 as seen by NICER

Kara et al. (2019)



Fits to XTE J1752-223
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Similarly to GX 339-4, we find a rapidly spinning black hole (a*~0.992), also with 
super-solar iron abundance (Afe~4)

García et al. (2016b)



Illumination Geometry

García et al. (2018b)

Power-law Emissivity Lamppost Geometry

i = 67+/-5 deg i = 36+/-4 deg

Inclination from the lamppost model consistent with radio jet 
determinations of i < 49 deg (Miller-Jones et al. 2011).

Reflection Spectroscopy of XTE J1752—223: 
  
Highest signal-to-noise reflection spectrum to date 
(S/N ~ 3000) *** Update: MAXI J1820+70! 

Inner-Disk Inclination



XTE J1550-564 - LOW INCLINATION DISK?

Inclination from ref lection modeling 
inconsistent with radio jet and optical 
monitoring determinations of the orbital 
inclination, i ~ 40 deg, as opposed to i ~ 75 
deg (Orosz et al. 2011, Steiner et al. 2012).

Warped disk

BH spin axisJet

Outer disk
Corona

Possible misaligned inner accretion region?

Connors et al., in 
preparation



Irradiation of Flared Disks
Obscuration effects: 
  
Under an inclination of 78.5o, 
part of the disk is covered, 
affecting both the line profiles 
and the time lags

3 Simulation and results
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Fig. 3.12: Comparison of the time delay calculated in curved (solid line) and flat (dashed line)
spacetime for different inclinations and heights of the primary source. The weight of each
disc surface element is the same (relativistic calculation), so the only difference is actually the
travel time of the photons. There are obvious differences between the two cases, especially for
low heights of the source, which justifies a relativistic treatment of the subject. See text for
more details.
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Fig. 3.13: Covering effects of the flared accretion disc: under an inclination of 78.5◦ a part of
the disc covered, as the photons hit the surface again on their way to the observer.

to the measured flux. As the inclination increases, parts of the spectrum and time lag are
canceled out, for an inclination of 80◦ the disc is completely covered by itself.

A detailed analysis of the curves makes no sense, since this discussion would be somewhat
idealistic. The exact changes in the spectrum and time delay depend on the shape of the outer
edge of the accretion disc. In the simulation it is assumed to follow exactly the definition in
Eq. 2.1. This is certainly not the case: for a binary black hole for example the accreted matter

28

Fe K line flux

Disk obscuration reduces the 
blue-wing of the Fe K emission  

—> Resembles lower inclination! 
See Taylor & Reynolds (2018)



Flux in the 
reflected 

component ~6% 
of the disk flux

Connors, JG,+20

Flux fraction of returned radiation 
consistent with ray tracing 

calculations

Disk Self Irradiation
Radiation Returning to the Disk 

due to GR light bending



Iron K lines in three Neutron Stars 
observed with Suzaku (Cackett et al. 2008)

Fe K Reflection in Neutron Stars

In this case, the Fe K-line provides an 
estimation of the NS radius, which together 
with the mass constraints the eq. of state.



X-ray Reflection from Ultra-Compact X-ray Binaries

X-ray reflection spectrum

relativistic broadened reflection spectrum ) e.g. Rin, inc
(Fabian et al. 1989)

reflection model describes the data in a self-consistent way

Fe K-shell lines commonly observed in BH/NS X-ray binaries

2 / 15
J. Garćıa (CfA) Highlights on X-ray Reflection Models Feb 22th, 2014 19 / 43

Relativistically Blurred Oxygen?

Ultra-Compact
X-ray Binaries

C and O-rich
No H/He lines



MODELING REFLECTION SPECTRA OF ULTRA-COMPACT

X-RAY BINARIES

PI: Javier Garćıa, Thomas Dauser, Peter Jonker, Andy Fabian, Michael Parker, & Je↵ McClintock

1 Introduction

The 15 confirmed ultracompact X-ray binaries (UCXBs) contain a neutron star and a compact
donor star and have orbital periods < 80 min (see van Haaften et al. 2012; Heinke et al. 2013).
Because of its high density, the Roche-lobe-filling donor star must be a white dwarf (or a degenerate
helium star). UCXBs, which are generally categorized as either transient or persistent, vary over a
wide range of timescales and amplitudes (Levine et al. 2011).

Chemistry is the key to understanding UCXBs. While the accreting material is surely hydrogen
deficient (Rappaport et al. 1982; Deloye & Bildsten 2003) some hydrogen may be present in at least
a few systems (Lasota et al. 2008; Nelemans et al. 2006). Chandra LETG spectra revealed excess
neon in four systems (Juett et al. 2001), including the two systems featured in this proposal,
4U 0641+09 and 4U 1543-47, whose Chandra HETG spectra are shown in Figure 1. Meanwhile,
both HETG and HST-UV spectra of a fifth system, 4U 1626-67, show clear evidence of C, O and
Ne, and an absence of both H and He (Schulz et al. 2001; Homer et al. 2002) Optical spectra of
4U 1626-67 and 4U 0614+09 lack the H and He lines customarily seen in X-ray binaries, while
C and O lines are clearly present in their spectra. HST FUV photometry implies the presence of
carbon in M15 X-2 (Dieball et al. 2005). Thus, C/O white dwarfs appear to be common in UCXBs.

Figure 1: Chandra HETG spectra of 4U 0614+09 (taken from Schulz et al. 2010) and 4U 1543-62 (taken from Madej & Jonker
2011). Both spectra show three prominent interstellar edges. Two features are key to this proposal: (1) The strong edge at
⇠14 Å, which we argue is largely due to O VIII absorption in the source; and (2) the ⇠ 5 Å-broad O VIII Ly↵ line, which
dominates the residuals after fitting with an absorbed power-law model (Tbnew*power-law).

Determining the chemistry of UCXBs is the key to understanding their physics, for example:

• Most of the UCXBs are thermonuclear burst sources, and the apparent lack of He is a puz-
zle because theoretical models of X-ray bursts require large quantities of He (e.g.; Juett &
Chakrabarty 2003; in’t Zand et al. 2007; Kuulkers et al. 2010). Spallation of heavy nuclei
by the accreting material is usually suggested as an alternative mechanism to produce He,
but it requires the infalling material to have a composition of metals very di↵erent from that
observed (in’t Zand et al. 2005).

• The preponderance of C/O WDs in UCXBS is likewise a puzzle, since standard population
synthesis models predict far more He WDs than C/O WDs (Belczynski & Taam 2004; Nele-
mans & Jonker 2010). A class of low-mass “Hybrid” WDs (Yungelson 2008) may be present
in UCXBs, but it is unclear whether reasonable models contain enough He to power the X-ray
bursts.

1

Custom made Model xillverCO

Disk emission needs to be included
H and He abundances are small (1% solar)
C and O abundances enhanced (free parameter)
Strong Ne K-edge or O VIII K-edge? No Ne emission in the optical spectra

X-ray reflection model - Abundances

Modifications to the Xillver model (Garcia et al. 2013)

Abundances of C and O variable, mimic the lack of H and He

7 / 15J. Garćıa (CfA) Highlights on X-ray Reflection Models Feb 22th, 2014 21 / 43

Relativistically Blurred Oxygen?
4U 0614+09: Neutron star with a Carbon and Oxygen rich White Dwarf 
donor.

Chandra spectra shows strong O VIII Ly-alpha emission.
Custom-made XILLVER model with low H & He abundances (1% solar)
C & O abundances are free parameters



Fits to the XMM Data for 4U 0614+091

ACO = 140 ± 50 solar

ANe = 3.9 ± 0.1 (xillver) ! ANe = 2.4 ± 0.2 (xillverCO)

XMM-Newton observations of UCXB 4U 0614+091

AC&O = 140 ± 50 � solar (Lodders 2003)

ANe = 3.9 ± 0.1 (xillver) ! ANe = 2.4 ± 0.2 (xillverCO)

12 / 15(Madej+14, in prep.)

J. Garćıa (CfA) Highlights on X-ray Reflection Models Feb 22th, 2014 22 / 43

Fits to 4U 0614+091 XMM Data 
C & O Abundance: 140 +/- 50 x Solar value
Strong Ne K-edge or O VIII K-edge? No neon emission in optical spectra 

Madej, Garcia et al. (2014)



X-ray Reflection Spectroscopy provides one of the most powerful tools 
to study accreting black holes, with which one can study: 

* The Evolution of Disk and Corona: changes in the corona and 
accretion disk appear to be correlated. This indicates a connection in 
the physics that governs the evolution of both structures. 

* The Spins of Black Holes: Estimates of BH spins for both AGN and BHB 
are important to understand their formation and evolution history. 

* The Physics of the accreting flow: Large iron abundances in reflection 
measurements are indicative of high-density plasma effects, likely 
affecting the atomic structure properties. 

Summary



Escuela Latinoamericana de 
Relatividad y Astrofísica (ELRA)
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Esta pequeña escuela tiene como objetivo ofrecer cursos introductorios a estudiantes 
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para iniciarse en la investigación de algunos temas actuales en astrofísica relativista.  

La inscripción será gratuita y abierta a toda la región. 

Cursos (Sesiones de 45+15) 

* Física de Objetos Compactos (Jorge Rueda (ICRANet)) 
* Técnicas estadísticas para el análisis de datos astrofísicos (Cecilia Garraffo (Harvard) ) 
* Técnicas de análisis espectral en rayos X de objetos compactos (Mariano Mendez 

(Groningen)) 

Comité organizador: 

Alejandro Cárdenas-Avendaño (Fundación Universitaria Konrad Lorenz/ Princeton University) 
Javier García (California Institute of Technology) 
Luis Nuñez (Chair, Universidad Industrial de Santander) 
Jorge Rueda (International Center for Relativistic Astrophysics)



Adicionales



Some Reflections
• Reflection spectroscopy has proven to be a fantastic tool to study the inner-most 

regions of accreting sources.  

• The state-of-the-art atomic data and modeling tools are allowing us to impose 
tight constraints on important parameters such as spin, inclination, and Fe 
abundance. 

• The community has played an important 
role in the improvement of our models:

• 180 Citing papers
• ~120-140 fits to a single source
• Most of these (~80) are NuSTAR 

observations!



All of physics is either impossible or trivial. It is 
impossible until you understand it, and then it 

becomes trivial.  —Ernest Rutherford 



Diagnostic potential: black hole spin
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possible Spin values: a = �1 . . . 1

high Spin �! broad line (not always true, see later)
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Diagnostic Tool: Black Hole Spin

a = cJ/GM2 (Dimensionless Spin Parameter)



Diagnostic Tool: Emissivity Index

Assumes illumination (and thus emission) follows F~re

Summary: Broad Emission Line Shapes
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Diagnostic Tool: Inclination
Diagnostic potential: inclination
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Inclination mostly affects the blue side of the line



The Emission Angle: Relativistic E↵ects
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Diagnostic Tool: Emission Angle

Garcia et al. (2014)



RELXILL: The Emission Angle

The reflection spectra 
differ depending on the 

Emission Angle

The Emission Angle: Reflection Spectrum
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Garcia et al. (2014)

Previous convolution 
models use Angle 
Average Spectra 



RELXILL: Fits to Ark 120The new model relxill: Fit to Ark 120
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best-fit using the new relxill model. (Garcı́a+Dauser+14)

J. Garćıa (CfA) Highlights on X-ray Reflection Models Feb 22th, 2014 16 / 43

The new model relxill: Fit to Ark 120
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J. Garćıa (CfA) Highlights on X-ray Reflection Models Feb 22th, 2014 16 / 43

Suzaku spectrum of the Seyfert 1 galaxy Ark 120. Solid line is the best fit 
model with RELXILL.

Garcia et al. (2014)



RELXILL: Fits to Ark 120The new model relxill: Fit to Ark 120
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Parameters are better constrained with the new angle-resolved model (solid lines),
than with the angle-averaged version (dashed-lines). (Garcı́a+Dauser+14)
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Contours plots of 
inclination and spin for 

69%, 90% and 99% 
confidence 

The uncertainties are dramatically reduced when the angle-resolved model (solid 
lines) is implemented.



The Problem of the Iron Abundance
Iron abundance determinations using reflection spectroscopy from publications since 
2014 tend to find a few times the Solar value!
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High-Density Effects
Models with high gas density (ne >> 1015 cm-3) produce a remarkable flux excess at 
soft energies as free-free emission becomes important.
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Can’t go any higher —> No atomic data!



High-Density Effects
High-density effects such as continuum lowering could have an impact in the Fe 
abundance. However, new  atomic data for high density plasmas is required!
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The Hardeness-Intensity DiagramHardness-Intensity Diagram

http://www.seramarkoff.com
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Figure courtesy of Sera Markoff


