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The Iron Line
Broad iron line in the energy range 6.4 - 7.0 keV

Could be produced from irradiation by hard X-rays of the cold 
matter (accretion disk)

Identified with Kalpha transition of iron at different ionization 
states

=> reflection component



Profile of the line

Broad and Asymmetric :

- Doppler shifts
- Relativistic beaming

- Gravitational redshifting



Useful informations

Determination of parameters of the accretion disk :

• Inner radius 

• Outer radius 

• Inclination of the system 

• Ionization parameter : 
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mine the surface composition of materials in the laboratory,
or even of a planetary surface.

For cosmic abundances the optical depth to bound-free
iron absorption is higher than, but close to, the Thomson
depth. The iron line production in an X-rayÈirradiated
surface therefore takes place in the outer Thomson depth.
This is only a small fraction of the thickness (say, 1% to
0.1%) of a typical accretion disk, and it is the ionization
state of this thin skin which determines the nature of the
iron line.

The strength of the iron line is usually measured in terms
of its equivalent width with respect to the direct emission.
(The equivalent width is the width of the continuum in, say,
eV, at the position of the line which contains the same Ñux
as the line. Its determination is not entirely straightforward
when the line is very broad.) It is a function of the geometry
of the accretion disk (primarily the solid angle subtended by
the ““ reÑecting ÏÏ matter as seen by the X-ray source), the
elemental abundances of the reÑecting matter, the inclina-
tion angle at which the reÑecting surface is viewed, and the
ionization state of the surface layers of the disk. We will
address the last three of these dependences in turn.

General relativistic e†ects may also play a role
(Martocchia & Matt 1996).

2.1.1. Elemental Abundance

Elemental abundances a†ect the equivalent width of the
iron line through both the amount of iron that is present to
Ñuoresce and the absorption of the line photons by L-shell
photoelectric absorption of iron and K-shell photoelectric
absorption of lower Z elements. These competing e†ects,
together with the fact that the edge is saturated (i.e., most
incident photons just above the photoelectric edge are
absorbed by iron ions), lead to a roughly logarithmic depen-
dence on abundance. For example, using the cosmic abun-
dance values from Anders & Grevesse (1989), the equivalent
width as a function of the iron abundance is given byAFe

W (AFe) \ W (AFe \ 1) (AFe)b (0.1 \ AFe \ 1) , (1)

W (AFe) \ W (AFe \ 1) [1 ] b log (AFe)] (1 \ AFe \ 20) ,

(2)

where

(b, b) \ (0.85, 0.95) edge-on , (3)

(b, b) \ (0.75, 0.48) face-on , (4)

(b, b) \ (0.78, 0.58) angle-averaged , (5)

where refers to cosmic abundances (Matt, Fabian,AFe \ 1
& Reynolds 1997).

2.1.2. Inclination Angle
As the inclination angle at which the disk is viewed is

increased, the observed equivalent width is depressed as a
result of the extra absorption and scattering su†ered by the
iron line photon as it leaves the disk surface at an oblique
angle. Ghisellini, Haardt, & Matt (1994) !nd that

I(k) \ I(k \ 1)
ln 2

k log
A

1 ] 1
k
B

,

where k \ cos i, with i being the angle between the line of
sight and the normal to the reÑecting surface.

2.1.3. Ionization of the Disk Surface
X-ray irradiation can photoionize the surface layers of a

disk (Ross & Fabian 1993 ; Ross, Fabian, & Young 1999).
As discussed above, the Ñuorescent line that the illuminated
matter produces depends upon its ionization state. A useful
quantity in this discussion is the ionization parameter

m(r) \ 4nFX(r)/n(r) ,

where is the X-ray Ñux received per unit area of theFX(r)
disk at a radius r and n(r) is the comoving electron number
density : it measures the ratio of the photoionization rate
(which is proportional to n) to the recombination rate
(proportional to n2). The iron line emission for various ion-
ization parameters has been investigated by Matt, Fabian,
& Ross (1993, 1996). They found that the behavior split into
four regimes depending on the value of m (also see Fig. 2) :

1. m \ 100 ergs cm s~1.ÈThe material is weakly ionized.
X-ray reÑection from the accretion disk produces a cold
iron line at 6.4 keV. Since the total photoelectric opacity of
the material is large even below the iron edge, the
Compton-backscattered continuum only weakly contrib-
utes to the observed spectrum at 6 keV, and the observed
iron K-shell absorption edge is small. This regime is termed
““ cold ÏÏ reÑection, since the reÑection spectrum around the
energy of the iron K features resembles that from cold,
neutral gas.

2. 100 ergs cm s~1 \ m \ 500 ergs cm s~1.ÈIn this inter-
mediate regime, the iron is in the form of Fe XVIIÈFe XXIII

and there is a vacancy is the L shell (n \ 2) of the ion. Thus,
these ions can resonantly absorb the corresponding Ka line
photons. Successive Ñuorescent emission followed by reso-
nant absorption e†ectively traps the photon in the surface
layers of the disk until it is terminated by the Auger e†ect.
Only a few line photons can escape the disk, leading to a
very weak iron line. The reduced opacity below the iron
edge due to ionization of the lower Z elements leads to a
moderate iron absorption edge.

3. 500 ergs cm s~1 \ m \ 5000 ergs cm s~1.ÈIn this
regime, the ions are too highly ionized to permit the Auger

2000 PASP, 112 :1145È1161



MXB 1728-34
LMXB containing a weakly magnetized neutron star

Atoll class



MXB 1728-34
LMXB containing a weakly magnetized neutron star

Atoll class

Optical counterpart unknown

Frequent type I X-ray bursts                                                                    
=> constrain the distance to the source (4.1 < d < 5.1 kpc)                                                          



Observation &                                                    
Spectral Analysis

Observed by XMM-Newton on 2002 October 3rd

Observing time of 28 ks

EPIC-pn, MOS1, MOS2, RGS1, RGS2

OM not active  

XMM-Newton/EPIC-pn data published by Ng et al. (2010)



RXTE/ASM lightcurve : 

1.5-12 keV energy range

Average count rate :        
3 counts/s

2 Egron et al.: XMM-Newton observation of MXB 1728-34

Table 1. Instrument modes, filters and exposure times.

Instrument Mode Filter Exposure (ks)
pn Timing mode Thick 26.9
MOS1 Timing mode Thick 27.5
MOS2 Timing mode Thick 27.5
RGS1 Standard spectroscopic mode - 28.1
RGS2 Standard spectroscopic mode - 28.1
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Fig. 1. ASM/RXTE lightcurve covering the 1.5!12 keV energy range.
The vertical blue line indicates the simultaneous XMM-Newton obser-
vation on 2002 October 03.

line region using two absorption edges associated with ionized
iron instead of a Gaussian line.

In this paper, we present a spectral analysis of high energy
resolution data from XMM-Newton on 2002 October 03 using all
the five X-ray instruments on-board this satellite. A broad fea-
ture is significantly detected and can be fitted equally well us-
ing a diskline profile, a relativistic line or a relativistic reflection
model. We cannot exclude the possibility that the broad feature
is instead due to the superposition of two iron absorption edges,
although we are in favor of the emission line interpretation.

2. Observation and data reduction
MXB 1728–34 was observed by XMM-Newton on 2002 October
03 for a total on-source observing time of 28 ks.The observation
details from the instruments on-board XMM-Newton including
the European Photon Imaging Camera (EPIC-pn, Struder et al.
2001), (MOS1 and MOS2, Turner et al. 2001) cameras) and the
Reflection Grating Spectrometer (RGS1 and RGS2, den Herder
et al. 2001) are presented in the Table 1. The Optical Monitor
(OM, Mason et al. 2001) was not active during this observation.

The available lightcurve produced by the All Sky Monitor
(ASM/RXTE) at this period indicates that the source was not in
a significant activity period, since it shows a count rate of about
3 count/s in the 1.5!12 keV energy range (see Fig.1).

The data were processed using the XMM-Newton Science
Analysis Software version 9. The EPIC-pn camera was oper-
ated in timing mode to prevent photon pile-up. We created a
calibrated photon event file using the pn processing tool ep-
proc. Before extracting the spectra, we checked for contamina-
tion from background solar flares by producing a lightcurve in
the energy range 10!12 keV. There were no high background pe-
riods during this observation. We used the task epfast to correct
rate-dependent CTI e!ects in event lists. The source spectrum

Table 2. Best fitting parameters of the continuum emission for
the XMM-Newton pn, MOS1, MOS2, RGS1 and RGS2 spectra of
MXB 1728–34.

Parameter Value
NH ("1022cm!2) 2.4 ± 0.1
kTseed (keV) 0.59 ± 0.02
kTe (keV) 2.74 ± 0.04
! 16.5 ± 0.2
Norm 9.54 ± 0.02
Flux 2.0!10.0 keV (pn) 8.06
Flux 2.0!10.0 keV (MOS) 8.17 (MOS1) - 8.07 (MOS2)
Flux 1.0!2.0 keV (RGS) 0.186 (RGS1) - 0.185 (RGS2)
Total "2 (d.o.f.) 1732 (903)

Note: The model used to fit the continuum is cons*phabs*compTT. The
absorbed flux is in units of 10!10erg cm!2 s!1 .

was extracted from a rectangular area, covering all the pixels in
the Y direction, and centered on the brightest RAWX column
(RAWX=38), with a width of 13 pixels around the source posi-
tion (because 90% of the source counts up to 9 keV is encircled
by 53 arcsec, and 1 pn pixel is equivalent to 4.1 arcsec). We se-
lected only events with PATTERN # 4 (single and double pixel
events) and FLAG=0 as a standard procedure to eliminate spuri-
ous events. We extracted the background away from the source
(in the RAWX=6–18). We also checked that pile-up did not af-
fect the pn spectrum using the task epatplot. The total count rate
registered by EPIC-pn CCD was around 110 count/s and evalu-
ated to 64 count/s in the 2.4!11 keV range.

The MOS data were also taken in timing mode and processed
with the routine emproc to produce calibrated event lists. The
source spectra were extracted from a rectangular box centered
on RAWX=320 (MOS1), and on RAWX=308 (MOS2), select-
ing 30 pixels wide around the source position, and covering 722
pixels on the Y (PHA) direction. Only events corresponding to
PATTERN # 12 and FLAG = 0 were selected, corresponding to
standard filters. The background spectra were extracted far from
the source, centered in the column RAWX=240. The MOS spec-
tra were not a!ected by pile-up. The count rates were estimated
around 30 count/s for each MOS (20 count/s considering 2.4!11
keV energy range).

Spectral channels of EPIC-pn and MOS data have been re-
binned to have at least 3 channels per resolution element and 25
counts per channel.

The RGS were operated in the standard spectroscopy mode.
The data were processed using the rgsproc pipeline to produce
calibrated event lists, spectra and response matrices. The count
rates mesured by RGS1 and RGS2 were around 2.5 and 3.5
counts/s, respectively. The RGS data were rebinned in order to
have a minimum of 25 counts per energy channel.

3. Spectral analysis
Data were modeled with Xspec (Arnaud 1996) v.12.5.1. All un-
certaintes are given at the 90% confidence level for one interest-
ing parameter (""2 = 2.706). We fitted simultaneously the broad
band energy spectra of the source obtained from all the five in-
struments. Considering the best calibration ranges of the di!er-
ent detectors, the data analysis from EPIC-pn, MOS1 and MOS2
cameras was restricted to the energy range 2.4!11 keV, and to
1!2 keV for RGS1 and RGS2. The di!erent cross calibrations of
the five instruments were taking into account by including nor-
malizing factors in the model normalizing factors. These factors
were fixed to 1 for pn and kept free for the other instruments.

=> Not activity period during the XMM-Newton observation



Data reduction with SAS

EPIC-pn and MOS => Timing Mode

No contamination from the background solar flares                    
=> lightcurve in 10-12 keV 

Pile-up did not affect the data                                                   
count rate : 110 counts/s << 800 counts/s

RGS => Standard spectroscopy mode
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We first fit the continuum with a thermal Comptonized com-
ponent using the compTT model (Titarchuk 1994), modified at
low energy by the interstellar photoelectric absorption mod-
elled by phabs using photoelectric cross-sections of Balucinska-
Church & McCammon (1992) with a new He cross-section
based on Yan et al. (1998) and standard abundances of Anders
& Grevesse (1989). The !2/degrees of freedom (d.o.f.) corre-
sponding to this fit was unacceptably large, 1732/903 . We then
tried to add a blackbody component (bbody model) to improve
the fit. The temperature of the blackbody was found at 0.70 keV,
which seems to be very high compared to the di!erent values
obtained in the previous papers about this source (Di Salvo et al.
2000; D’Ai et al. 2005), in average at 0.55 keV. The !2/d.o.f.
decreased to the value 1679/902. However an F-test estimates a
probability of chance of improvement of the fit of 10!7, thus we
decided not to include the blackbody in our model. The values of
the parameters of the continuum emission are reported in Table
2.

An excess was present in the residuals between 5.5 and 8
keV, probably indicating the presence of iron discrete features.
We are going to fit severalmodels which are reported in the Table
3.

The fit was improved by adding a broad-iron K line, mod-
elled by a simple Gaussian line (Model 1) at 6.6 keV with the
sigma parameter frozen at 0.6 keV. The fit gave a !2/d.o.f. =
1489/901 (corresponding to a "!2 = 243 for the addition of two
parameters and an estimation of the F-test of 3 " 10!30).

We substituted the Gaussian at 6.6 keVwith a diskline profile
and we obtained a !2/d.o.f. = 1463/899 . Due to the large uncer-
tainties on the outer radius of the disk and on the inclination of
the system if they were let free, we have frozen the first one at
1000 Rg and the inclination at 60# (the source does not show any
dip in its ligtcurve, implying i < 60# ). The improvement of the
fit corresponds to "!2 = 26 for the addition of two parameters
(the F-test gives a probability of chance improvement of about
10!4). This model (called Model 2) gives an estimation of the in-
ner radius of the disk Rin $ 18 Rg (GM/c2). We searched for an
absorption edge in the energy range 7!10 keV, but no statiscally
significant edge was detected.

We also used a new model called relline1 (Dauser et al.,
in prep.) which calculates relativistic line profiles. To take into
account the emissivity in the best way, the model contains two
emissivity index. The radius where the emissivity changes from
Index1 to Index2, and the Index2 were frozen at 400 Rg and 3
respectively. We also fixed the outer radius of the disk and the
inclination of the system to the same values than in the previous
model. The !2/d.o.f. obtained in these conditions is 1464/899.
This model (Model 3) estimates the inner radius of the disk Rin $
19 Rg.

We tried an alternative model for the iron features (see D’Ai
et al. 2005) using two absorption edges (instead of an emission
line) which are found at 7.50 (" $ 0.06) and 8.49 (" $ 0.06),
associated to mildly and highly ionized iron . The !2/d.o.f. for
this fit is 1519/899 (which we can compare to 1489/901 that we
obtained fitting the iron line with a Gaussian (Model 1) or with
1463/899 that we obtained fitting the iron line with a diskline
(Model 2)). So this model (called Model 4) seems to be less
good than the previous ones.

In order to test the consistency of the broad iron line with a
reflection component, we fitted the data using reflion, a self-
consistent reflection component including both the reflection
continuum and discrete features (Ross & Fabian 2005), in ad-

1 http://pulsar.sternwarte.uni-erlangen.de/wilms/research/relline/
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Fig. 2. Top pannel: EPIC-pn (black), MOS1 (red), MOS2 (green), RGS1
(cyan), RGS2 (blue) data points with error bars of MXB 1728–34 in the
range 1!11 keV. Bottom pannels: Residuals (Data-Model) in unit of
sigma for the continuum reported in Table 2. Data have been rebinned
for graphical purposes.

dition to a thermally comptonized continuum model nthComp
model by Zdziarski et al. (1996), extended by Zycki et al.
(1999)) instead of compTT. The !2/d.o.f. = 1555/901. Because
the iron line was found as a broad line in the previous models
(Model 1 and Model 2), the relativistic e!ects were taken into
account using the rdblur component. The addition of this com-
ponent to the model constitutes the Model 5 and led to !2/d.o.f.
= 1466/899 (F-test $ 10!12). Assuming that iron has solar abun-
dance and freezing the betor index to -2.7 (standard value) and
the ionization parameter # = LX/(nr2) at 660, where LX is the
ionizing X-ray luminosity, n is the density in the refector, and
r the distance of the reflector to the emitting central source, the
inner radius has been estimated at 18 Rg and a lower limit of the
inclination at 44#.

4. Discussion
We performed a spectral analysis of MXB 1728–34 observed
by XMM-Newton on 2002 October 03 in the 1!11 keV energy
range. The best fit model consists of an absorbed Comptonized
component to account for the continuum plus either a diskline,
a relativistic line or a relativistic reflection model (to fit a broad
emission feature at $ 6.4 keV).

Using the diskline profile (Model 2) we find the line cen-
troid energy at 6.45 keV, compatible with a fluorescent K$
transition from ionized iron (Fe I!XX). The inner radius is at
about 12!21 Rg. The line profile appears therefore to be signifi-
cantly broad and possibly asymmetric. We attribute this shape to
Doppler and relativistic e!ects in the inner part of the accretion
disk, which is coherent with a disk-reflection scenario.

The results obtained by the relativistic line corresponding to
the Model 3 are consistent with the previous model. The inner
radius is estimated at 15!22 Rg.

The line profile can be equally well fitted using a relativis-
tic reflection model (Model 5). The value of the inner radius is
consistent with that found using a diskline profile or a relativis-
tic line, even if the uncertainty is higher (Rin = 13-43 Rg). For
a neutron star mass of 1.4 M%, the inner disk radius is in the

Detection of the iron line 



Comparison between 4 models

Gaussian Diskline Relline Reflionx

E line (keV)
Rin (Rg)

Inclination

    6.57
-
-

    6.45
18

(60°)

    6.43 
19

(60°)

-
20

> 44°

Chi2 (d.o.f.) 1489 (901) 1463 (899) 1464 (899) 1555 (901)

+3
-6

+3
-4

+29
-6

0.05
+0.05
- 0.07 0.07+-   -   +



Comparison between 4 models

Gaussian Diskline Relline Reflionx
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200 simulations :
probability of  chance improvement = 1% 

=> The diskline model is preferred



Comparison between 4 models

Gaussian Diskline Relline Reflionx
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in agreement



Comparison between 4 models

Gaussian Diskline Relline Reflionx

E line (keV)
Rin (Rg)

Inclination
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-
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Addition relativistic smearing :
Chi2 (d.o.f.) = 1463 (900)

=> Relativistic smearing required



Conclusion

We presented a different approach of  Ng et al. (2010) to the data analysis.                                                                                                        
=>  5 instruments                                                                                                      
=>  different continuum                                                                                          
=>  different models (favor in a broad and relativistic line)

First time XMM data from MXB 1728-34 fitted with a self-consistent 
reflection model.

Diskline model preferred to Gaussian

Relativistic smearing required in the reflection model

=>  The iron line is relativistic



Thank you !!!


