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What	  are	  compact	  galac2c	  objects?	  

•  X-‐ray	  binaries	  
–  High	  mass;	  sfxts,	  be	  binaries,	  gamma-‐ray	  binaries…	  
–  Low	  mass:	  Black	  hole	  transients,	  bursters,	  accre2ng	  pulsars,	  ns	  
transients….	  

•  Cataclysmic	  variables,White	  dwarfs,novae	  …	  
•  Radio/gamma	  ray	  Pulsars,	  isolated	  neutron	  stars	  
•  A	  big	  subject,	  with	  many	  pieces	  that	  I	  do	  not	  know…	  
•  this	  talk	  will	  be	  part	  journal	  club,	  part	  research	  note..	  
•  I	  will	  concentrate	  on	  	  low	  mass	  X-‐ray	  binaries	  with	  black	  

holes,	  but	  some	  results	  are	  applicable	  to	  other	  sources	  
•  ‘If	  you	  ask	  me	  anything	  I	  don’t	  know,	  I’m	  not	  going	  to	  

answer’	  	  (Yogi	  Berra)	  



General	  proper2es	  of	  LMXBs	  and	  
other	  accre2ng	  compact	  sources	  

•  Lx~1038	  erg	  s-‐1	  à	  accre2on	  
powered	  

•  Spectra	  ~	  power	  law	  with	  
cutoff	  >10	  keV	  à	  emission	  
mechanism	  

•  Variability	  on	  2mescales	  
>10-‐3s	  	  à	  size	  <	  107	  cm	  

•  Distances	  >	  kpc	  
•  Binaries	  with	  periods	  <days	  

à	  size	  <	  1011	  cm	  

Broad	  band	  spectral	  energy	  
distribu2on	  of	  Cyg	  X-‐1	  in	  the	  
hard	  state	  
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What	  is	  the	  emission	  mechanism?	  

•  Accre2ng	  gas	  must	  convert	  its	  kine2c	  energy	  due	  to	  infall	  into	  
light,	  X-‐rays	  

•  Radial	  infall	  +	  larmor	  formula	  à	  very	  small	  emission	  
•  The	  infalling	  gas	  must	  get	  thermalized	  somehow	  
•  Simple	  virial	  arguments	  predict	  that	  T>	  1010K	  for	  R~106	  cm	  
•  The	  details	  are	  uncertain;	  what	  can	  we	  tell	  from	  

observa2ons?	  
•  Early	  spectra	  looked	  like	  bremsstrahlung.	  	  Does	  this	  work?	  



A	  simple	  model:	  bremsstrahlung	  from	  a	  uniform	  
sphere	  of	  hot	  gas	  	  

•  Very	  Early	  data	  from	  eg.	  Sco	  x-‐1	  was	  fit	  to	  	  
bremsstrahlung	  emission	  from	  a	  uniform	  sphere	  of	  
gas,	  T~108K	  

	  
	  
	  
n=gas	  density,	  σ=brems	  cross	  sec2on	  v=thermal	  speed	  
Works	  if	  n=1011.5	  cm-‐3,	  R=1011cm	  
•  But	  does	  not	  allow	  for	  size	  implied	  by	  variability	  
•  And,	  if	  R=106cm	  and	  n	  sa2sfies	  the	  constraint	  on	  L,	  

then	  the	  op2cal	  depth	  to	  free-‐free	  absorp2on	  at	  ~1	  
keV	  is	  not	  small.	  

•  à	  This	  is	  a	  generic	  problem	  for	  processes	  which	  
scale	  in	  this	  way	  

•  And	  in	  fact	  Sco	  X-‐1	  	  can	  show	  much	  harder	  tail	  
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Hard X-ray emission of Sco X-1 1207

Figure 1. Spectrum of Sco X-1 in hard X-rays measured by INTEGRAL
instruments, averaged over all observations. Open circles denote spectrum,
measured by IBIS/ISGRI instrument, crosses with SPI.

Figure 2. Light curve of Sco X-1 as measured by IBIS/ISGRI in units of
Crab nebula count rate in the same energy ranges. X-axis here shows the
running number of INTEGRAL pointings. We present the light curve in such
a way because of big gaps between different sections of observations.

Sco X-1 is strongly variable, at the level far exceeding instrumental
uncertainties (see description of systematic in Section 2.1).

Time variability of Sco X-1 fluxes has two branches. We can see
that strong variability of the source flux in 17–26 keV energy range
can be either accompanied by similar variability at harder X-rays
(38–57 keV) or not. The spectacular example of such bimodality
can be seen at data points closer to the end of our data set. The
close-up to this set of points is shown in Fig. 3.

Spectra, illustrating the two branches are shown in Fig. 5.
The spectrum collected in observations, occupying the lower-

right corner of the flux–flux diagram (region A in Fig. 4),
has virtually no power-law tail and can be adequately fitted
with simple thermal component. The best-fitting analytical ap-
proximation can be done by an exponential cutoff dN/dE ∝

Figure 3. Upper panel: light curve of Sco X-1 in energy bands 17–26 keV
and 38–57 keV during some part of observations, selected around hard X-ray
flares. Lower panel: flux–flux diagram of these light curves.

E0exp (−E/Ecut) with Ecut = 3.70 ± 0.03 keV or blackbody emis-
sion with kT = 2.8 ± 0.05 keV.

The upper-right part of the diagram is formed by spectra, with
significant power-law tail. Spectrum collected within this region
(region B) is shown by open triangles in Fig. 5. The hard X-ray
part of this spectrum (above 60 keV) can be described by a power
law with photon index ! = 2.6 ± 0.3 without high energy cutoff.
The exact value of the lower limit on the cutoff energy depends
on assumed functional shape of the model. For simple exponential
cutoff, the lower limit (2σ ) is Ecut > 330 keV. The 50–250 keV flux
in this tail is ∼4–5 × 10−10 erg cm−2 s−1.

4 R E L AT I O N O F T H E TA I L W I T H OT H E R
S P E C T R A L C O M P O N E N T S

It was previously shown (Di Salvo et al. 2001, 2006; D’Aı́ et al.
2007) that the presence of the tail in spectra of bright NS binaries is

MNRAS 445, 1205–1212 (2014)

 at N
A

SA
 G

oddard Space Flight C
tr on Septem

ber 23, 2015
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

(R
ev
ni
ts
ev
	  e
t	  a

l.	  
20
14
)	  



A	  beoer	  model:	  compton	  scaoering	  

•  Compton	  scaoering	  of	  sop	  seed	  photons	  from	  energe2c	  electrons	  
•  Boosts	  photon	  energy	  by	  a	  frac2on~kT/mec2	  per	  scaoering	  in	  the	  

electron	  rest	  frame	  
•  what	  if	  the	  electron	  is	  rela2vis2c?	  

–  Then	  the	  electron	  sees	  the	  flux	  of	  incident	  seed	  photons	  boosted	  by	  γ
–  and	  the	  energy	  of	  the	  photons	  in	  the	  lab	  frame	  	  is	  boosted	  by	  another	  

power	  γ	  due	  to	  the	  mo2on	  of	  the	  electron	  

•  This	  helps	  a	  lot	  
•  But	  it’s	  a	  bit	  surprising:	  	  accre2on	  à	  rela2vis2c	  par2cles	  à	  

comptonized	  spec2on	  
•  and	  more	  likely	  is	  an	  mhd	  disk:	  	  accre2on	  à	  dynamo+magne2c	  

field	  à	  par2cle	  accelera2on	  à	  comptonized	  spec2on	  
•  And	  synchrotron	  emission	  is	  also	  possible	  

L ! L�2



Hard	  state	  Spectra	  of	  black	  hole	  candidates	  fit	  to	  
Comptonized	  model	  	  
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γ=π2/3(τ2	  kT/mec2)-‐1~y-‐1	  

Fit	  of	  broad	  band	  hard	  state	  
X-‐ray	  spectrum	  of	  Cyg	  X-‐1	  
to	  Comptonized	  model	  

•  Model	  depends	  on	  the	  extent	  
of	  the	  Comptoniza2on	  and	  
the	  temperature	  of	  the	  
electrons	  

•  Parameterized	  by	  y~τ2T	  
•  For	  small	  y	  a	  high	  energy	  tail	  
is	  created	  

•  For	  large	  y	  a	  thermal	  peak	  is	  
created	  near	  the	  kT	  of	  the	  
electrons.	  



Sop	  state	  fits	  to	  blackbody	  plus	  
comptonized	  component	  

The Astrophysical Journal, 780:78 (10pp), 2014 January 1 Tomsick et al.
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Figure 5. (a) Unfolded NuSTAR and Suzaku spectrum showing the fit obtained
with model 4, which includes a disk blackbody component, a cutoff power
law, a reflionx_hc reflection model with relativistic blurring, and a simple
ionized absorber. (b) The spectrum for model 8, which models the thermal
component with kerrbb and is self-consistent in that the thermal component
is the seed photon distribution for the Comptonized component (using simpl).
The symbols and colors for the different instruments are the same as for Figure 4.
(A color version of this figure is available in the online journal.)

1146 dof, which is significantly worse than the high-q (and
high-i) fit, but the inclination is 42.4+0.4

−0.5 deg, which is much
closer to the binary value. The residuals for this model are
shown in Figure 4(e, model 7) and the parameters are given in
Table 2. Although the BH spin is somewhat lower for model 7,
the relatively poor fit suggests that this value is not reliable. For
model 4, we left qout as a free parameter and a value of –1.2+1.1

−4.6 is
obtained, indicating that, beyond 10 Rg, the flux incident on the
disk is actually increasing with radius. Although such a rising
profile could occur over some range of radii, we note that it
is non-physical for the emissivity to continue to increase with
radius indefinitely.

While the parameter and BH spin constraints above rely only
on modeling the reflection component, a previous Cyg X-1
spin measurement obtained by fitting the soft state spectrum
relied primarily on modeling the thermal component (Gou et al.
2011, 2013). Rather than using the disk blackbody model, they
used the model kerrbb, which is a multi-temperature thermal
accretion disk model that accounts for changes in the inner disk
(e.g., the inner radius) due to the BH spin. Also, instead of adding
a power law, they used the convolution model simpl (Steiner
et al. 2009), which is different from the disk blackbody plus
power-law model described above because it uses the kerrbb
component as the seed photon input to the Comptonization
region. With this model, we obtain χ2

ν = 1.32 for 1146 dof.
The residuals are shown in Figure 4(f, model 8) and the model
components are shown in Figure 5(b). The parameter values
from the fit are given in Table 3. The constraint on the spin
parameter, a∗ = 0.838 ± 0.006, comes from both the thermal
component and the reflection component and the inclination
(i = 53.◦9 ± 0.◦4) is still significantly higher than the binary
value. Model 8 uses a single power law for the emissivity with
an index of q = 7.8 ± 0.5. Figure 6 shows the error contours
for spin and inclination for model 8.

Although we do not focus on calibration details in this
paper, there is excellent agreement between FPMA and FPMB
with the relative normalization being consistent to within 0.1%
for all the spectral models described above, which is actually
better than expected. Relative to the NuSTAR/FPMA, we find
normalization constants of 1.081 ± 0.005 for XIS0, 1.038 ±
0.004 for XIS1, 1.205 ± 0.007 for PIN, and 1.17 ± 0.06 for
GSO. These numbers are for model 8, but Tables 2 and 3 show
very similar relative normalizations for all models. Thus, there
is very good agreement between NuSTAR and XIS and the fact
that PIN and GSO are somewhat higher is expected.23

4. DISCUSSION

The combination of NuSTAR and Suzaku provides a measure-
ment of the Cyg X-1 reflection spectrum with unprecedented
quality. While NuSTAR measures the entire reflection compo-
nent (iron line, absorption edges, and hard X-ray bump), the XIS
provides an extension to lower energies that is essential for con-
straining the thermal component. NuSTAR and XIS agree to a
remarkable extent on the shape of the iron line (see Figure 3(b))

23 See http://www.astro.isas.jaxa.jp/suzaku/doc/suzakumemo/
suzakumemo-2008-06.pdf.
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Figure 6. Error contours for BH spin and inner disk inclination for models 4 (left), 8 (middle), and 10 (right). The 1σ , 2σ , and 3σ contours are shown.
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•  Crudely	  consistent	  with	  
simple	  es2mate:	  
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•  Neutron	  star	  sources	  also	  
show	  blackbody	  components,	  
consistent	  with	  emission	  from	  
heated	  surface	  



We	  can	  get	  more	  insight	  by	  considering	  how	  radia2on	  
propagates	  

•  What	  an	  observer	  receives	  is	  determined	  by	  two	  things:	  
–  Light	  emioed	  in	  the	  direc2on	  towards	  us	  
–  Light	  absorbed	  along	  the	  path	  

•  Intensity	  we	  see	  is	  due	  to	  the	  sum	  of	  sources	  along	  our	  line	  of	  sight	  
out	  to	  a	  place	  where	  the	  op2cal	  depth	  is	  ~1	  

•  à	  The	  Eddington-‐Barbier	  rela2on:	  

•  This	  allows	  us	  to	  interpret	  spectra	  in	  terms	  of	  
–  The	  microscopic	  condi2ons	  in	  the	  emirng	  gas	  
–  And	  the	  geometry	  	  	  

•  This	  is	  illustrated	  by	  considering	  familiar	  paradigms	  taken	  from	  
other	  branches	  of	  astronomy	  

•  ‘If	  you	  don’t	  know	  where	  you	  are	  going,	  you	  might	  wind	  up	  
someplace	  else’	  

I" ' B"(T ) |⌧=2/3

I"(s) =
R s
�1 ds0j"(s0)e�⌧(";s,s0) +I"(�1)e�⌧(";s,�1)



Paradigm	  1:	  op2cal	  lines	  in	  stellar	  atmospheres	  
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•  Line	  opacity	  means	  we	  see	  less	  deep	  in	  stellar	  atmospheres	  
•  Atomsphere	  is	  op2cally	  thick	  at	  all	  energies	  
•  Decreasing	  temperature	  with	  height	  means	  lines	  appear	  in	  

absorp2on	  



Paradigm	  2:	  	  X-‐ray	  emission	  from	  stellar	  coronae	  
K.J.H. Phillips et al.: Benchmarking the MEKAL code 389

Fig. 3. Observed SMM FCS spectra (histograms) and fitted
spectra using the corrected version of the MEKAL model (dot-
ted curve) of the 1980 August 25 flare. The intensity scale
(“counts”) is arbitrary and should only be considered as an in-
dication of relative intensity. Principal lines are identified with
the emitting ion name. The spectral scans are (from top to
bottom) s41, s42, s31, s32

Fig. 4. Observed and fitted spectra of the 1980 August 25 flare.
The spectral scans are (from top to bottom) s21, s11, s23, s12.
For other details, see caption to Fig. 3

(Phillips	  et	  al.1999)	  	  

solar	  X-‐ray	  spectrum	  	  

Temperature	  inversion	  causes	  X-‐ray	  lines	  to	  appear	  in	  emission	  
Lines	  have	  greater	  op2cal	  depth	  than	  con2nuum	  



Paradigm	  3:	  	  nebular	  line	  emission	  
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•  Inelas2c	  interac2on	  (eg.	  Photoioniza2on-‐recombina2on)	  
between	  light	  from	  central	  star	  and	  extended	  atmosphere	  	  

•  produces	  apparent	  line	  emission	  



Paradigm	  4:	  Stellar	  wind	  scaoering	  (resonance	  
scaoering)	  
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•  Winds	  produce	  emission	  and	  absorp2on	  due	  to	  resonance	  
scaoering	  

•  If	  the	  scaoering	  gas	  were	  sta2onary	  then	  the	  emission	  and	  
absorp2on	  would	  cancel	  

Zeta	  puppis	  UV	  spectrum	  

(Howarth	  and	  Prinja	  1996)	  



How	  do	  lines	  from	  X-‐ray	  binaries	  fit	  into	  this	  
scheme?	  
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•  i.e.	  can	  we	  reuse	  these	  paradigms;	  
‘It’s	  déjà	  vu	  all	  over	  again’	  

•  Iron	  lines	  were	  the	  first	  spectral	  
features	  detected	  from	  X-‐ray	  
binaries	  	  

•  The	  majority	  of	  X-‐ray	  sources	  emit	  
iron	  lines:	  	  

•  Iron	  lines	  are	  diagnos2c	  of	  
•  Ioniza2on	  via	  energy	  
•  Dynamics	  via	  width	  or	  ship	  
•  Abundance	  and	  geometry	  via	  

strength	  
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Kα Kβ

Increasing ionization -->

Iron	  K	  fluorescence	  is	  
characteris2c	  of	  
photoionized	  gas	  

•  Lines	  can	  be	  emioed	  
from	  gas	  in	  all	  ioniza2on	  
states	  

•  Iron	  is	  the	  a	  rela2vely	  
abundant	  

•  The	  line	  is	  in	  a	  clean	  part	  
of	  the	  spectrum	  

•  Iron	  K	  line	  shape	  and	  
energy	  changes	  
according	  to	  the	  
ioniza2on	  state	  of	  the	  
gas	  

•  Kβ	  is	  more	  sensi2ve	  to	  
ioniza2on	  state	  than	  Kα

	  



Chandra	  spectra	  show	  a	  
variety	  of	  different	  iron	  line	  

proper2es	  	   No. 2, 2010 FLUORESCENCE Fe LINES WITH CHANDRA 949
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Figure 2. Four representative examples of the fitting process. Upper row: HMXBs. Left: Vela X-1 shows Fe Kα and Fe Kβ but not hot photoionization lines (except
Ni xxvii). Right: Cyg X-3, in turn, shows hot photoionization lines of Fe xxv and Fe xxvi which, in low-resolution and broadband spectra, are confused with the true
cold Fe Kα fluorescence line. Lower row: LMXBs. Left: 4U1822−37 shows Fe Kα and a hot line. Right: the spectra of 4U1957+11, as the vast majority of LMXBs,
show no lines at all, in this case superimposed on a pure power-law continuum.
(A color version of this figure is available in the online journal.)

Table 1
The Complete Sample of XRBs Analyzed in This Work

Source Alternative Name α δ MK Donor d (kpc) ObsID

HMXB

Cen X-3 4U 1119−603 11 21 15.78 −60 37 22.7 O6.5II–III 8 705, 1943
OAO1657−415 EXO 1657−419 17 00 47.90 −41 40 23 Ofpe 7.1 ± 1.3 1947
Cyg X-1 4U 1956+35 19 58 21.67 +35 12 05.77 O9.7Iab 2.15 ± 0.07 2415, 3815
Cyg X-3 4U 2030+40 20 32 25.78 +40 57 27.9 WR? 9 425, 426, 1456
X1908+075 4U 1909+07 19 10 48 +07 35.9 O7.5−9.5If 7 5476, 5477, 6336
Vela X-1 4U 0900−40 09 02 06.86 −40 33 16.90 B0Iab 1.9 ± 0.1 102, 1926, 1927, 1928
4U1700−37 17 03 56.77 −37 50 38.91 O6.5Iaf 1.7 657
GX 301−2 4U 1223−62 12 26 37.60 −62 46 14 B1.5Ia+ 3+1

−0.5 103, 2733, 3433
LMC X-4 4U 0532−66 05 32 49.79 −66 22 13.8 O8III 50 9571, 9573, 9574
γ Casa 4U 0054+60 00 56 42.53 +60 43 00.26 B0.5IIIe 0.19 1985

LMXB

4U1822−371 18 25 46.8 −37 06 19 M0V 671
GX 1+4 4U 1728−24 17 32 02.16 −24 44 44.02 M5III 2710
Her X-1 4U 1656+35 16 57 49.83 +35 20 32.6 A5V 4.5 2749, 3821, 3822, 4585

6149, 3821, 6150
Cir X-1 4U 1516−56 15 20 40.874 −57 10 00.26 B5-A0 706, 1700

Notes. Only sources with positive detections have been quoted above. E: eclipsing binary, P: X-ray pulsar. Sources analyzed with negative detections:
LMXB: 2S0918−549, 2S0921−63, 4U1254−690, 4U1543−62, 4U1624−49, 4U1626−67, 4U1636−53, 4U1705−44, 4U1728−16, 4U1728−34,
4U1735−44, 4U1820−30, 4U1822−00, 4U1916−053, 4U1957+11, 4U2127+119, Cyg X-2, EXO0748−676, GRO J1655−40, GRS 1747−312, GRS
1758−258, GX 13+1, GX 17+2, GX 3+1, GX 339−4, GX 340+0, GX 349+2, GX 5−1, GX 9+1, Ginga1826−238, SAX J1747.0−2853, SAX
J1808.4−3658, ScoX-1, Ser X-1, XTE J1118+480, XTE J550−564, XTE J1650−500, XTE J 1746, XTE J1814−338. HMXB: Cyg X-1 ObsIDs 107,
1511, 2741, 2742, 2743, 3407, 3724, Cir X-1 ObsIDs 1905, 1906, 1907, 5478, 6148.
a Status as an HMXB is still unclear. Not included in the correlations.

Vela	  x-‐1	   cyg	  x-‐3	  

4u1822-‐37	   4u1957+11	  

(Torrejon	  et	  al.	  2010)	  
	  

948 TORREJÓN ET AL. Vol. 715

0
2

4
6

C
ou

nt
s/

s/
A

ng
st

ro
m

1.8 2 2.2 2.4

−2
0

2
∆χ

Wavelength [Angstrom]

Fe
 K

 b
et

a
Fe

 K
 e

dg
e

N
i X

X
V

II

Fe Kalpha

Figure 1. Chandra HETG spectra of the HMXB GX 301−2, included in this
survey, ObsID 2733, showing all the relevant features discussed in the present
work: Fe Kα and Fe Kβ fluorescence lines, Fe K edge, Compton shoulder, and
a hot line.
(A color version of this figure is available in the online journal.)

Reflection Grating Spectrometer instrument on board XMM-
Newton has the required spectral resolution, it lacks of effective
area shortward of 6 Å.

The photons emitted during fluorescence must further travel
through the stellar wind to reach the interstellar medium (ISM).
In some cases, these photons can be Compton downscattered
to lower energies and a “red shoulder” can be resolved in the
Fe line (Watanabe et al. 2003). In such a case, the Compton
shoulder can be used as a further probe of the wind material.

Gottwald et al. (1995) established a comprehensive catalog
of Fe line sources using EXOSAT GSPC. These authors were
able to detect iron line emission in 51 sources out of which 32
were identified as XRBs. From these, 20 (∼63%) were LMXB
and 12 (∼37%) were HMXB. On average, the former showed
a broad (∼1 keV) line centered at 6.628 ± 0.012 keV, while
the latter tended to show narrower (∼0.5 keV) lines centered at
6.533 ± 0.003 keV. EXOSAT GSPC had a spectral resolution
of about this amount and, therefore, a width of ∼0.5 keV
represents an upper limit. More recently, Asai et al. (2000) have
performed a study of the Fe K line in a sample of 20 LMXB
using ASCA Gas Imaging Spectrometer (GIS) and Solid-State
Imaging Spectrometer (SIS) data. These authors were able to
detect significant Fe line emission in roughly half of the sources.
This line tended to be centered around 6.6 keV but showed large
scatter with extreme values going from ∼6.55 to 6.7 keV. In
general, the FWHM is not resolved but for those sources where
the width could be measured was ∼0.5 keV.

In this paper, we study in a homogeneous way and at the
highest spectral resolution, the narrow component of the Fe line
for the whole sample of HMXB and LMXB currently public
within the Chandra archive. Specific studies of some individual
sources within our sample have been published elsewhere (e.g.,
Watanabe et al. (2006) for Vela X-1). However, we have
reprocessed the entire sample to guarantee its homogeneity
and have reanalyzed it, focused specifically on the narrow
component.

2. OBSERVATIONS

We have reprocessed all the available HETGs data for OB
stellar systems which in the end involved 10 sources. We also

searched for Fe fluorescence emission from 31 LMXB and
found 4 cases of late-type companions with positive detections.
The sample is presented in Table 1. In the case of HMXBs, we
included observational information of all 10 sources available
since we detected line fluorescence in all candidates. In the case
of LMXBs, we include such information only for those with
clear detections, but list all the other targets in the footnote for
reference purposes.

There were a few peculiar sources, such as SS 433 or γ Cas,
in which the Fe K region is dynamically either too complex
or where the nature of the source as an accreting source is
fundamentally in question. Some sources, such as LS5039,
LMC X-1, and LMC X-3, were excluded because there was
no significant X-ray emission in the Kα region under study.
There are many observations of Cyg X-1 in the archive, but
only two of these showed positive detections of the FeKα line.
In this case, we list only the observation IDs (ObsIDs) where
we detected line fluorescence. Likewise, sources presenting
only warm absorption lines, like 4U1624−49, have also been
excluded.

For the present study, we focus on the 1.6–2.5 Å (≈
4.96 keV–7.74 keV) spectral region, which contains both Fe
Kα, Fe Kβ emissions and the Fe K edge (Figure 1). Pile up
has been found to be negligible in this spectral region except for
very few sources not included in this survey. We treat the spectral
continuum as local and use a simple power law modified either
by an edge at 1.740 Å or by a photoelectric absorption (phabs,
tbabs). For the latter case, we apply solar abundances from
Anders & Grevesse (1989) and cross sections from Balucinska-
Church & McCammon (1992). Our focus on the local contin-
uum is justified by the fact that the process of inner K-shell line
fluorescence of neutral matter has a fundamentally different re-
lation to its underlying continuum than in the photoionization
of warm plasmas. While the latter requires photoionization en-
ergies much lower than the K edge energy to remove electrons
down to He-like ions of Fe, it requires photon energies beyond
the Fe K edge of 7.1 keV to remove an electron from the K shell
of neutral Fe. In this respect, Fe K-shell fluorescence is entirely
independent of the nature of the X-ray continuum below the Fe
K edge (λ > 1.74 Å) which allows us to focus on local con-
tinua only. Furthermore, the recovery of the continuum beyond
the K edge (λ < 1.74 Å) goes with the power of ∼3 and is,
thus, extremely steep, requiring us to account for the bulk of
absorption of photons only very close to the edge itself. This
provides us with both the optical depth of the edge τedge and
the equivalent column density of the reprocessing material, NH.
Given the spectral range we have focused on, this latter quantity
is measured from the K edge via the assumed abundance of Fe
with respect to H. Apart from Fe Kα and Kβ emissions, other
emission lines from photoionized plasma have been detected in
many cases, most prominently at 1.85 Å (≈ 6.7 keV, Fe xxv),
1.78 Å (≈ 6.96 keV, Fe xxvi Ly α), and 1.66 Å (≈ 7.46 keV,
Ni xxvii Ly α). Whenever present, these lines were fitted with
Gaussians, to get a good fit in the whole wavelength range, but
we do not study them here because they are out of the scope of
this paper. The edge has been fixed at 1.740 Å (=7.125 keV)
for all the sources.4

In Figure 2, we present four representative examples of the
quality of the fits. The upper row shows two HMXBs of our
sample, Vela X-1 (left) and Cyg X-3 (right). As can be seen,

4 Except for LMC X-4 ObsID 9574, where the analysis of highly ionized
lines indicated that it could be blueshifted to 1.72 Å(=7.208 keV) pointing to a
slightly higher ionization degree (J. Lee 2009, private communication).

GX301-‐2	  



Which	  paradigm	  applies	  to	  iron	  K?	  
•  The	  nebular	  paradigm	  predicts	  that	  the	  iron	  line	  equivalent	  width	  

increases	  with	  the	  column	  density	  
– More	  maoer	  à	  more	  line	  
–  Spherical	  geometry	  implies	  we	  can	  measure	  the	  maoer	  via	  NH	  
–  from	  the	  	  low	  energy	  photoelectric	  absorp2on	  

•  Results	  for	  a	  sample	  of	  X-‐ray	  binaries:	  	  good	  correla2on	  for	  many	  
but	  not	  all..	  à	  blocked	  wind	  (emission)	  paradigm	  is	  beoer	  	  for	  
some	  objects	  No. 2, 2010 FLUORESCENCE Fe LINES WITH CHANDRA 953

Figure 5. Left panel: the curve of growth. The EW of the Fe line grows with the column density of the reprocessing material (continuous red line) as predicted by
the theoretical model of Kallman et al. (2004) for spherical geometry (dashed line). Black circles represent HMXB data and blue squares represent LMXB. Eclipse
data (triangles, upper left corner) do not follow the main trend. Right panel: the several ObsIDs for the same source have been linked by a line, showing that, with few
exceptions, the sources follow the relationship individually.
(A color version of this figure is available in the online journal.)

have σW ≈ σISM. The fact that we get the ISM value of Wilms
et al. (2000) is an independent check of the above statement and
consistent with the compact object deeply embedded into the
wind of the donor.

In conclusion, we find that the curve of growth is consistent
with a spherical distribution of reprocessing material around the
X-ray source and follows the theoretical prediction of Kallman
et al. (2004, Equation (5)), namely, EW(Fe Kα) ≃ 3N22

H [eV].
This is further supported by the fact that the Fe lines are very
narrow and in most cases not resolved by Chandra. This means
that the material is not rotating at high speeds as would be the
case in accretion disks. The few LMXBs follow the same trend
as the HMXB. In LMXBs, though, the situation must be different
to that in HMXB where the NSs are deeply embedded into the
stellar winds of their massive companions. To imply a spherical
geometry in the LMXB cases is less straight forward but it
means that through some mechanism the fluorescing material
has lost all “memory” of the donor. The eclipse data seem to
follow a different relationship with enormous EW which do not
match the corresponding large NH deduced from the equation in
point 1.

5. ON THE X-RAY BALDWIN EFFECT IN XRBS

In Figure 6, we show the correlation between the unabsorbed
continuum flux in the 1.6–2.5 Å band, the most effective source
for Fe K fluorescence, and the Fe Kα line flux. As can be
seen, the variations of the reprocessed fluorescence photons
track closely the variations of the continuum emitted by the
illuminating X-ray source. This means that the reprocessing
region must be very close to the X-ray source.

While we observe a correlation of line flux with continuum
flux, we also observe an anticorrelation of EW with the same
continuum flux (Figure 7). This trend is also visible in the

Figure 6. log–log plot of the line flux vs. the continuum flux. A good correlation
exists (Fline ∝ F 0.71

cont ; r2 = 0.75). The reprocessed fluorescence photons
variations track closely the continuum emitted by the X-ray source. This means
that the reprocessing region is very close to the X-ray continuum source. Black
circles represent HMXB and blue squares LMXB.
(A color version of this figure is available in the online journal.)

EXOSAT data of Gottwald et al. (1995, Figure 3). Such an
anticorrelation has been shown to exist for active galactic nuclei
(AGNs) exhibiting Fe Kα fluorescence line (e.g., Iwasawa &
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Rela2vis2cally	  broadened	  iron	  lines	  are	  
observed	  from	  X-‐ray	  binaries	  

•  Line	  is	  broadened	  by	  
disk	  rota2on	  

•  Special	  rela2vity	  
boosts	  the	  blue	  wing,	  
more	  at	  high	  i	  

•  General	  rela2vity	  
redships	  the	  
extreme	  wings	  

•  Yields	  constraints	  on	  
inclina2on,	  emission	  
region	  loca2on	  



T. Kallman Auburn 11/13/09 

Line Broadening by Black Hole Disk 
Emission

Fabian et al. 2000



Broad	  iron	  lines	  are	  evidence	  for	  reflected	  
emission	  from	  a	  rota2ng	  disk	  

•  Rota2on	  provides	  Doppler	  ships	  
•  Disk	  geometry	  provides	  thick	  

reflec2on	  atmosphere	  
•  Energy	  source	  is	  the	  Compton	  

con2nuum	  
•  Consistent	  with	  coronal	  paradigm	  	  
•  temperature	  inversion	  comes	  from	  

the	  X-‐ray	  hea2ng	  
•  But	  Why	  do	  inferred	  parameters	  

cluster	  around	  i~30-‐45o,	  Iron	  
abundances	  >	  solar	  ?	  	  

•  Do	  we	  really	  understand	  the	  geometry	  
and	  energy	  source	  in	  disk	  reflec2on?	  

•  Missing	  energy	  input?	  

The Astrophysical Journal, 768:146 (20pp), 2013 May 10 Garcı́a et al.
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Figure 3. Reflected spectra for different values of Γ and ξ . Panels (a), (b),
and (c) correspond to Γ = 1.4, 2.0, and 2.6, respectively. In each panel,
solid lines show the reflected spectra calculated for a different value of
the ionization parameter. From bottom to top, each curve corresponds to
ξ = 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000, 2000, 5000 erg cm s−1, color-
coded accordingly. Note that no rescaling is applied. The illuminating power law
for the lowest value of ξ is shown by the black dashed lines. The Fe abundance
is set to the solar value (AFe = 1) for all the models.
(A color version of this figure is available in the online journal.)

Transport System (FITS) format, which can be loaded into the
fitting package xspec9 via the atable model.

3.2. The Effect of Varying the Ionization Parameter ξ

Figure 3 shows a sub-group of the resulting reflected spectra
for three values of the photon index Γ and a range of ionization
parameters. The Fe abundance is set to the solar value (AFe = 1)

9 http://heasarc.gsfc.nasa.gov/xanadu/xspec/

for all the models shown here. Panels (a), (b), and (c) correspond
to Γ = 1.4, 2, and 2.6, respectively. Each panel shows the
reflected spectra calculated for a different value of the ionization
parameter. From bottom to top, each curve corresponds to ξ =
1, 2, 5, 10, 20, 50, 100, 200, 500, 1000, 2000, 5000 erg cm s−1,
respectively. Because the gas density is held fixed at ne =
1.2 × 1015 cm−3 for all these calculations, increasing the
ionization parameter is equivalent to increasing the flux Fx
of the illuminating source, where Fx = ξne/4π . The spectra
are plotted in units of EFE (equivalent to νFν if plotted in
frequency), so that a power law of Γ = 2 is shown as a horizontal
line. Note that no rescaling or shift is applied; instead, each curve
is color-coded according to its corresponding value of log ξ , to
improve clarity. This figure provides a general overview of the
effect that the ionization parameter has on the spectrum reflected
from an optically thick plane-parallel slab. The original power-
law shape of the illuminating continuum (for the lowest value of
ξ ), shown in black dashed lines, suffers drastic modifications due
to both absorption and emission. The spectra are shown in the
entire energy range included in the calculations (0.1–106 eV). In
the low-energy part of the spectrum (0.1–10 eV), the continuum
is dominated by bremsstrahlung emissivity, despite the fact that
this is where the illumination flux is decreased due to the cutoff
imposed at 100 eV. Emission lines and absorption edges from
H, He, and C are clearly visible for most of the models with low
and intermediate ionization. In the 10–104 eV energy range,
the photoelectric opacity dominates over the electron scattering
opacity. Therefore, this region is where most of the absorption
occurs, yielding large departures from the original power-law
continuum. Bremsstrahlung emissivity decreases rapidly for
energies above ∼100 eV; however, many emission lines from
all the ions included in these calculations remain visible over
the entire energy range. At higher energies (>104 eV), electron
scattering is the dominant source of opacity since the cross
section for photoelectric absorption decays as ∼E−3, while
the Klein–Nishina cross section for electron scattering remains
fairly constant. Thus, in this spectral region Compton scattering
is the only relevant process and the reflected spectrum depends
on the shape of the original illuminating field.

By looking at the overall shape of the reflected continuum
shown in Figure 3, it is possible to distinguish between two
main regimes: (1) the high-ionization case, where the resulting
spectra mostly shows very narrow emission features, while the
continuum still resembles the original shape of the illuminating
power law; and (2) the low-ionization case, where the emerging
spectra are a combination of a very rich and complex set of
emission-line profiles superimposed on a strongly absorbed
and modified continuum, which significantly departs from
the original power law. The specific value of the ionization
parameter that separates these two regimes depends, to a certain
degree, on the photon index Γ. In fact, for the Γ = 1.4 case
shown in panel (a) this transition is quite obvious, as a drastic
change in the reflected spectra can be seen between models
with log ξ = 2.3 and 2.7. These changes are the result of large
differences in the ionization balance solutions, as can be seen in
Figure 4, which shows the corresponding temperature profiles
for each one of the models shown in Figure 3, color-coded
in the same way. Because larger ionization implies a larger
illumination flux, models with high ξ values are systematically
hotter than those with low ξ values. The illuminating radiation,
incident at the surface of the slab (at τT = 10−4 for our
proposes), penetrates the first layers heating the gas. The amount
of heating not only depends on the illuminating flux, but also

6

Grid	  of	  models	  for	  reflected	  
X-‐ray	  spectrum	  
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At	  energies	  <2	  keV	  line	  emission	  is	  observed	  from	  
sources	  such	  as	  HMXBs	  or	  high	  inclina2on	  sources	  

L136 HIGH-RESOLUTION SPECTROSCOPY WITH CHANDRA Vol. 533

Fig. 1.—The 1–10 Å spectrum of Cyg X-3 as observed with the HEG (top) and the MEG (bottom) binned in 0.005 Å bins. The positive and negative first
orders have been added, and the spectra have been smoothed with a 3 pixel boxcar filter. The labels indicate the positions of various discrete spectral features.
“Hea” is the inelegant label for the resonance, intercombination, and forbidden lines in the He-like ions, plotted at the average wavelength for the complex. High-
ionization features of interest that were not detected have been labeled in parentheses. The horizontal bars indicate the nominal positions of the gaps between the
ACIS chips; the dithering of the spacecraft will broaden the gaps and soften their edges.

for the HEG (MEG) (D. Dewey 2000, private communication).
The resolution in the Cyg X-3 spectrum can be checked self-
consistently by analyzing the width of the zero-order image.
Unfortunately, the zero-order image is affected by pileup. How-
ever, enough events arrive during the 41 ms CCD frame trans-
fer, forming a streak in the image, that we can construct an
unbiased one-dimensional zero-order distribution from them.
The width of this distribution is consistent with the widths of
narrow lines in the spectrum of Capella, which indicates that
the resolution in the Cyg X-3 spectrum is not affected by sys-
tematic effects (e.g., incorrect aspect solution, defocusing).

3. X-RAY PHOTOIONIZATION IN CYG X-3

Figure 1 shows the HEG and MEG first-order spectra; the
higher order spectra are unfortunately very weak, and we will
not discuss them here. We show the spectra as a function of
wavelength because this is the most natural unit for a diffractive
spectrometer: the instruments have approximately constant
wavelength resolution. The spectra have been smoothed with
a 3 pixel boxcar average to bring out coherent features. We
have indicated the positions of expected strong H- and He-like
discrete features. A cursory examination of the spectrum strik-
ingly confirms the photoionization-driven origin of the discrete
emission.
We detect the spectra of the H-like species of all abundant

elements from Mg through Fe. In Si and S, we detect well-
resolved narrow radiative recombination continua. This is il-
lustrated in Figure 2, which shows the 3.0–7.0 Å band on an

enlarged scale. The Si xiv and S xvi continua are readily ap-
parent. The width of these features is a direct measure of the
electron temperature in the recombining plasma, and a simple
eyeball fit to the shapes indicates eV, which is roughlykT ∼ 50e

in agreement with the result of model calculations for optically
thin X-ray–photoionized nebulae (Kallman & McCray 1982).
A more detailed, fully quantitative analysis of the spectrum
will be required to see whether we can also detect the expected
temperature gradient in the source (more highly ionized zones
are also expected to be hotter). In the Si xiv and S xvi spectra,
we estimate the ratio between the total photon flux in the RRC
to that in Lya to be about 0.8 and 0.7, respectively; here we
assume eV, and we have made an approximate cor-kT = 50e

rection for the differences in effective area at the various fea-
tures. These measured ratios are in reasonable agreement with
the expected ratio of (LP96), which in-!0.170.73(kT /20 eV)e

dicates that the H-like spectra are consistent with pure recom-
bination in optically thin gas.
The positions of the lowest members of the Fe xxvi Balmer

series are indicated in Figure 1 (the fine-structure splitting of
these transitions is appreciable in H-like Fe, as is evident from
the plot). The relative brightness of the Balmer spectrum is yet
another indication of recombination excitation. There is evi-
dence for line emission at the position of Hb, and possibly at
Hg and Hd; the spectrum is unfortunately too heavily absorbed
to permit a detection of Ha (ll9.52, 9.74). Unfortunately, the
long-wavelength member of the Hb “doublet” ( Å)l ≈ 7.17
almost precisely coincides with the expected position of Al xiii

•  Lines	  include	  strong	  resonance	  
lines	  from	  many	  ions	  

•  Recombina2on	  and	  thermal	  
emission	  is	  strong	  	  

•  à	  emission	  nebula	  paradigm	  is	  
favored	  

	  
3.1. Fe Fluorescence

The data allow us to fit independently the K!1 and K!2 lines,
which are merged in a single feature.We also detect the K" line.
The measured Fe K fluorescence line energies, as well as the
line ratios among K!1, K!2, and K", all show that the iron is

neutral, based on the Kaastra & Mewe (1993) calculations. The
K! /K" ratio is 6:2 ! 1:6 (compared with 7.99 for Fe i from
Kaastra & Mewe), while the K!1/K!2 ratio is 2:28 ! 0:45
(compared with 2.00; Kaastra & Mewe 1993). Any iron ion
with an L shell electron can fluoresce with high yields as well.
However, the line energy observed corresponds to Fe i–Fe ix

Fig. 1.—MEG and HEG count spectra of Her X-1 during its low state showing numerous radiative recombination lines and continua, a strong Fe K! fluorescence
line, and a continuum that may be produced by Compton scattering. The large range of temperatures at which these emission lines originate is a direct probe of the
ionization structure of the upper layers of the accretion disk atmosphere and corona.
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At	  energies	  ~0.5-‐2	  keV	  line	  emission	  is	  observed	  from	  
sources	  such	  as	  HMXBs	  or	  high	  inclina2on	  sources	  

L136 HIGH-RESOLUTION SPECTROSCOPY WITH CHANDRA Vol. 533

Fig. 1.—The 1–10 Å spectrum of Cyg X-3 as observed with the HEG (top) and the MEG (bottom) binned in 0.005 Å bins. The positive and negative first
orders have been added, and the spectra have been smoothed with a 3 pixel boxcar filter. The labels indicate the positions of various discrete spectral features.
“Hea” is the inelegant label for the resonance, intercombination, and forbidden lines in the He-like ions, plotted at the average wavelength for the complex. High-
ionization features of interest that were not detected have been labeled in parentheses. The horizontal bars indicate the nominal positions of the gaps between the
ACIS chips; the dithering of the spacecraft will broaden the gaps and soften their edges.

for the HEG (MEG) (D. Dewey 2000, private communication).
The resolution in the Cyg X-3 spectrum can be checked self-
consistently by analyzing the width of the zero-order image.
Unfortunately, the zero-order image is affected by pileup. How-
ever, enough events arrive during the 41 ms CCD frame trans-
fer, forming a streak in the image, that we can construct an
unbiased one-dimensional zero-order distribution from them.
The width of this distribution is consistent with the widths of
narrow lines in the spectrum of Capella, which indicates that
the resolution in the Cyg X-3 spectrum is not affected by sys-
tematic effects (e.g., incorrect aspect solution, defocusing).

3. X-RAY PHOTOIONIZATION IN CYG X-3

Figure 1 shows the HEG and MEG first-order spectra; the
higher order spectra are unfortunately very weak, and we will
not discuss them here. We show the spectra as a function of
wavelength because this is the most natural unit for a diffractive
spectrometer: the instruments have approximately constant
wavelength resolution. The spectra have been smoothed with
a 3 pixel boxcar average to bring out coherent features. We
have indicated the positions of expected strong H- and He-like
discrete features. A cursory examination of the spectrum strik-
ingly confirms the photoionization-driven origin of the discrete
emission.
We detect the spectra of the H-like species of all abundant

elements from Mg through Fe. In Si and S, we detect well-
resolved narrow radiative recombination continua. This is il-
lustrated in Figure 2, which shows the 3.0–7.0 Å band on an

enlarged scale. The Si xiv and S xvi continua are readily ap-
parent. The width of these features is a direct measure of the
electron temperature in the recombining plasma, and a simple
eyeball fit to the shapes indicates eV, which is roughlykT ∼ 50e

in agreement with the result of model calculations for optically
thin X-ray–photoionized nebulae (Kallman & McCray 1982).
A more detailed, fully quantitative analysis of the spectrum
will be required to see whether we can also detect the expected
temperature gradient in the source (more highly ionized zones
are also expected to be hotter). In the Si xiv and S xvi spectra,
we estimate the ratio between the total photon flux in the RRC
to that in Lya to be about 0.8 and 0.7, respectively; here we
assume eV, and we have made an approximate cor-kT = 50e

rection for the differences in effective area at the various fea-
tures. These measured ratios are in reasonable agreement with
the expected ratio of (LP96), which in-!0.170.73(kT /20 eV)e

dicates that the H-like spectra are consistent with pure recom-
bination in optically thin gas.
The positions of the lowest members of the Fe xxvi Balmer

series are indicated in Figure 1 (the fine-structure splitting of
these transitions is appreciable in H-like Fe, as is evident from
the plot). The relative brightness of the Balmer spectrum is yet
another indication of recombination excitation. There is evi-
dence for line emission at the position of Hb, and possibly at
Hg and Hd; the spectrum is unfortunately too heavily absorbed
to permit a detection of Ha (ll9.52, 9.74). Unfortunately, the
long-wavelength member of the Hb “doublet” ( Å)l ≈ 7.17
almost precisely coincides with the expected position of Al xiii

•  Lines	  include	  strong	  resonance	  
lines	  from	  many	  ions	  

•  But	  Equivalent	  widths	  are	  greater	  
when	  total	  flux	  is	  low	  

•  à	  blocked	  wind	  (emission)	  
paradigm	  may	  apply	  

	  
3.1. Fe Fluorescence

The data allow us to fit independently the K!1 and K!2 lines,
which are merged in a single feature.We also detect the K" line.
The measured Fe K fluorescence line energies, as well as the
line ratios among K!1, K!2, and K", all show that the iron is

neutral, based on the Kaastra & Mewe (1993) calculations. The
K! /K" ratio is 6:2 ! 1:6 (compared with 7.99 for Fe i from
Kaastra & Mewe), while the K!1/K!2 ratio is 2:28 ! 0:45
(compared with 2.00; Kaastra & Mewe 1993). Any iron ion
with an L shell electron can fluoresce with high yields as well.
However, the line energy observed corresponds to Fe i–Fe ix

Fig. 1.—MEG and HEG count spectra of Her X-1 during its low state showing numerous radiative recombination lines and continua, a strong Fe K! fluorescence
line, and a continuum that may be produced by Compton scattering. The large range of temperatures at which these emission lines originate is a direct probe of the
ionization structure of the upper layers of the accretion disk atmosphere and corona.

HER X-1 DISK: X-RAY SPECTROSCOPY AND MODELING 933No. 2, 2005

(P
ae
re
ls	  
et
	  a
l.	  
20
00
)	  

(Ji
m
en

ez
-‐G
ar
at
e	  
20

03
)	  



black	  hole	  transients	  in	  outburst	  
prduce	  absorp2on	  

•  No	  evidence	  for	  emission	  
•  Suggests	  blocked	  wind	  (absorp2on)	  
•  If	  so,	  should	  see	  equivalent	  width	  ~constant	  	  

–  Not	  the	  case:	  	  appearance	  of	  features	  do	  not	  correla2on	  
with	  outburst	  state	  

–  Spectra	  do	  not	  always	  fit	  to	  simple	  absorp2on	  
	  

GROJ1655-‐40	  
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Figure 2. 8–19.5 Å combined first-order MEG spectrum of MAXI J1305−704. The top panel shows the raw spectrum. The bottom panel shows the best-fit two-zone
absorption model, generated using a very large XSTAR grid (Model 16 in Table 1 is shown). The plots are not “fluxed” to avoid bias, but the spectra have been binned
for visual clarity. Absorption due to H-like O viii is visible at 19 Å (Lyα) and 16 Å (Lyβ); most of the other features are Fe L-shell transitions.
(A color version of this figure is available in the online journal.)

Figure 3. Combined first-order MEG spectrum of MAXI J1305−704 in the 10–14 Å region, roughly centered on the density-sensitive Fe xxii lines (laboratory
wavelengths: 11.77 Å, 11.92 Å). Model 7 is a single-zone absorption model wherein the density is fixed at n = 1.0 × 1016 cm−3 (see Table 1); it is plotted in cyan.
Model 8 is a two-zone absorption model with variable (high) densities that yields a significantly improved fit; it is shown in red. Note that the Fe xxii lines are fit much
better with Model 8, as well as the lines at approximately 10.6 Å, 11.5 Å, and the complex near to 12.9 Å. The plot has not been “fluxed” to avoid bias, but the spectra
have been binned for visual clarity.
(A color version of this figure is available in the online journal.)

offset (see below), or at higher spectral resolution (such as that
available with Astro-H; Takahashi et al. 2012), Doppler-split
line pairs would be detected.

However, numerous instrumental and astrophysical effects
may serve to prevent Doppler-split lines, and/or their detection,
even in this spectrum. Artificial line broadening due to the tele-
scope pointing offset may have served to blur away the velocity
structure. Optical depth effects can spoil line-splitting signa-
tures. Very small values of ∆(r) partly rely on the assumption
of a unity filling factor; if the gas is sparse and clumpy—as
might be the case if it is affected by radiation pressure—val-
ues of ∆(r) could be much larger. Moreover, this analysis has

only focused on a very small wavelength region, dominated by
transitions to and from the Fe L shell, and thus centered on a
narrow range in ionization. An excellent HEG spectrum in the
Fe K band could have detected absorption from very highly
ionized gas that would have implied a much larger wind depth.
The two-zone models detailed in Table 1 may already supply a
partial solution: Models 4, 8, and 12 give radii that differ by an
appreciable factor and strongly suggest that ∆(r)/r is not very
small. In this regime, Doppler-split lines from larger radii would
fill in pairs from smaller radii and spoil the signature of rotation.

While the continuum shape and flux of the zeroth-order spec-
trum are affected by pileup, the centroid energy of discrete
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(Miller	  et	  al.	  2015)	  



black	  hole	  transients	  in	  outburst	  
produce	  absorp2on	  

•  No	  evidence	  for	  emission	  
•  Suggests	  blocked	  wind	  (absorp2on)	  
•  If	  so,	  should	  see	  equivalent	  width	  ~constant	  	  

–  Not	  the	  case:	  	  appearance	  of	  features	  do	  not	  correlate	  in	  
detail	  	  with	  outburst	  state	  

–  Spectra	  do	  not	  always	  fit	  to	  simple	  absorp2on	  
–  Maybe	  cool	  photosphere	  paradigm	  is	  beoer?	  
–  If	  so	  there	  is	  more	  material,	  but	  maybe	  at	  smaller	  radius?	  
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Figure 2. 8–19.5 Å combined first-order MEG spectrum of MAXI J1305−704. The top panel shows the raw spectrum. The bottom panel shows the best-fit two-zone
absorption model, generated using a very large XSTAR grid (Model 16 in Table 1 is shown). The plots are not “fluxed” to avoid bias, but the spectra have been binned
for visual clarity. Absorption due to H-like O viii is visible at 19 Å (Lyα) and 16 Å (Lyβ); most of the other features are Fe L-shell transitions.
(A color version of this figure is available in the online journal.)

Figure 3. Combined first-order MEG spectrum of MAXI J1305−704 in the 10–14 Å region, roughly centered on the density-sensitive Fe xxii lines (laboratory
wavelengths: 11.77 Å, 11.92 Å). Model 7 is a single-zone absorption model wherein the density is fixed at n = 1.0 × 1016 cm−3 (see Table 1); it is plotted in cyan.
Model 8 is a two-zone absorption model with variable (high) densities that yields a significantly improved fit; it is shown in red. Note that the Fe xxii lines are fit much
better with Model 8, as well as the lines at approximately 10.6 Å, 11.5 Å, and the complex near to 12.9 Å. The plot has not been “fluxed” to avoid bias, but the spectra
have been binned for visual clarity.
(A color version of this figure is available in the online journal.)

offset (see below), or at higher spectral resolution (such as that
available with Astro-H; Takahashi et al. 2012), Doppler-split
line pairs would be detected.

However, numerous instrumental and astrophysical effects
may serve to prevent Doppler-split lines, and/or their detection,
even in this spectrum. Artificial line broadening due to the tele-
scope pointing offset may have served to blur away the velocity
structure. Optical depth effects can spoil line-splitting signa-
tures. Very small values of ∆(r) partly rely on the assumption
of a unity filling factor; if the gas is sparse and clumpy—as
might be the case if it is affected by radiation pressure—val-
ues of ∆(r) could be much larger. Moreover, this analysis has

only focused on a very small wavelength region, dominated by
transitions to and from the Fe L shell, and thus centered on a
narrow range in ionization. An excellent HEG spectrum in the
Fe K band could have detected absorption from very highly
ionized gas that would have implied a much larger wind depth.
The two-zone models detailed in Table 1 may already supply a
partial solution: Models 4, 8, and 12 give radii that differ by an
appreciable factor and strongly suggest that ∆(r)/r is not very
small. In this regime, Doppler-split lines from larger radii would
fill in pairs from smaller radii and spoil the signature of rotation.

While the continuum shape and flux of the zeroth-order spec-
trum are affected by pileup, the centroid energy of discrete
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Reexamining	  paradigms	  for	  X-‐ray	  binary	  line	  spectra	  
(‘When	  you	  come	  to	  a	  fork	  in	  the	  road,	  take	  it’)	  

feature	   Current	  paradigm	   New	  paradigm	  

Broad	  iron	  K	   Corona	   Blocked	  wind	  (emission)	  

<2	  keV	  band	  line	  emission	   Emission	  nebula	   Blocked	  wind	  (emission)	  

Narrow	  Iron	  K	  emission	   Emission	  nebula	   Blocked	  wind	  (emission)	  

Bht	  absorp2on	   Blocked	  wind	  (absorp2on)	   cool	  photosphere	  

•  problems	  remain	  with	  commonly	  used	  scenarios	  for	  X-‐ray	  binary	  
line	  spectra	  

•  	  ‘Nobody	  goes	  there	  anymore;	  it’s	  too	  crowded’	  
•  These	  provide	  hints	  about	  the	  possible	  other	  things	  which	  may	  be	  
going	  on:	  

•  addi2onal	  sources	  of	  energy	  
•  par2al	  obscura2on	  of	  the	  radia2on	  responsible	  for	  reprocessed	  
or	  scaoered	  emission	  

•  breakdown	  of	  standard	  assump2ons	  about	  geometry	  or	  op2cal	  
depth	  



How	  to	  beoer	  characterize	  the	  loca2on	  of	  line	  
emirng	  gas	  and	  geometry?	  

•  Variability:	  	  correlated	  variability	  between	  line	  and	  con2nuum	  
provides	  evidence	  for	  nebular	  or	  wind	  scaoering	  connec2on.	  
à	  variability	  campaigns	  and	  instruments	  with	  greater	  
sensi2vity	  

•  Iron	  K	  band:	  	  search	  for	  emission/absorp2on	  features	  in	  
sources	  with	  blocked	  winds;	  	  	  

•  Higher	  spectral	  resolu2on:	  	  resolving	  the	  line	  widths	  provides	  
clues	  about	  loca2on	  of	  gas	  

	  



X-‐ray	  binary	  science	  with	  astro-‐H	  

Figure 1: The presence of relativistic features including the broad Fe line and Compton hump will be revealed in detail with ASTRO-H.
(Top) Simulated 100 ks spectrum of MAXI J1836�194 assuming a full reflection model and subsequently fit with a simple continuum
consisting of an absorbed power law (magenta) and a disk blackbody (blue). (Bottom) Simulated data-to-model ratio emphasising the
excellent sensitivity and energy coverage provided by ASTRO-H.

strongly dependent on the overall shape of the iron line and absorption depth complex and on the strength of
the Compton hump at ⇠ 30 keV. Simulations show that ASTRO-H will determine the inclination and emissivity
profile of systems like MAXI J1836�194, with 90% errors less than 1% and 3% respectively. These strong
constraints on the inclination and emissivity directly lead to precise spin measurements, with statistical errors
of approximately 1% for spin & 0.9 for a source like MAXI J1836�194, and approximately 5% for spins
. 0.5 for sources such as XTE J1752–223. For comparison, the current 90% statistical errors on the spin of
MAXI J1836�194 (a ⇠ 0.9) and XTE J1752�223 (a ⇠ 0.5), both obtained with Suzaku, are 3.5% and 35%
respectively.

2.3 Connections to jet production

X-ray binaries are often treated as thermal sources, e↵ectively transforming the gravitational energy of the
compact object (a neutron star or a black hole) into thermal X-ray emission radiated away by the hot accretion
plasma. However, since the discovery of compact Galactic sources with relativistic jets (dubbed as micro-
quasars) the general view on the role of nonthermal processes in X-ray binaries has significantly changed. It
is now recognized that non-thermal processes do play a non-negligible role in these accretion-driven objects.
Approximately 20 per cent of the ⇠ 250 known X-ray binaries show synchrotron radio emission, and obser-
vations in recent years have revealed the presence of radio jets in several classes of X-ray binary sources (e.g.
Fender 2001). The high brightness temperature and the polarization of the radio emission from X-ray bina-
ries are indicators of the synchrotron origin of radiation. The non-thermal power of synchrotron jets (in the
form of accelerated electrons and kinetic energy of the relativistic outflow) during strong radio flares could be
comparable with, or even exceed, the thermal X-ray luminosity of the central compact object.

If the acceleration of electrons proceeds at a very high rate, the spectrum of synchrotron radiation of the
jet can extend to the hard X-ray and soft �-ray domain (Atoyan & Aharonian, 1999; Marko↵ et al., 2001).
In addition, the high density photon fields supplied by the accretion disk and by the companion star, as well
as produced by the jet itself, create favorable conditions for e↵ective production of X- and �-rays of inverse
Compton origin inside the jet (Levinson & Blandford, 1996; Atoyan & Aharonian, 1999; Georganopoulos et al.,
2002). Generally, this radiation is expected to have an episodic character associated with strong radio flares in
objects like GRS 1915+105.

A large fraction of microquasars are associated with Galactic black hole X-ray binaries. The previous
observations (OSSE and COMPTEL) show that the spectra of these highly variable objects, in particular
GRS 1915+105 and Cyg X-1, extend to the domain of very hard X-rays and soft gamma-rays. For any reason-
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•  Black	  hole	  iron	  lines:	  	  line	  vs.	  
reflec2on	  hump	  

•  Wind	  absorp2on:	  	  beoer	  s/n	  at	  
low	  energy	  

•  Search	  for	  weak	  features	  ,	  
dynamics	  	  at	  >	  6	  keV	  

•  Other	  surprises…	  ULXs,	  Cyg	  X-‐3,	  
SS433	  

•  ‘It	  ain’t	  over	  2ll	  it’s	  over’	  
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Figure 2: Top: The Chandra/HETG spectrum of GRO J1655�40 is shown here. The Fe XXII lines at 1.040 keV and 1.053 keV are
clearly detected, and their flux ratio gives a density of n = 1014 cm�3. Bottom: Although the resolution of the HETG is superior to
the ASTRO-H/SXS at 1 keV, this simulated 100 ks SXS spectrum demonstrates that the density-sensitive Fe XXII pair can easily be
detected and resolved using the SXS. (Both spectra were binned for visual clarity.)

in the array, the recorded high and medium count rate will be 60 counts/s. Figure 2 shows the observed
Chandra/HETG spectrum of GRO J1655�40 and the simulated ASTRO-H/SXS spectrum. While the resolution
of the HETG is better at 1 keV, the Fe XXII lines are clearly detected and resolved in the SXS spectrum.

This simulation should be regarded as a proof of principle, because the spectrum observed from GRO
J1655�40 is atypically rich. However, when such density diagnostics are available, one can obtain a very
strong constraint on the wind launching radius (since r =

p
L/n⇠). This is important because within the Comp-

ton radius, highly ionized winds can only be driven magnetically (Begelman, McKee, & Shields 1983; also see
Miller et al. 2008, Kallman et al. 2009, Luketic et al. 2010)

In other cases – particularly for highly obscured sources – it may not be possible to detect the Fe XXII pair
near to 1 keV. In this case, the capabilities of the calorimeter will again help to determine wind properties
accurately. When ne cannot be obtained directly, it is typical to assume that N = ner (where N is the column
density). Because the SXS can readily detect higher order lines from He-like and H-like Fe and Ni, it can assess
the extent to which such absorption is saturated, and provide much stronger constraints on the column density
of disk winds than has previously been possible. Even in the absence of a direct density constraint, the total
mass outflow rate may still be estimated via:

Ṁwind = ⌦CVµmpLionv/⇠. (2)
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Figure 3: Top: A Chandra/HETG spectrum of GRS 1915+105 is shown here. The Fe XXV He-↵ and Fe XXVI Ly-↵ lines at 6.700 keV
and 6.970 keV show some evidence of structure. The model shown in red fits each line with a composition of two Gaussians. Bottom:
A simulated 100 ks ASTRO-H/SXS spectrum is shown here, generated using the model shown above. The SXS is clearly able to
separate the individual components that are blended at lower resolution. Plausible size scales for the central engine, and the smallest
wind launching radii that have been inferred, could give rise to spectra where rotation is encoded into absorption. This exercise shows
that detecting a circulating, magnetocentrifugal wind is within the reach of the SXS.

chances of a detection are improved if �r/r is small for a given wind. Moreover, it is possible that other factors
may complicate the detection of orbital motion; for instance, the structure in the Fe XXV line in GRS 1915+105
may be due to the intercombination line being detected in absorption at very high density. Nevertheless, it
appears that rotational motion is potentially within the grasp of ASTRO-H.

3.2.2 Probing Dynamical Timescales

The sensitivity and resolution of the SXS may make it possible to probe and utilize the dynamical timescale of
winds in stellar-mass black holes, in order to better understand their origin. The dynamical timescale is simply
given by tdyn = r/vout. Prior studies of GRO J1655�40 find that r is likely quite small, about 109 cm, with a
characteristic outflow velocity of vout = 400 km/s (Miller et al. 2008, Kallman et al. 2009), making tdyn ' 25 s.
This time scale is likely too short to be probed with the SXS, even for sources as bright as 1 Crab.

However, other sources may o↵er di↵erent opportunities. The wind in GRS 1915+105 may be driven
thermally from the outer disk. Neilsen et al. (2011) estimate that the wind originates at 46 light-seconds
(1.4 ⇥ 1012 cm) from the black hole. For a characteristic outflow velocity of v = 1000 km/s, this gives
tdyn = 13.8 ks, which is fairly long.
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