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• One of the few 
persistent BHC

• HMXB: Focused 
Wind-Fed

• Soft X-ray 
Dominated State

• Line of Sight will 
Often Intersect 
Secondary Wind
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• 21 cm Map of LMC

• LMC X-1 Sits Near 
30 Doradus Star 
Forming Region
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• Mass: 10.9 +/- 1.6 Solar Masses, Inclination 
36.o4 +/- 1.o9   (Orosz et al. 2009)

• Distance: 48.1 kpc

• Absorbed 0.5–8 keV Flux ≈ 10% LEdd

• Orbital Period 3.909 Days, O7/8 Giant 
Companion

• Sits 0.5o from 30 Doradus Star Forming 
Region => Larger column than much of 
the rest of the LMC (e.g., > LMC X-3)
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• Performed 10 Chandra-HETGS 
Observations over ~ 1 month: 150 ksec

• Study Accretion Flow Emission — 
Primarily the Accretion Disk

• Direct Measure of Absorption Edges

• Spectroscopic Signatures of Secondary

• Study Orbital Variations?
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• Velocities are Inconclusive: ≤500 km s-1

• Widths: ≈500 km s-1

• No Evidence for Orbital Phase-Dependence

• This is in contrast to Cyg X-1

• Hard State: Orbital Phase-Dependence

• Soft State: No Lines (Totally Ionized Wind)

• See Poster # 18 by Ivica Miskovicová˘˘
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A&A 509, L8 (2010)
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Fig. 4. The Ne-edge in observation X2. The first order RGS spectra
(black) reveal absorption lines of Ne  at 13.45 Å and probably also
Ne  at 13.62 Å, but the quality of the spectrum does not allow for a
detailed study of the ionized absorber.

LMC than in the Galaxy (Table 2). Because of the lower metal-
licity, simply using radio-measured NH values in an absorption
model without adopting the LMC abundances will not allow
for a correct description of the physical situation. Specifically
for LMC X-1, the equivalent hydrogen column density inferred
from this X-ray absorption study – taking the proper LMC abun-
dances into account – is actually much higher than the H-column
resolved by the LAB survey (at a half-power beam-width of 0.◦6;
Kalberla et al. 2005), which is likely caused by additional ma-
terial in the environment of LMC X-1 and in the system itself.
This result was not obtained in earlier X-ray absorption measure-
ments, as erroneously applying Galactic abundances resulted in
lower NH values.

In addition, we presented the first evidence that the column
density varies in the range (1.0−1.3) × 1022 cm−2. A modula-
tion with orbital phase is strongly suggested and would be con-
sistent with absorption in the stellar wind of the donor giant.
Orosz et al. (2009) assume that the orbital modulation of the
X-ray flux is mostly caused by Thomson scattering in the stellar
wind since they find similar amplitudes6 in all three RXTE-ASM
energy bands, namely AA(1.5−3 keV) = 7.2 ± 1.0%, AB(3−5 keV) =
7.7 ± 1.1%, and AC(5−12 keV) = 3.8 ± 2.9%. From a modulation
in NH with a full amplitude of 3 × 1021 cm−2, AA = 7.7−6.9%,
AB = 1.6−2.7%, and AC = 0.4−1.7% are expected, depending
on the assumptions about the ASM response; i.e., the variation
seen with the ASM is almost consistent with the suggested neu-
tral absorption. The phase of the current sine fit, however, is not.
More soft X-ray observations covering more phases are clearly
needed, because the structure of the stellar wind might be more
complex than a sine curve. With the three 50 ks Chandra obser-
vations that we have gained for AO 11, we will be able to better
constrain the modulation.

6 The fractional full amplitude is here A = (max−min)/mean.
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M. Hanke et al.: The column density towards LMC X-1

Table 3. Column density in units of 1022 cm−2 for the six observations and the sine fit, obtained with different continuum models.

Observation or fit X2 S1 S3 C1 S2 X1 Sine fit
φ(T3)

orb 0.17–0.28 0.37–0.42 0.43–0.50 0.45–0.51 0.49–0.61 0.94–0.96 full orbit

diskbb + powerlaw∗
(
2.00+0.17

−0.19

)
∗

(
1.2+0.5
−0.2

)
∗ 0.96+0.03

−0.02

(
1.25+0.04

−0.01

)
∗ 1.031 ± 0.017

(
1.81+0.06

−0.05

)
∗ (1.43 ± 0.43)∗

eqpair 1.279 ± 0.005 1.17+0.15
−0.10 1.02 ± 0.02 1.065+0.000

−0.019 1.088 ± 0.017 1.191+0.006
−0.007 1.15 ± 0.15

simpl(kerrbb) 1.278 ± 0.005 1.17+0.11
−0.10 1.01+0.03

−0.02 1.085+0.018
−0.016 1.088 ± 0.017 1.187+0.014

−0.012 1.15 ± 0.14
simpl(diskbb) 1.288 ± 0.016† 1.14+0.15

−0.11 0.97 ± 0.02 1.009+0.018
−0.017 1.038 ± 0.017 1.133+0.005

−0.004 1.10 ± 0.18

Notes. Quoted errors are statistical uncertainties at the 90% confidence level for the observations, but semi-amplitudes for the sine fits.
(∗) The diskbb + powerlaw model overestimates NH more, the more the powerlaw contributes at low energies, see text.
(†) As the lack of data above 2 keV did not allow us to constrain the power law with the simpl model, we only used diskbb.
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Fig. 2. Correlation of the column density NH
and the photon index Γ, derived with the
powerlaw model (left) and the simpl model
(right) for observation X1. The contours show
the 68%, 90%, and 99% confidence regions for
two parameters of interest (i.e., ∆χ2 = 2.30,
4.61, and 9.21).

due to the EPIC-pn spectrum) is compensated for in spectral fits
by an incorrectly strong absorption (e.g., Yao et al. 2005; Suchy
et al. 2008; Gou et al. 2009). In contrast, the empirical convo-
lution model simpl (Steiner et al. 2009) has an intrinsic low-
energy cut-off when convolving an input spectrum modeled by,
e.g., diskbb or kerrbb4. Figure 2 shows that the (well known)
correlation between NH and Γ vanishes when simpl is used in-
stead of powerlaw. Although an even steeper photon index was
found using simpl, the value of NH is lower and is more nar-
rowly constrained.

Because the derived absorption might depend on the shape
of the continuum, we investigated different models, namely em-
pirical ones – such as diskbb+ powerlaw, simpl(diskbb),
and simpl(kerrbb) (Li et al. 2005) – and the physical
Comptonization model eqpair (Coppi 2000)5. These mod-
els typically describe our data equally well. In all fits, the
disk has a temperature between 0.65 and 1.1 keV. The other
parameters, too, are similar to previously obtained values.
Table 3 and Fig. 3 show our results for the column density
(assuming the LMC abundances given in Table 2) as a func-
tion of orbital phase φorb for each of the six observations
and all four of the aforementioned continuum models. In all
cases where a steep power law substantially contributes to the
model, the diskbb+ powerlaw model gives a much higher NH
than the other models, because of the systematic error of the
powerlaw model. We therefore ignore these values. The other
models, however, are quite consistent with one another: their
agreement on NH is within <8 × 1020 cm−2, which is therefore an
upper limit of the systematic error due to the choice of the con-
tinuum. Using the LMC abundances (Table 2), we find column
densities in the range of (1.0−1.3) × 1022 cm−2.

We detect a modulation of NH with orbital phase. The ob-
servations X1 and X2 close to φorb ≈ 0, when the BH is behind
the donor star, require a systematically higher NH than S3, C1,

4 As a convolution model that relies upon a spectral model outside of
the energy range spanned by the noticed data, simpl must be evaluated
on a suitably extended grid.
5 For X1, the NH derived with diskbb + compTT (Titarchuk 1994) is
also consistent with the one from, e.g., simpl(diskbb).
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Fig. 3. NH as a function of orbital phase φ(T3)
orb (see Table 1) using various

continuum models. Note the different scale for the diskbb + powerlaw
model, which may predict an unreliably large NH (see text). The gray
lines fit the results with sine curves.

and S2 close to φorb ≈ 0.5. To quantify this modulation by its
mean and amplitude (Table 3), we fit sine curves to the six mea-
surements for each continuum model (see Fig. 3), although we
are aware that they do not describe the data very well and also
predict the strongest absorption at φorb = 0.15−0.17, which is not
expected.

Finally, we find marginal evidence of ionized absorption in
the high-resolution spectra (Fig. 4), but a detailed study of these
features is beyond the scope of this paper.

4. Summary and discussion

The elements with the largest contribution to the photoabsorp-
tion in the soft X-ray band are significantly less abundant in the
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Table 3. Column density in units of 1022 cm−2 for the six observations and the sine fit, obtained with different continuum models.

Observation or fit X2 S1 S3 C1 S2 X1 Sine fit
φ(T3)

orb 0.17–0.28 0.37–0.42 0.43–0.50 0.45–0.51 0.49–0.61 0.94–0.96 full orbit

diskbb + powerlaw∗
(
2.00+0.17

−0.19

)
∗

(
1.2+0.5
−0.2

)
∗ 0.96+0.03

−0.02

(
1.25+0.04

−0.01

)
∗ 1.031 ± 0.017

(
1.81+0.06

−0.05

)
∗ (1.43 ± 0.43)∗

eqpair 1.279 ± 0.005 1.17+0.15
−0.10 1.02 ± 0.02 1.065+0.000

−0.019 1.088 ± 0.017 1.191+0.006
−0.007 1.15 ± 0.15

simpl(kerrbb) 1.278 ± 0.005 1.17+0.11
−0.10 1.01+0.03

−0.02 1.085+0.018
−0.016 1.088 ± 0.017 1.187+0.014

−0.012 1.15 ± 0.14
simpl(diskbb) 1.288 ± 0.016† 1.14+0.15

−0.11 0.97 ± 0.02 1.009+0.018
−0.017 1.038 ± 0.017 1.133+0.005

−0.004 1.10 ± 0.18

Notes. Quoted errors are statistical uncertainties at the 90% confidence level for the observations, but semi-amplitudes for the sine fits.
(∗) The diskbb + powerlaw model overestimates NH more, the more the powerlaw contributes at low energies, see text.
(†) As the lack of data above 2 keV did not allow us to constrain the power law with the simpl model, we only used diskbb.
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Fig. 2. Correlation of the column density NH
and the photon index Γ, derived with the
powerlaw model (left) and the simpl model
(right) for observation X1. The contours show
the 68%, 90%, and 99% confidence regions for
two parameters of interest (i.e., ∆χ2 = 2.30,
4.61, and 9.21).

due to the EPIC-pn spectrum) is compensated for in spectral fits
by an incorrectly strong absorption (e.g., Yao et al. 2005; Suchy
et al. 2008; Gou et al. 2009). In contrast, the empirical convo-
lution model simpl (Steiner et al. 2009) has an intrinsic low-
energy cut-off when convolving an input spectrum modeled by,
e.g., diskbb or kerrbb4. Figure 2 shows that the (well known)
correlation between NH and Γ vanishes when simpl is used in-
stead of powerlaw. Although an even steeper photon index was
found using simpl, the value of NH is lower and is more nar-
rowly constrained.

Because the derived absorption might depend on the shape
of the continuum, we investigated different models, namely em-
pirical ones – such as diskbb+ powerlaw, simpl(diskbb),
and simpl(kerrbb) (Li et al. 2005) – and the physical
Comptonization model eqpair (Coppi 2000)5. These mod-
els typically describe our data equally well. In all fits, the
disk has a temperature between 0.65 and 1.1 keV. The other
parameters, too, are similar to previously obtained values.
Table 3 and Fig. 3 show our results for the column density
(assuming the LMC abundances given in Table 2) as a func-
tion of orbital phase φorb for each of the six observations
and all four of the aforementioned continuum models. In all
cases where a steep power law substantially contributes to the
model, the diskbb+ powerlaw model gives a much higher NH
than the other models, because of the systematic error of the
powerlaw model. We therefore ignore these values. The other
models, however, are quite consistent with one another: their
agreement on NH is within <8 × 1020 cm−2, which is therefore an
upper limit of the systematic error due to the choice of the con-
tinuum. Using the LMC abundances (Table 2), we find column
densities in the range of (1.0−1.3) × 1022 cm−2.

We detect a modulation of NH with orbital phase. The ob-
servations X1 and X2 close to φorb ≈ 0, when the BH is behind
the donor star, require a systematically higher NH than S3, C1,

4 As a convolution model that relies upon a spectral model outside of
the energy range spanned by the noticed data, simpl must be evaluated
on a suitably extended grid.
5 For X1, the NH derived with diskbb + compTT (Titarchuk 1994) is
also consistent with the one from, e.g., simpl(diskbb).
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Fig. 3. NH as a function of orbital phase φ(T3)
orb (see Table 1) using various

continuum models. Note the different scale for the diskbb + powerlaw
model, which may predict an unreliably large NH (see text). The gray
lines fit the results with sine curves.

and S2 close to φorb ≈ 0.5. To quantify this modulation by its
mean and amplitude (Table 3), we fit sine curves to the six mea-
surements for each continuum model (see Fig. 3), although we
are aware that they do not describe the data very well and also
predict the strongest absorption at φorb = 0.15−0.17, which is not
expected.

Finally, we find marginal evidence of ionized absorption in
the high-resolution spectra (Fig. 4), but a detailed study of these
features is beyond the scope of this paper.

4. Summary and discussion

The elements with the largest contribution to the photoabsorp-
tion in the soft X-ray band are significantly less abundant in the
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• Blackbody radiation is the “most 
thermodynamically efficient”

An Aside on Thermodynamic 
Efficiency of Radiative Processes

NBB ∝ T 3
BB , y ≡ 4kTc

mec2
max(τes, τ

2
es)

• For the same average photon energy, and 
same total luminosity, non-thermal requires 
greater area
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• Also true for atmospheric electron 
scattering: “Modified Blackbody”

An Aside on Thermodynamic 
Efficiency of Radiative Processes

• “Color Correction”:  TC = fCTEff,  fC > 1,  
Area scales as fC4

• Essentially any “correction” means the area is 
bigger than required for just blackbody 

F ∼ σT 4

�
κR

κes

�1/2

, κR � κes
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Figure 2. Spin parameter vs. observing time. The dashed line indicates the
mean value of the spin parameter for the 18 gold/silver spectra. As indicated, the
scatter about the mean—an effective measure of the observational uncertainty—
is ≈ 2%. The small error bars shown reflect only the counting-statistical errors
associated with the many counts detected per observation (! 105 counts;
Table 1).

was fixed at Γ = 2.5 (Section 4.4), and the column density was
fixed at NH = 4.6 × 1021 cm−2 (Section 3).

The luminosity is a modest fraction of the Eddington value
and shows little variation over the 1996–2004 period during
which these 18 spectra were obtained: L/LEdd = 0.160±0.007
(Table 2). The relative constancy of LMC X-1 is also attested to
by the 12 year record of the RXTE ASM. The intensity of LMC
X-1 has been more or less steady at ≈ 20 mcrab (1.5–12 keV)
with variations averaged over 10 day intervals of only ≈ ±25%
(Orosz et al. 2009). In this work, as in all previous work, we
select only those observations for which L/LEdd < 0.3, which
corresponds to a disk that is geometrically thin at all radii, with
a height-to-radius ratio less than 0.1 (McClintock et al. 2006).
An inspection of the last column in Table 2 shows that all 18
gold/silver spectra easily meet this requirement.

On a timescale of many thousands of years, one fully expects
the spin of the black hole to be constant, essentially unaffected
by either accretion torques or any process that might extract
angular momentum (King & Kolb 1999; Liu et al. 2008). As
shown in Figure 2 and as expected, the spin of LMC X-1 over
the 8 year span of the RXTE observations is consistent with a
constant value of a∗ to within ≈ 2% (std. dev.; N = 18).

Importantly, the high spin we find using RXTE PCA data,
a∗ = 0.938 ± 0.020, is confirmed by X-ray missions with low-
energy response that reaches well below the 2.5 keV cutoff of
the PCA. As we show in Appendix A, when we apply the data
selection criterion developed in Section 5.5 (fSC < 4%), we
find values of spin using spectra obtained by the XMM-Newton,
BeppoSAX, and Ginga missions that are consistent with those
we obtain using our RXTE spectra.

5.2. Results Obtained Using Other Models and Using Different
Values of Γ

In all earlier work, we have relied on the standard model
phabs(kerrbb2+powerlaw) in deriving the spin parameter
(Section 3). We found that this model was generally satisfactory
(but see Section 4 in McClintock et al. 2006) because the power
law was not too steep (Γ ∼ 2.5). We now apply this old model
to the 18 gold/silver spectra of LMC X-1 with Γ ! 3 (Table 1)
in order to see how much the steepness of the power law affects
our determination of a∗. In making this comparison, we follow
exactly the steps in our earlier analysis except that we model
the Comptonized tail component of emission using the additive
component powerlaw rather than convolving kerrbb2 with
simpl. For example, we fix Γ = 2.5 and NH = 4.6 × 1021 cm−2

and fit over the energy range 2.5–20.0 keV. The resultant mean
fit parameters for the 18 spectra are given in line 3 of Table 3.
For ease of comparison our featured mean fit parameters, which
are repeated from Table 2, are given in the first line of Table 3.
Comparing lines 1 and 3, one sees that the old model yields a
value of a∗ = 0.953 ± 0.018, which differs from our featured
value of a∗ = 0.938 ± 0.020 by only 0.7 standard deviation.

How sensitive are our adopted results in Table 2 to our chosen
value of Γ = 2.5 (Section 4.4)? In order to answer this question,
we have recomputed the results given in Table 2 with the photon
index fixed at Γ = 2.3 and Γ = 2.7, and we find respectively,
a∗ = 0.944 ± 0.019 and a∗ = 0.932 ± 0.021. These values
differ from our adopted value of a∗ = 0.938±0.020 by only 0.2
standard deviations. Even if we fix the photon index at Γ = 3.1,
the mean value in Table 1 for the 18 gold/silver spectra (as well
as for all 53 spectra), we find a∗ = 0.918±0.024, which differs
from our adopted value by 0.6 standard deviation. This small
difference is not unexpected given that so few thermal photons
are scattered into the tail component, fSC = 0.036 ± 0.005
(Table 2). That a∗ is anticorrelated with Γ is expected because
a steeper power-law component steals photons from the high-
energy tail of the thermal component, and the resultant softening
of this component implies a lower value of spin (and vice versa).

As a final detail, we note that for just four of our 18 spectra
there is clear evidence for an Fe emission line in the fit residuals.
In deriving our primary results presented in Section 5.1, we did
not include an Fe line because the fits are quite good without
it. As a test, we have refitted all 18 spectra while including
the Fe line, and we find a resulting mean spin parameter of
a∗ = 0.922 ± 0.021, which is quite consistent with our featured
result above (see footnote “e” in Table 2).

5.3. Results for Different Values of Metallicity and Viscosity
Parameter

The metallicity of the LMC, and presumably LMC X-1 as
well, is Z ≈ 0.3 Z& (Dopita & Sutherland 2003), whereas
our results are all given for Z = Z&. How important is this

Table 3
Comparison of Fit Results for Different Models and Data Samples

Model a∗ Ṁ Γ fSC NDF(%) Comments

phabs(simpl⊗kerrbb2)a 0.938 ± 0.020 1.348 ± 0.137 2.5 0.036 ± 0.005 89.76 ± 1.53 18 spectra with Γ fixed
phabs(simpl⊗kerrbb2) 0.929 ± 0.020 1.388 ± 0.136 2.76 ± 0.29 0.050 ± 0.016 88.55 ± 2.16 18 spectra with Γ free
phabs(kerrbb2+powerlaw) 0.953 ± 0.018 1.193 ± 0.133 2.5 · · · 84.11 ± 2.28 18 spectra with Γ fixed
phabs(simpl⊗kerrbb2) 0.961 ± 0.033 1.137 ± 0.293 2.5 0.051 ± 0.018 86.82 ± 3.62 53 spectra with Γ fixed

Notes.
aa∗ = 0.944 ± 0.019 for Γ fixed at 2.3 and a∗ = 0.932 ± 0.021 for Γ fixed at 2.7. In the extreme case of Γ = 3.1, a∗ = 0.918 ± 0.024.
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Figure 4. Correlations between pairs of fitting parameters for our adopted model phabs(simpl⊗kerrbb2) with Γ fixed at 2.5. Data for the 18 gold/silver observations
are plotted as filled circles and for the 35 bronze observations as open circles. The mass accretion rate Ṁ is in units of 1018 g s−1, and η is the efficiency for converting
rest mass into radiant energy.
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Figure 5. Scattered fraction fSC (open circles, scale on the left) and the naked
disk fraction NDF (filled circles, scale on the right) vs. the rms power (0.1–10
Hz) for our standard model phabs(simpl⊗kerrbb2) with Γ fixed at 2.5. The
solid vertical line separates the data for our adopted sample of 18 gold/silver
spectra (rms power < 0.075) from that of the 35 bronze spectra. We find very
similar correlations for Γ = 2.3 and Γ = 2.7, i.e., the scattered fraction generally
increases with increasing Γ while the disk fraction decreases. This has the effect
of shifting the plots up or down relative to the Γ = 2.5 plot shown here.

could use the naked disk fraction instead of fSC; however, we
favor fSC because it is a readily available fit parameter.) We now
investigate this possibility in the case of LMC X-1 using the
model phabs(simpl⊗kerrbb2).

In the top panel of Figure 6, we show the rms power for all
53 spectra plotted in the order of increasing rms power. The
horizontal line marks the TD-state criterion rms < 0.075 and
the vertical line separates our 18 gold/silver spectra on the
left from the 35 bronze spectra on the right. With the same
ordering of the spectra, we show in the lower panel for all 53
spectra the scattered fraction. The dashed line for fSC = 4%
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Figure 6. Exploration of the relationship of the classical TD rms criterion (rms
power < 0.075) to the scattered fraction. The spectra are plotted in the order
of increasing rms power. Top: the first 18 data points with rms power < 0.075
(indicated by the vertical dashed line and solid horizontal line) correspond to
our gold/silver spectra and the remaining 35 are the bronze spectra. Bottom:
the horizontal dashed line indicates the scattered-fraction cut line at 4% that
corresponds to the rms power = 0.075 line (see the text). The spectra with
fSC < 4% are indicated by filled circles in the top panel. As shown, there is
a very good correspondence between favored spectra with low rms power and
those with low scattered fraction.

was determined as follows. We assumed that both the rms
power and fSC follow normal distributions and are uncorrelated
with the other fitted parameters. For the rms power we find
a mean value of rms = 0.081 ± 0.016 (std. dev.; N = 53),
which is 0.38σ above the rms = 0.075 line in the top panel.
Given the correlation between fsc and rms power (Figure 5), we
expect the corresponding scattered-fraction cut to also be 0.38σ
below the mean value, i.e., at fsc = 4% (rounded to the nearest
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Beloborodov & Illiaronov (2001)

Is This Because it’s Wind-Fed?

Sunday, July 29, 2012



• See Emission Lines at All Orbital Phases, 
Despite High, Soft Flux => Strong Wind

• See Absorption Stronger than ISM, with 
Large Variability => Strong Wind

• “Disk” Has a Small, and Highly Variable, 
Emitting Area => Strong Wind?

Summary
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