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ABSTRACT

We present the first detailed spectral and timing analysis of the high mass X-ray binary (HMXB) 4U 1909+07 with INTEGRAL
and RXTE. 4U 1909+07 is detected in the ISGRI 20–40 keV energy band with an average countrate of 2.6 cts s−1 . The pulse period
of ∼604 s is not stable, but changing erratically on timescales of years. The pulse profile is strongly energy dependent: it shows a
double peaked structure at low energies, the secondary pulse decreases rapidly with increasing energy and above 20 keV only the
primary pulse is visible. This evolution is consistent between PCA, HEXTE, and ISGRI. The phase averaged spectrum can be well
described by the sum of a photoabsorbed power law with a cutoﬀ at high energies and a blackbody component. To investigate the pulse
profile, we performed phase resolved spectral analysis. We find that the changing spectrum can be best described with a variation of
the folding energy. We rule out a correlation between the black body component and the continuum variation and discuss possible
accretion geometries.
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1. Introduction
The accreting neutron star X-ray binary 4U 1909+07 was first
mentioned in the 3rd Uhuru catalog as 3U 1912+07 (Giacconi
et al. 1974). The position and name of the source were later refined to 4U 1909+07 in the 4th Uhuru catalog (Forman et al.
1978). Many other X-ray missions, such as OSO 7, Ariel 5, and
EXOSAT, among others, also detected a source close to these
coordinates. Wen et al. (2000) showed that these detections are
likely all originating from the same source and refer to it as
X1908+075. We will use the name 4U 1909+07, to honor the
original discovery.
Despite the regular detections, the first dedicated paper to
discuss 4U 1909+07 was published in 2000 when Wen et al.
(2000) analyzed RXTE-ASM data and found a stable period of
4.4 days. This period is interpreted as the orbital period of a binary system. Due to the high photoabsorption, however, no optical counterpart could be identified. In RXTE-PCA data, Levine
et al. (2004) found a second, shorter period of ∼605 s in the
X-ray flux, explained as the pulse period of a slowly rotating
neutron star. Using Doppler delay curves, they could also refine the binary orbit parameters and estimated the mass of the
companion star to be M = 9−31 M and the radius of the companion star to be R ≤ 22 R , adopting a canonical mass of
1.4 M for the neutron star. One year later, Morel & Grosdidier
(2005) detected an OB star in the near infrared at the location
of the X-ray source, thus confirming that the system is a high
mass X-ray binary (HMXB). The distance of the system was estimated to be 7 kpc (Morel & Grosdidier 2005). Prior to this discovery, Levine et al. (2004) argued that the companion star could
be a Wolf-Rayet star, which would make this system a possible
progenitor system to a neutron star-black hole binary. With the

identification of the companion, however, this intriguing possibility can be ruled out. The X-ray luminosity L of 4U 1909+07 is
around 2.8 × 1036 erg s−1 for 4.5–200 keV. Although the system
shows no eclipse, the X-ray flux is still strongly orbital phase dependent (Levine et al. 2004). Levine et al. (2004) also analyzed
orbital phase resolved PCA spectra and found that around orbital
phase φorb = 1 the photoabsorption increases by a factor of 2 or
more to NH ≥ 30 × 1022 cm−2 , explaining the decreased ASM
flux. This increase in absorption can be very well described by
a spherical wind model and an inclination of 54◦ ≤ i ≤ 70◦ ,
depending on the parameters of the wind model.
In archival Chandra data, Torrejón et al. (2010) found that
the soft energy spectrum of 4U 1909+07 shows evidence for a
Compton shoulder on the soft energy edge of the iron Kα line.
This feature has so far only been seen in GX 301−2 but in no
other HMXB with Chandra. Torrejón et al. (2010) showed that
the Compton shoulder is consistent with the X-ray source being
embedded in a Compton thick medium, which is also responsible for the observed photo absorption. Additionally these authors
have shown that 4U 1909+07 is an exception from the correlation between NH and the equivalent width of the iron line found
in most other HXMB (Inoue 1985). The origin of this exception
is still a mystery and can only be investigated with more highresolution spectra.
Although there was renewed interest in 4U 1909+07 in recent years, many basic parameters are still unknown. For example, despite the detection of the pulse period, its evolution
with time was not yet studied, even though it can give insight
on the prevailing accretion mechanism (Bildsten et al. 1997).
Additionally, no detailed analysis of the high energy spectrum
has been carried out so far. RXTE data provide enough statistics to even perform pulse phase resolved spectroscopy, allowing
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Table 1. Observation log of the RXTE and INTEGRAL data used.
Obs-ID / ScW
RXTE
70083-01-01-00 – 70083-01-28-00
70083-02-01-00 – 70083-02-19-00
INTEGRAL
004800030010 – 007000670010
017200250010 – 020200020010
022600370010 – 025900180010
029100170010 – 032300140010
036100020010 – 038300520010
047600030010 – 050600200010
053700090010 – 055600710010
060100090010 – 062300080010
072200090010 – 074300080010
078200500010 – 080400080010

Start date

Exposure

2002-12-23
2003-01-30

105 ks
75 ks

2003-03-06
2004-03-11
2004-08-20
2005-03-02
2005-09-27
2006-09-06
2007-03-07
2007-09-15
2008-09-11
2009-03-10

1352 ks
1192 ks
966 ks
340 ks
880 ks
397 ks
608 ks
967 ks
1072 ks
690 ks

Notes. The dates given are the start dates of the respective observation.

us to obtain a better understanding of the accretion region and
mechanism together with the energy dependence of the pulse
profile. In this article we are aiming at improving our knowledge in these points, using data from INTEGRAL and RXTE. In
Sect. 2 we present the data and reduction methods. The pulse
period evolution and the pulse profiles at diﬀerent energies are
analyzed in Sect. 3. In Sect. 4 we perform phase averaged and
phase resolved spectroscopy. We summarize and discuss our results in Sect. 5.

2. Observations and data reduction
For our study of the 4U 1909+07 system we used all available
public data from the X-ray missions INTErnational Gamma-Ray
Astrophysics Laboratory (INTEGRAL, Winkler et al. 2003) and
Rossi X-ray Timing Explorer (RXTE, Bradt et al. 1993). One of
the main detectors of INTEGRAL is ISGRI, a coded mask instrument sensitive in the 15 keV–1 MeV energy range and part
of the Imager on Board the Integral Satellite (IBIS, Ubertini
et al. 2003; Lebrun et al. 2003). IBIS/ISGRI was the first instrument to produce high resolution images of the X-ray sky above
20 keV. Even though no pointed observations on 4U 1909+07
were performed with INTEGRAL, thanks to IBIS/ISGRI’s large
field of view of almost 30◦ × 30◦ , there are more than 8.5 Ms
of oﬀ-axis data available. A huge part of these data were obtained in the core program on the Galactic Center performed in
the early Announcements of Opportunity (AOs, Winkler 2001).
Data from later AOs were mainly taken from the extended monitoring campaign of the microquasars GRS 1915+105 (Rodriguez
et al. 2008) and SS 433 (Krivosheyev et al. 2009). See Table 1
for a detailed list of the data used.
An IBIS/ISGRI mosaic showing the hard X-ray sky in spring
2003 for the region around 4U 1909+07 is shown in Fig. 1.
Twelve sources with a detection significance >6σ were found in
that mosaic, with 4U 1909+07 being the fourth brightest source
with ∼2.6 cts s−1 . The data were extracted using the standard
pipeline of the Oﬀ-line Scientific Analysis software (OSA) 7.0
for spectra and images and using ii_light to obtain lightcurves
with a higher temporal resolution. We extracted lightcurves with
a resolution of 20 s as a trade-oﬀ between good signal-to-noise
ratio and good time resolution to measure the pulse period.
We shifted the time to the barycenter of the solar system and
corrected for the orbital motion of the neutron star, using the
ephemeris given by Levine et al. (2004).
A73, page 2 of 9

Fig. 1. ISGRI image of the X-ray sky in the 20–40 keV energy band,
averaged over 353 ScWs from Revs. 51–68. Coordinates are in galactic
longitude and latitude. To avoid confusion only the 6 brightest of overall
12 detected sources are labeled. In this image 4U 1909+07 is the fourth
brightest source in the field of view after GRS 1915+105, the transient
4U 1901+03, and H 1907+097.

For phase resolved spectroscopy we used RXTE observations
carried out in early 2003 which were previously analyzed by
Levine et al. (2004). These data had a total exposure of 196 ks.
The only other RXTE data are from a shorter observation in
2000, which are not suitable for our study. Both major instruments of RXTE were fully operational at the time of the observations in 2003, the Proportional Counter Array (PCA, Jahoda
et al. 2006), sensitive in the 2–60 keV energy band and the High
Energy X-ray Timing Experiment (HEXTE, Rothschild et al.
1998), sensitive between 15–250 keV. Both instruments have
a large eﬀective area and a high time resolution, but no imaging capabilities. With a field of view of ∼1◦ no other sources
are visible to RXTE’s instrument while pointing at 4U 1909+07.
RXTE data were reduced using the standard HEASARC software (v. 6.6), obtaining lightcurves of the PCA with 1 s resolution and pulse phase resolved spectra for PCA and HEXTE in
the 4.5–150 keV energy range. The lightcurves were shifted to
the barycenter of the solar system and corrected for the neutron
star’s orbital motion in the same way as the INTEGRAL data.

3. Timing analysis
3.1. Pulse period evolution

Monitoring the evolution of the pulse period allows us to determine the type of accretion, i.e., if direct wind accretion prevails
or if a stable accretion disk is formed. For 4U 1909+07 the history of pulse period measurements starts only in 2000 with its
detection in RXTE data (Levine et al. 2004) and is continued
2 years later by another measurement of RXTE. At both times a
period of P ≈ 604.7 s was measured (Levine et al. 2004). The
archival INTEGRAL data provide an optimal basis to perform
many more measurements of the pulse period between 2003 and
2008 and to follow its evolution more closely. To do so, we
split the IBIS/ISGRI lightcurve into segments between 300 ks
and 800 ks length, providing a good balance between accurate
pulse period determination and temporal resolution, and used the
epoch folding technique (Leahy 1987) with 24 phase bins to determine the pulse period for each of these segments individually.
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Fig. 3. Evolution of the pulse period from 2001 until early 2009. The
historic RXTE data points of Levine et al. (2004) are shown as red
crosses, the new measurements obtained with INTEGRAL are shown
as stars.

δω(δt) = |ω(t + δt) − ω(t)| .
Each pair (ω(t + δt), ω(t)) is additionally weighted in order to
account for the data being grouped in clusters, see de Kool &
Anzer (1993) for a detailed description. The results of this analysis are shown in Fig. 4.
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The counting statistics in ISGRI smear out the single pulses
in the lightcurve and make them invisible to the naked eye, see,
e.g., Fig. 2. Only after folding ≈500–1000 pulse periods, a stable
pulse profile emerges which allows for a reliable determination
of the pulse period. This profile is remarkably stable over our
data set and not time dependent.
The pulse period evolution between 2001 and 2007 is shown
in Fig. 3. The uncertainties of the pulse period were estimated
by fitting a Gaussian distribution to the χ2 distribution of the
epoch folding results. The width of the best-fit Gaussian is a
good estimate for the uncertainty of the measurement.
For the pulse period determination we assumed the pulse
period to be constant during each individual segment. This assumption is justified, as the average Ṗ in our data between two
consecutive data points is only Ṗ ≈ 1.3 × 10−8 s s−1 , very close
to the value given by Levine et al. (2004). With the individual
lightcurves being on average shorter than 50 days, the change
between start and end of a lightcurve would be only ΔP ≈ 0.05 s.
This change is on the order of the uncertainty we obtained
from the Gaussian fits. Even when assuming a larger value of
Ṗ = 1 s yr−1 = 3.17 s s−1 the obtained pulse profiles did not
change significantly in shape, making a distinction impossible.
The crosses in Fig. 3 are RXTE measurements taken from
Levine et al. (2004) and indicate an almost unchanged pulse period between January 2001 and December 2002. Starting with
the INTEGRAL data, shown as stars in Fig. 3, a spin-up trend
between March 2003 and September 2005 is visible from P ≈
604.7 s to to P ≈ 603.9 s. This trend is broken after September
2005 and the pulse period varies around P = 604.0 s. These
changing trends make the overall behavior consistent with a random walk. To confirm this observation, we used the algorithm
proposed by de Kool & Anzer (1993). It evaluates the relative
change in pulse period over diﬀerent time intervals δt between
single measurements. To simplify the calculations the pulse period is converted to angular velocity ω = 2π/P and its change is
expressed as the average value of absolute diﬀerences:

−5

−4.5

Fig. 2. Small part of the lightcurve in the 20–40 keV energy band as
measured with IBIS/ISGRI. Data are shown as black stars with gray
bars indicating the uncertainties. Time resolution is 20 s. The line shows
the folded pulse profile over the whole data set.
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Fig. 4. Plot of the pulse period evolution in log δω − log δt space, as
proposed by de Kool & Anzer (1993). An ideal random walk process
would show a slope of 0.5 in this plot. The data follow this slope closely,
as shown by the red straight line with a slope of 0.5.

If the data are compatible with a random walk, they will follow a straight line with a slope of 0.5 in log δω − log δt space. To
test if the data are consistent with such a straight line, we fitted
a function of the form
log(δω(δt)) = A + 0.5 · log(δt)
where the free parameter A describes the noise level of the data.
The best fit, superimposed in Fig. 4, has a Pearson’s correlation
coeﬃcient of r ≈ 0.95 and clearly shows that the pulse period
evolution is consistent with a random walk. It gives a noise level
of A = −9.1, fully in agreement with the expected value for
a source with a luminosity of L ≈ 2.8 × 1036 erg s−1 , assuming wind accretion with a turbulent accretion wake (de Kool &
Anzer 1993, and references therein).
The uncertainties of the δω-values are originating not only in
the determination of the pulse period but also in the uneven and
coarse sampling of the pulse period evolution. To estimate the
latter eﬀect, we chose a Monte Carlo approach and simulated
many mock-up pulse period evolutions which followed a perfect random walk and sampled these with the same rate as the
real data (see de Kool & Anzer 1993). The standard deviation
A73, page 3 of 9
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Fig. 5. Energy resolved pulse profiles with RXTE PCA a–c) and RXTE
HEXTE d). The profiles are shown twice for clarity. In panel d) the
INTEGRAL pulse profile in the 20–40 keV energy range is shown in
gray for comparison. Note that the INTEGRAL profile is shifted by hand
to match the peak in the RXTE profile, but that the profiles are not phase
aligned.

in each δt bin from these simulations gives an estimate of the
uncertainty in each δt bin of the data and is roughly of the same
order of magnitude as the uncertainties from the pulse period
determination.
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Fig. 6. Color coded pulse profile map of PCA and HEXTE data. The
color indicates the mean countrate in each bin, ranging from black (lowest) to white (highest). The two highest energy bins are from HEXTE
data. The four horizontal blue lines indicate the energies for which the
pulse profiles are shown in Fig. 5. The map shows one pulse only.

To make the shape transition of the pulse profile at low and
medium energies better visible, we plotted them in a color coded
map (see Fig. 6). The x-axis shows the pulse phase, the logarithmically scaled y-axis displays the energy in keV and the
mean count rate is color-coded. The extensions of the pixels in
y-direction represent the energy band of the given pulse profile.
A smooth transition from the broad, two peaked structure to the
single peaked structure is clearly seen. The minimum around
phase φ = 0.3 in black stays very stable.

3.2. Pulse profiles

Levine et al. (2004) showed in their Fig. 2 that the average pulse
profile between 3.7–17 keV shows two distinct peaks, with the
second one being slightly broader than the first one and exhibiting a complex shape with two subpeaks. With higher energy resolution a remarkable and strong energy dependence becomes evident, clearly seen in pulse profiles extracted from RXTE/PCA
data with a sampling period of P = 604.685 s and 32 phase bins.
Thanks to the large eﬀective area of the instrument, very good
pulse profiles with a high signal-to-noise ratio could be extracted
in 30 narrow energy bands. Three examples are shown in the upper panels of Fig. 5. At very low energies below 5 keV a broad
plateau is visible, with increasing intensity at later pulse phases
(Fig. 5a). With increasing energy this plateau separates clearly
into two peaks, while the second peak is getting dimmer compared to the first one (Fig. 5b). The relative power of the secondary peak keeps declining up to ∼20 keV (Fig. 5c) and it is
not visible anymore above 20 keV (Fig. 5d). Despite the strong
evolution with energy of the pulse profile, the deep minimum
around phase φ = 0.3 is not energy dependent. The IBIS/ISGRI
pulse profile, which was extracted from the average data of the
first 100 days of measurement in 2003, is shown in Fig. 5d for
comparison. We used the same epoch as for the PCA analysis,
but a period of P = 604.747 s, as determined in our analysis of
the data. The pulse profile at energies above 20 keV is consistent
between IBIS/ISGRI and RXTE/HEXTE.
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4. Spectral analysis
4.1. Phase averaged spectrum

The pulse phase averaged spectrum of 4U 1909+07 shows a
shape similar to many other neutron star sources, consisting of a
powerlaw continuum attenuated by photoabsorption at low energies and a turnover at high energies. For this kind of continuum
various phenomenological models exist, all describing a similar shape. Among the most widely used models are the cutoﬀpowerlaw cutoffpl, with a smooth turnover at higher energies
(determined by the folding energy Efold ), the highecut model,
where the turnover begins suddenly at a given energy Ecut (White
et al. 1983, and references therein) and the Comptonization
model compTT (Hua & Titarchuk 1995) with more free parameters to describe the temperature and optical thickness of the
Comptonizing plasma. Levine et al. (2004) modeled the spectra using a cutoﬀ powerlaw and a bremsstrahlung model, which
incorporates only the temperature to describe the spectral shape.
They found that both models fit the data equally well. We applied
all four models, cutoffpl, highecut, compTT, and bremss
to the RXTE and INTEGRAL data simultaneously, using ISIS
1.6.0-3 and discarding all observations between orbital phase
0.88 < φorb < 0.12, where the NH is dramatically increased
(Levine et al. 2004). The photoabsorption at low energies was

F. Fürst et al.: 4U 1909+07: a well-hidden pearl
Table 2. Fit parameters for the phase averaged spectra with diﬀerent models.
Model
parameter
NH [1022 cm−2 ]
Acont [ph@1 keV]
Γ
Efold [keV]
Ecutoﬀ [keV]
T 0 [keV]
kT [keV]
τ
Fe σ [keV]
Fe Energy [keV]
Fe A [ph/s/cm2 ]
bbody kT [keV]
bbody norm
χ2 /d.o.f. (χ2red )

Cutoﬀpl
20.6 ± 1.5
+0.012
0.084−0.011
1.59 ± 0.07
28 ± 3
–
–
–
–
+0.1
0.9−0.2
6.76 ± 0.15
+0.16
(0.74−0.15
) × 10−3
–
–
147.4/100 (1.47)

Cutoﬀpl
+bbody
14 ± 2
+0.009
0.029−0.007
1.15 ± 0.12
20 ± 2
–
–
–
–
+0.17
0.19−0.19
6.47 ± 0.07
+1.2
(4.3−0.9
) × 10−4
+0.11
1.65−0.08
+0.15
(0.71−0.14 ) × 10−3
94.6/98 (0.97)

Highecut
15 ± 2
+0.009
0.057−0.011
+0.06
1.56−0.08
27 ± 3
7.8 ± 0.5
–
–
–
0.41 ± 0.17
+0.07
6.43−0.09
+0.2
(0.6−0.1 ) × 10−3
–
–
102.7/99 (1.04)

Highecut
+bbody
15 ± 2
+0.011
0.036−0.009
+0.11
1.36−0.13
23 ± 3
+0.7
7.5−1.0
–
–
–
0.1
+0.10
6.42−0.05
+0.8
(3.9−0.7 ) × 10−4
+0.2
1.4−0.1
(5 ± 2) × 10−4
85.4/98 (0.87)

CompTT

CompTT
+bbody
9±2
(4.8 ± 0.4) × 10−3
–
–
–
1.15 ± 0.06
10.1 ± 0.3
+0.11
3.00−0.00
+0.16
0.15−0.15
6.44 ± 0.06
+1.0
(4.5−0.7
) × 10−4
3.1 ± 0.4
+1.4
(3.7−1.3
) × 10−4
98.8/97 (1.02)

+1.8
10.3−1.9
(0.54 ± 0.03) × 10−2
–
–
–
1.19 ± 0.04
+0.2
9.7−0.5
+0.13
3.01−0.01
0.1
+0.07
6.44−0.06
+0.5
(3.4−0.4 ) × 10−4
–
–
124.5/100 (1.25)

Notes. No significant width of the iron line could be measured for the highecut + bbody and the compTT model and Fe σ was consequently
frozen to 0.1. Not shown are the cross calibration factors and the renormalization of the PCA background, which are similar for all models and
close to 1.
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modeled using a revised version of the tbabs model1 with abundances by Wilms et al. (2000) and cross-sections by Verner et al.
(1996). A strong iron line close to the energy of neutral iron of
6.4 keV is also presented in the spectrum (Levine et al. 2004),
and was modeled for all continuum models using a Gaussian
emission line.
All continuum models described the data very well, except
the bremsstrahlung model, which only gave a best fit reduced
χ2 value of χ2red = 1.75. We ascribe this to the fact that the
hard X-ray spectrum of 4U 1909+07 can not be modeled accurately with the bremss model, noticeable only thanks to the improved statistics with the additional IBIS/ISGRI data. These data
were not available to Levine et al. (2004). The best fit parameters
and χ2red values of the other models are presented in Table 2 and
Fig. 7a shows the RXTE and IBIS/ISGRI spectra together with
the best fit cutoffpl.
The χ2red values are below 1.5 for all models presented in
Table 2, indicating a statistically acceptable fit. A look at the
residuals in Fig. 7b, however, shows that the models do not describe the data satisfactorily below 10 keV. These residuals can
be eliminated by adding a blackbody component (Fig. 7c and
Table 2). The cutoffpl and the highecut model give similar
blackbody temperatures between kT ≈ 1.4−1.7 keV, whereas in
the compTT the temperature increased to kT = 3.1 ± 0.4 keV. As
the χ2 of the compTT + bbody model is not as good as the χ2 of
the other two models, a temperature around kT ≈ 1.5 keV seems
most realistic.
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4.2. Phase resolved spectra

Due to the rotation of the neutron star, the accretion columns and
hot-spots are seen under a constantly changing viewing angle.
Since the physical conditions can not be assumed to be constant
throughout the emission regions, the X-ray spectrum can change
significantly with pulse phase. These dramatic changes are indicated in the energy dependence of the pulse profile (Figs. 5
1

See http://pulsar.sternwarte.uni-erlangen.de/wilms/
research/tbabs/

Fig. 7. a) Combined RXTE PCA (red) and HEXTE (green) and
INTEGRAL ISGRI (blue) spectra. The best fit cutoffpl-model with
a blackbody component is shown in black. b) Residuals of the best fit
model without a black body. c) Residuals of the best fit model with a
black body.

and 6). Pulse phase resolved spectroscopy allows us to disentangle the contributions from the diﬀerent physical components
(see, e.g., Kreykenbohm et al. 2004). To perform phase resolved
A73, page 5 of 9
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spectral analysis, we divided the RXTE/PCA and RXTE/HEXTE
data into 7 phase bins, as indicated in Fig. 8a. The IBIS/ISGRI
data did not provide good enough statistics for high resolution
phase resolved spectroscopy. A cutoffpl, a highecut, and a
compTT model, each improved by photoabsorption, an iron line
and a black body were fitted to all phase bins. All three models showed similar behavior as function of pulse phase. In terms
of χ2red , however, the highecut failed in most phase bins very
clearly, even though it gave the best χ2red values for the phase
averaged spectrum. A possible explanation for this eﬀect is that
the phase averaged spectrum is a superposition of the diﬀerent
spectra at diﬀerent phases and that this superposition is best described with the highecut model. To check this assumption, we
simulated a spectrum consisting of a superposition of the best fit
cutoffpl models for the individual phasebins, each parameter
weighted by the respective count rate in the respective phase bin.
The emerging spectrum could be described significantly better
with a highecut model (χ2red = 0.72) than with the cutoffpl
model (χ2red = 0.82). This result shows that the superposition
of the simpler cutoffpl models introduces new features in the
phase averaged spectrum, which are not source intrinsic. The
cutoffpl model gave the best fits over all phasebins and only
those results are presented here.
Describing the spectra without a blackbody component resulted in good χ2red values only for phase bins A, B, C, and G,
but returned formally unacceptable χ2red values for phase bins D,
E, and F, i.e., for spectra during the secondary peak. As discussed
in the previous section the phase averaged spectrum can also be
fitted relatively well without a black body component, but the inclusion of such a component improves the χ2 value. This eﬀect
can now be explained by viewing the phase averaged spectrum
as a superposition of spectra with and without a prominent black
body component, and consequently showing only comparatively
weak evidence for this component. Phase resolved analysis disentangles this superposition and gives more information on the
real physical behavior of the source.
A close analysis of all spectra revealed that the folding
energy and the photon index of the cutoffpl model depend
strongly on each other and that the statistics of the spectra do
not allow us to separate the influence of these two parameters.
We consequently carried out two independent fits, one with the
folding energy frozen to its value in the phase averaged fit and
one with a frozen photon index, also set to the value of the
phase averaged fit. Both models gave very good results in terms
of χ2red . To further reduce the number of variable parameters, we
also froze the energy of the Gaussian iron line to 6.47 keV, the
value of the phase averaged fit. The iron line energy was consistent with that value in all phase bins when allowed to vary.
Overall the free parameters of the fit were: the normalization of
the cutoffpl, the column of the photo absorption, the normalization and temperature of the black body, the normalization and
width of the iron line and either the folding energy or the photon
index of the cutoffpl.
The evolution of the spectral parameters is shown in Fig. 8
for a frozen folding energy and in Fig. 9 for a frozen photon
index. It is clearly seen that for both models neither the photoabsorption NH nor the power of the iron line seem to vary much
over the pulse phase. The strong spectral changes indicated in the
energy resolved pulse profiles are thus mainly due to a change in
the continuum of the cutoffpl model, either due to an increase
in the photon index (Fig. 8d) or due to a shift of the folding
energy to higher energies (Fig. 9d). The folding energy is highest in the primary peak during phase bins A and B, making its

3

A&A 525, A73 (2011)

0

0.5

1

1.5

2

Phase φ

Fig. 8. Parameters of the phase-resolved spectra fitted with the
cutoffpl model and the folding energy frozen to Efold = 20.0 keV.
a) Pulse profile in the 13.2–14.5 keV energy range. The diﬀerent shaded
areas indicate the phase bins used to extract the spectra. b) Photo electric absorption column NH , c) power law normalization, d) power law
index Γ, e) black body normalization, f) black body temperature, g) iron
line normalization, h) iron line width, and i) χ2red -value.

spectrum distinctly harder than the rest of the pulse phase. In the
secondary pulse the folding energy moves to values as low as
∼17 keV, forcing a strong attenuation of the spectrum above this
energy.
The behavior of the black body component is also very interesting in both models. Figures 8 and 9 show the normalization of the black body component and its temperature (panels e
and f, respectively). While the temperature varies insignificantly
with pulse phase, the normalization, expressing the contribution
of the black body component to the overall flux, shows a strong
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Fig. 10. Confidence contour and best fit value for the phase averaged
spectrum between the photon index of the powerlaw and the normalization of the blackbody component, when fitted with a frozen folding
energy. The contour lines show from the center outwards 68% (1σ),
90% and 99% confidence level. Gray-scaled is the normalization of the
Gaussian iron line for the best-fit model at every given photon index –
blackbody normalization point. The points labeled A through G are the
best fit values of the respective phase bins and their uncertainties in the
same space and for the same model.
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Fig. 9. Same as Fig. 8, but for the cutoffpl model with the photon
index frozen to Γ = 1.15. a) Pulse profile in the 13.2–14.5 keV energy
range, b) photo electric absorption column NH , c) power law normalization, d) folding energy, e) black body normalization, f) black body temperature, g) iron line normalization, h) iron line width, and i) χ2red -value.

dependency on pulse phase with variation up to a factor of 3. The
black body is strongest in phase bin D, i.e., during the beginning
of the secondary pulse, and lowest in phase bin A, i.e., during the
rise and maximum of the primary peak. As there is an indication
for a broadening of the iron line during the phase bins where the
black body is weakest, one might speculate about a compensation of the blackbody component by the Gaussian. Confidence
contours between the two parameter, however, showed no correlation. The indicated broadening of the iron line is more likely
due to a change in the iron edge or an iron Kβ line, which can not
be resolved with RXTE/PCA. Using spectra with higher energy

resolution a more in depth study of the iron line behavior with
pulse phase will be possible.
Regarding the normalization of the powerlaw, it clearly reflects the pulse profile in the model where the photon index was
frozen (see Fig. 9c). In the model with the frozen folding energy, on the other hand, the correlation is not so clear. It rather
seems that in this case a combination of the photon index and the
power law normalization models not only the spectral change,
but also the brightness variation. Because of this entanglement,
the model with the variable folding energy seems the more realistic description of the spectrum.
To exclude strong dependencies we calculated confidence
contours for the phase averaged spectrum for the blackbody normalization versus the powerlaw normalization as well as for the
blackbody normalization versus the folding energy, based on the
models with frozen folding energy and frozen powerlaw normalization, respectively. Figure 10 shows the confidence contour for
the model with the variable photon index, i.e., the frozen folding energy, together with the best fit value as a bright cross. The
contours are indicating only a very weak correlation between
the black body normalization and the photon index. In the background the best fit value of the normalization of the Gaussian
iron line is shown in gray-scale for every relevant point in the
black body normalization – photon index space. The scale on
the right of the plots gives its corresponding values. With increasing blackbody power and spectral softening a weaker iron
line is necessary. Within the best fit contours, however, the iron
line is not changing dramatically, thus ruling out a substitution of
the blackbody with a stronger iron line for formally acceptable
χ2red values.
Additionally to the phase averaged contour, Fig. 10 shows
the best fit values for all 7 phase bins as dark crosses, labeled
with the respective letter. As can be clearly seen, in phase bins A
and B the spectrum is hardest, while the black body component
is weakest. Phase bins C–F are clustered together in a regime
with a slightly softer spectrum and stronger black body than the
phase averaged spectrum. Phase bin G, describing the minimum
A73, page 7 of 9
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Fig. 11. Same as Fig. 10 but for the folding energy of the power law
versus the normalization of the black body, while the photo index of the
cutoffpl model was frozen.

between two consecutive pulses shows only very weak portions
of the black body and an intermediate spectral hardness. This
distribution makes very clear that both, the photon index and the
black body component change significantly over the pulse phase
in a way which seems to indicate a correlation between them.
This correlation is most likely of physical origin and not introduced due to improper modeling of the spectrum, as the confidence contour of the phase averaged spectrum showed no correlation between these parameters.
Figure 11 shows the same plot as Fig. 10 but for the model
with a variable folding energy, i.e., a frozen photon index. As
for the variable photon index, the iron line does not change significantly within the acceptable χ2 contours and is only a weak
function of both parameters. The best fit phase resolved values show a similar distribution as in Fig. 10. It is clearly seen
that phase bin A shows the hardest spectrum with a negligible black body component, while phase bin B moves a bit to
a softer spectrum with a stronger black body. Phase bins C–F
are again clustered together and phase bin G shows intermediate
spectral hardness with a very weak black body. This distribution
of the phase resolved data indicates an anti-correlation between
the black body normalization and the folding energy. As in the
other model, this correlation is most likely intrinsic to the source
as the phase averaged confidence contours rule out a model dependent correlation.

5. Discussion and conclusion
We have presented the first detailed study with INTEGRAL and
RXTE of 4U 1909+07 and have shown that the pulse period evolution shows strong indication for a random walk like behavior.
Such a behavior has been seen in other HMXB like Vela X-1
and is a strong indicator for a wind accreting source without a
persistent accretion disk (Ghosh & Lamb 1979). An accretion
disk would provide a more constant transfer of angular momentum and thus a long-term spin-up or spin-down trend, as seen
in other sources like 4U 1907+09 (Fritz et al. 2006). Accretion
disks form to fulfill the conservation of angular momentum of
the accreted wind, but in a system with a strongly magnetized
neutron star the ionized matter will couple to the magnetic field
lines before a stable disk can form. This requires field strengths
on the order of 1012 G, not unusual for this kind of system.
In these strong magnetic fields cyclotron resonant scattering
A73, page 8 of 9

features (CRSFs) can form, seen in many other sources, e.g.,
Vela X-1 (Kreykenbohm et al. 1999), 4U 0115+63 (Santangelo
et al. 1999), or MXB 0656−072 (McBride et al. 2006). We found
no evidence for a CRSF in the spectra of 4U 1909+07. As shown
by Schönherr et al. (2007) this does not rule out a strong magnetic field, as CRSFs can be filled by photon spawning and their
shapes and depths depend strongly on the geometry of the accretion column and on the viewing angle. Further investigations
with high-resolution data will allow a more thorough search for
a CRSF in 4U 1909+07.
A strong magnetic field in 4U 1909+07 is supported by the
strongly pulsed flux, as the X-ray flux is believed to be produced
in a very small region above the hot-spots on the neutron star
surface, where it is penetrated by the magnetic field lines and
the matter is accreted onto the neutron star (Lamb et al. 1973).
In the accretion column above the hot-spots, the density and temperatures are highest and the most X-rays are produced through
Comptonization of the thermal photons from the thermal mound
on the neutron star surface (Becker & Wolﬀ 2005a,b). If the
magnetic axis is not aligned with the rotational axis of the neutron stars, the hot spots and the accretion columns move in and
out of sight of the observer, resulting in a pulsed X-ray flux.
The exact geometry of the accretion column depends
strongly on the way the matter couples to the magnetic field
and can not be constrained from our measurements (Basko &
Sunyaev 1976; Mészáros 1984). Besides the simple filled funnel
other possible configurations include a hollow or a partly hollow
funnel. With an average luminosity of ∼2.8 × 1036 erg s−1 between 4.5–200 keV the system can host accretion rates that are
large enough for a shock to form in the accretion column, due to
the radiation pressure from the material close to the neutron star
surface. This shock prevents escape of the Comptonized photons
parallel to the magnetic field lines, so that they can only emerge
from the sides of the accretion column in a so-called “fan beam”
(Mészáros 1984). If the accretion rate is lower, no shock will
form and the radiation can escape along the accretion column in
the “pencil beam”.
5.1. Classical picture

In a classical assumption the two distinct peaks in the pulse
profile at low energies hint at the fact that accretion happens
onto both magnetic poles of the neutron star, but under diﬀerent
physical conditions. These diﬀerences can explain the diﬀerent
spectra in the two peaks. The secondary peak shows a distinctly
lower folding energy which corresponds roughly to the temperature of the electron gas in the accretion column. A misalignment
between the magnetic center and the gravitational center of the
neutron star could lead to diﬀerent sizes of the accretion column
and thus to diﬀerent densities and temperatures.
We have also seen that the blackbody component of the spectrum of 4U 1909+07 is phase shifted with respect to the two
peaks in the pulse profiles. It is likely that the blackbody originates from the thermal photons of the thermal mound at the hot
spot. Through the rotation of the neutron star, the hot spot is
only visible at certain pulse phases. Assuming a hollow funnel
accretion geometry, with a large enough accretion rate to form a
shock, we can argue that we see the thermal mound only at the
phases were we look along the hollow accretion column, while
the most hard X-ray flux is only visible when we see the sides
of the accretion column, due to the “fan beam” geometry. As we
averaged every phase bin over a large range of time, we can neither rule out nor investigate a change of the accretion geometry.
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5.2. Strongly relativistic picture

Caution has to be taken, however, with these simple classical
models as the behavior of plasma in magnetic fields on the order of B ≈ 1012 G is still not well understood and all models
are based on strong simplifications. Additionally gravitational
light bending must be taken into account when analyzing pulse
profiles and their origin (Kraus et al. 2003; Mészáros & Nagel
1985). Close to the surface of a canonical neutron star of mass
M = 1.4 M and radius R = 10 km, i.e., a radius only 2.4 times
the Schwarzschild radius, light bending leads to a visible surface of the neutron star of 83%. This huge amount of always
visible surface reduces the pulsed flux from the two hot-spots.
Assuming a “fan-beam” emission characteristic of the accretion
column, gravitational light bending can increase the pulsed flux
dramatically, especially at phases where one column would be
hidden behind the neutron star in the classical picture (Riﬀert &
Mészáros 1988). In a very special configuration where the rotational axis takes an angle of 45◦ to both the observer and the
magnetic axis, pulse profiles very similar to the high energetic
pulse profile of 4U 1909+07 (Fig. 5d) can emerge, in which only
one sharp peak is visible (compare Fig. 5 of Riﬀert & Mészáros
1988). In the simple models of Riﬀert & Mészáros (1988) the
emission characteristic of the accretion column is taken to be
isotropic and independent of energy, so that a direct translation to 4U 1909+07 is not easily made. Attempts to decompose
the pulse profile for other sources were made by Kraus et al.
(2003) and Sasaki et al. (2010), among others. These decompositions prove diﬃcult due to the many free parameters, like
emission pattern, geometry of the accretion column, configuration of the magnetic field, and equation of state which can not
be closely constrained. Nonetheless the sharp peaked pulse profile of 4U 1909+07 above 20 keV is a hint that the hard X-ray
emission is produced in a “fan-beam” accretion column and that
during the rotation of the neutron star one column vanishes behind the star and its emission is bent around and focused due to
the strong gravitation.
More detailed models for pulse decomposition will be applied to 4U 1909+07 in the future, together with data from other
X-ray satellites that provide a higher spectral resolution, such
as Suzaku. With these data a detailed investigation of the iron
line complex and the Compton shoulder will also be possible
and lead to more insight on the physical state of the absorbing
medium.
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