NuSTAR detection of a broad absorption line in IGR J06074+2205
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Abstract

<} We present the broadband X-ray study of the BeXRB pulsar IGR J06074+2205 using NuSTAR observations. The temporal and
O\l spectral characteristics of the source are investigated. We detect coherent X-ray pulsations of the source and determine the spin
o period evolution. Using the current spin period data of the source, we show that the source is spinning down at 0.0202(2) s day~'.

The pulse profiles are found to evolve with energy and luminosity. Another interesting feature of the source is that the pulse profiles
= ‘are dual peaked. The dual-peaked pulse profile is characterized by a decreasing secondary peak amplitude with increasing energy.

Ap

We also observed a proportionate increase in the primary peak amplitude as the energy increases. The pulse fraction exhibits an
overall increasing trend with the energy. The X-ray continuum of the source indicates the existence of a characteristic absorption

(Y) feature with a centroid energy ~ 55 keV, which may be interpreted as a cyclotron line. We estimate the corresponding magnetic field
@\ strength to be ~ 4.74x10'? G. A peculiar ‘10 keV’ absorption feature is observed in the X-ray spectra of the second observation.The
luminosity measurements predict that the source may be accreting in the sub-critical regime.
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1. Introduction

The source IGR J06074+2205, identified as a Be X-ray pul-
sar, has been the focus of comprehensive astronomical investi-
s gations since its discovery in 2003 through observations facil-
itated by the International Gamma-Ray Astrophysics Labora-
tory (INTEGRAL), as documented by [(Chenevez et al. | (2004).

= Subsequent studies, including those by [Reig et al. (2018), un-
(O veiled the pulsar’s distinctive 373.2-second pulse period, fur-
00 ther showing evidence of its pulsating nature. The nature
<" of the neutron star’s companion was initially proposed by
! |Halpern et al! (2005) and later substantiated by [Tomsick et al
< (2006). The companion star is identified as a B0.5Ve star lo-
cated at an approximate distance of ~4.5 kpc, as shown by

N Reig et al! (2010). Observations of the optical companion have
. . provided with intriguing insights to probe its dynamical be-
= havior. Variability in the H, line, both in terms of line pro-
 file and intensity, was observed on monthly time scales in Ref.
E (Reig et al., 2010). It is predicted by them that there was a re-
versal from emission to absorption in the H, line, indicating a
complete loss of the equatorial disc of the Be star. Recent astro-
nomical events observed by the Advanced Satellite for Cosmol-
ogy and Astrophysics (ART-XC) on October 03, 2023, include
the detection of an outburst from the pulsar IGR J06074+2205
as reported by [Semena et al. (2023). Further observations from
the Fermi Gamma-ray Burst Monitor (Fermi-GBM) mission on
the same day detected a spin frequency of 2.6700(2) millihertz.
Subsequently,|Semena et al! (2023) and|Chenevez et al. | (2023)
analyzed the follow-up observations by INTEGRAL, and esti-
mated the source flux in (4-12), (3-10), and (10-25) keV energy
bands respectively, providing additional insights into the post-
outburst behavior of the source. The most recent observations
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concerning this source has been reported by Roy et all (2024).

The rich history of detections of cyclotron lines in X-ray
binary pulsars, dating back to the first detection in Her X-1
(Trumper et all, [1978), paved the way for advancements in un-
derstanding the characteristics of pulsars. In particular, absorp-
tion line features within the (5-110) keV energy range are de-
tected in various X-ray binary pulsars, which is documented
by IMakishima et al/ (1992) and |Grove et al.| (1995). These
are known as cyclotron resonance scattering features (CRSFs),
which originate from the resonant scattering of hard X-ray pho-
tons and electrons in quantized energy levels (Meszaros et al. |,
1992). The separation between the quantized energy levels cor-
responds to the centroid energy of the cyclotron line (Ey),
it can be used to estimate the magnetic field strength of the
neutron star. Specifically, the relationship is expressed as
E.. = 11.6 X By, (keV), where B, denotes the magnetic
field expressed in units of 10'> G. This relationship enables
to glean important insights into the physical properties of IGR
J06074+2205 and similar pulsars, enhancing our knowledge
about the intriguing astrophysical phenomena.

2. OBSERVATION AND DATA REDUCTION

The NuSTAR telescope, designed for high-energy X-ray ob-
servations, operates within the energy range of 3-79 keV, uti-
lizing two identical X-ray telescope modules in conjunction
with separate focal plane detector modules, namely FPMA and
FPMB (Harrison et al), |2013). The detector technology em-
ployed in NuSTAR is the Cadmium Zinc Telluride (CdZnTe)
pixel detector, known for its efficiency in capturing hard X-rays.
h The observational details for the specific NuSTAR observa-
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Observation Date
2023-10-08 07:36:09
2023-10-1522:36:09

Observation ID  Exposure (ks)
90901331002 42.7
90901331004 40.7

Table 1: Details of the NuSTAR observations of IGR J06074+2205.Hereafter,
we refer these observations as Obs I and Obs II respectively.

tions are outlined in Table [l The data reduction and analy-
sis are executed here using HEASOFT -v6.32.1, a comprehen-
sive software package designed for high-energy astrophysics re-
search with CALDB version 20231121. NUPIPELINE version
0.4.9, a mission-specific software tailored for NuSTAR obser-
vations, is then employed for the standard processing and filter-
ing the data. This stage is crucial for enhancing the signal-to-
noise ratio and ensuring the reliability of the subsequent anal-
ysis. To extract detailed information about the source, such as
light curves and spectra, a meticulous approach is considered.
A circular extraction region of 90" centered on the source is
chosen. Additionally, another circular region of the same radius
is selected away from the source, serving as the background ex-
traction region. This separation aids in isolating the signal from
the source against the background noise. The NUPRODUCTS
tool is then utilized to generate the light curves and spectra
based on the selected extraction regions. This tool streamlines
the process of extracting relevant information from the obser-
vational data, providing a clear representation of the temporal
and spectral characteristics of the source. A correction from
the background is applied using the ftool LCMATH to enhance
the accuracy of the light curves. This correction mitigates the
influence of background noise, ensuring that the observed vari-
ations are attributed to the source of interest. Following the
background correction, a barycentric correction is implemented
using the BARYCORR tool chosing the planetary ephemeris -
JPLEPH.430 (refframe-ICRS). Barycentric correction is essen-
tial to account for the motion of the Earth in the solar system,
aligning the observational times with the solar system barycen-
ter. The correction is crucial for accurate temporal analysis and
interpretation of the observed phenomena.

3. Timing Analysis

The investigation into the pulsation behavior of the source
involved a thorough analysis, employing various techniques to
unveil the intricate characteristics of its periodic signals. Ini-
tially, a Fast Fourier Transform (FFT) is applied to the 0.1 s
binned light curve, serving as an effective tool to approximate
the pulse period of the source. We performed the epoch-folding
technique (Davies et al. |, [1990; [Larsson et all, [1996) based on
x?> maximization for precise determination of the pulse period.
The best period for the source was estimated to be 374.626(9)
and 374.661(8) s for observation I and Il respectively. The mea-
surement uncertainties were approximated using the method
proposed by [Boldin et al.| (2013). This involved generating
1000 simulated light curves, allowing for a robust estimation of
the uncertainty associated with the derived pulse period. Data
are not corrected for the effects of the binary system due
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Figure 1: Periodogram of the source corresponding to NuSTAR observations.

to the fact that the orbital solutions of this source have not
yet been thoroughly investigated. The tools EFSEARCH and
EFOLD are used for the determination of the optimum pulse
period and generation of the folded pulse profiles. The Peri-
odogram of the source, for NuSTAR observations is presented
in Figure [[I Incorporating historical spin period data from
the Fermi/Gamma-ray Burst Monitor (GBM) (Malacaria et al,
202() added a temporal dimension to the analysis. The ob-
served spin-down rate of the source, quantified at 0.0202(2) s
day~!, which provides crucial information about the spin period
evolution of the pulsar. The analysis is extended by examining
the energy dependence of the pulse profiles. By resolving the
light curve in the (3-79) keV energy range into distinct energy
bands, energy-resolved pulse profiles were generated. These
profiles revealed intriguing variations in the pulsation character-
istics across different energy levels, offering valuable insights
into the physical processes underlying the emission. Therefore,
the combined application of Fourier techniques, epoch-folding,
and energy-resolved profiles have enabled a comprehensive un-
derstanding of the temporal features of the source. The incor-
poration of historical spin period data has enhanced our knowl-
edge of the spin period evolution of the source. Figure 2repre-
sents the evolution of the spin period over the observed period.
Additionally, the pulse profiles presented in Figure[3land Figure
M provide a detailed view of how the pulsation characteristics
changed across different energy bands.

The pulse fraction (PF) is a measure of the relative am-
plitude of the evolving pulse profiles which is defined as
PF = M, where P, and P,; represent the maxi-
mum and minimum intensities of the emerging pulse profile,
respectively. Observations of various X-ray pulsars, as doc-
umented by [Lutovinov & Tsygankov (2009), reveal a notable
trend in the pulse fraction with respect to energy. Specifically,
the pulse fraction of the source tends to exhibit an overall in-
creasing trend with increasing energy levels, which is related to
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Figure 2: Spin period evolution of IGR J06074+2205 from recent Fermi-GBM
and NuSTAR observations.

the energy-dependent modulation of the X-ray emission, with
higher-energy photons contributing more significantly to the
observed pulsations.

Notably, there is a tendency for the pulse fraction to drop at
an energy level above (45-50) keV as evident from Figure
The substantial errors in the PF of the higher energy bins make
this drop insignificant. It is currently difficult to definitively
state whether the presence of the absorption feature leads to the
drop in PF.

However, there have been multiple indications of a distinct
drop in the pulse fraction specifically around the energy
associated with the cyclotron line. The phenomenon has
been reported in the literature, e.g., [Tsygankov et all (2007);
H (errigno et al. (2009)); [Lutovinov & Tsygankov (2009);
Tsygankov et al.| (2010); [Lutovinov etall (2017). The cy-
clotron line, representing a characteristic absorption feature in
the X-ray spectrum, is related to a modulation in the observed
pulsations. This modulation manifests as a reduction in the
pulse fraction, providing valuable indirect evidence for the
presence of the cyclotron line and it highlights the impact on
the pulsar’s emission properties.

4. Spectral Analysis

The NuSTAR X-ray spectral analysis of IGR J06074+2205
provides valuable insights into the spectral properties of the
source across the broad energy range of 3.0-79.0 keV. Sev-
eral continuum models, such as CUTOFFPL, HIGHECUT,
COMPTT, etc., were employed in the fitting process. Notably,
the most robust fit was done using the CUTOFFPL model, em-
phasizing its suitability in describing the observed spectral fea-
tures. The NuSTAR data from both FPMA and FPMB modules
are effectively utilized in the analysis. To ensure reliable and
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Figure 3: Pulse profiles of IGR J06074+2205 for Obs I (upper panel) and Obs I1
(lower panel) in (3-79) keV energy range highlighting the respective luminosity
measurements.
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Figure 4: Energy-resolved pulse profiles of IGR J06074+2205 — Obs I (top)
and Obs II (bottom)
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Figure 5: Variation of pulse fraction with energy corresponding to NuSTAR
observations of IGR J06074+2205.

statistically significant results, the data are grouped using GRP-
PHA, with a minimum of 25 counts per spectral bin. The rel-
ative normalization factors between the two NuSTAR modules
were carefully maintained by freezing the constant factor cor-
responding to FPMA as unity, while allowing FPMB’s constant
factor to vary. This methodology ensured comparable count
rates between the two instruments, enhancing the reliability of
the spectral analysis.

The absorption column density was modeled using the
TBABS component with abundance from [Wilms et al! (1999),
and the cross-section was determined using vern (Verner et all,
1996¢). The initial fitting utilized the continuum model
CONST*TBABS*CUTOFFPL. However, distinct residuals are
observed in the X-ray continuum, which encouraged further in-
vestigation. An iron emission-line at ~ 6.28 keV with an equiv-
alent width of ~14 eV was observed in the spectra which was
fitted using a GAUSSIAN component. We performed F-rest
to determine if the model with the line is preferable. The low
F-test probability of 10~ suggests that the emission feature is
significant. Such a narrow iron line suggests that the emission
originates from a small, localized area, associated with the ac-
cretion disk. It may also indicate the presence of an optically
thick, compact accretion disk that is capable of effective X-ray
reflection (Jaisawal et al.|, 2019). To account for the negative
residuals, a Gaussian absorption component (GABS) was in-
troduced. This adjustment effectively addressed the observed
negative residuals, providing a more accurate representation of
the source’s X-ray continuum. The broad absorption feature ob-
served in the X-ray continuum may be interpreted as a cyclotron
line, a characteristic absorption feature observed in the X-ray
spectra of certain astrophysical sources. The analysis pointed
out that the cyclotron line is characterized by a centroid en-
ergy of ~55 keV, with an equivalent width of about 13.5 keV.
The observed line energy is marginally higher than that reported
by [Roy et al! (2024). The inclusion of this feature significantly
improved the spectral fit, underlining its importance accurately
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Figure 6: Image of the source obtained with FPMA (upper panel) and FPMB
(lower panel), scaled logarithmically with three different choices of background
regions : Region I (white), Region II (red), and Region III (green), each of 90
arcsec radius for Obs 1.

describing the observed data. In order to test the significance of
the characteristic absorption line, we simulated the spectra of
the NuSTAR observation using the XSPEC script simftest. The
best-fit x> values were determined by fitting spectral models
with and without the absorption feature in 10* simulations. The
probability of false-detection was found to be less than 107>,
The flux in the 3.0-79.0 keV energy range is estimated to be
~ 1.19 x 10~%erg cm™? 57!, which corresponds to an X-ray lu-
minosity of ~ 2.87 x 10%erg s~! considering a source distance
of 4.5 kpc (Reig et all,2010). Additionally, to verify the extent
to which the spectral parameters are affected by the selection
of the background region at different positions, we performed
spectral analysis for three background regions (Figure [6). Ta-
bleFillustrates that there is no appreciable effect of background
selection on the spectral data.

Similarly, the best spectral fit for obs II was obtained us-
ing the CUTOFFPL model. We neglected the spectra above
50 keV due to background contamination. Distinct nega-
tive residuals were observed in the X-ray continuum at ~ 10
keV, which was fitted by introducing a GABS component.
This led to a significant improvement of the fit statistics from
(1019/733) to (760/731). Given that NuSTAR responses show



Spectral Parameters Obs I Obs I1
Crpma 1.0(fixed) 1.0 (fixed)
nH (x10%) (cm™2) 0.49+0-11 0.58*01)
r 1.090:0 0.99*12
Tnorm(x1072) 5.69f81?§ 1.60f§1};
Ecu (keV) 38.36%}33} 16.81+103
Er.(keV) 6.28707 -
ore (keV) 0.1070:04 -
norme.(x107%) 1 .66f8:§} -
EWp, (eV) 144 -
Egaps(keV) - 10.27+192
O gabs (keV) - 33308
- 1027
Ecyc(keV) 54.61%) 0> -
Teye (keV) 13.53*1)7 -
Teye 1.24+0.14 -
x?/d.o.f. 1804/1754 760/731
X2 1.03 1.04

Table 2: The best fit parameters of IGR J06074+2205 in 3.0-79 keV energy
range. The fit statistics x2 represents reduced x? (y? per degrees of freedom).
Errors quoted for each parameter are within 90% confidence interval. The pa-
rameters are - nH : hydrogen column density, I' : photon-index, E, : cutoff
energy, Efoiq : folding energy. Er, , EWF, : line energy and equivalent width
of the iron emission line. Ecyc, O¢ye, and 7eye : centroid energy, width and
optical depth of the cyclotron line. Parameters for the 10 keV feature’ in Ob-
servation II are represented using the "gabs’ subscript.

larger uncertainty around the tungsten edge at ~10 keV, the
physical significance of this feature remains unexplained and
could potentially have an instrumental origin (Madsen et all,
2015). This peculiar spectral feature at ~ 10 keV has been ob-
served in various sources and was investigated in a recent study
by Manikantan et al. | (2023). The recent study by Roy et al.
(2024) did not discuss or make reference to this particular char-
acteristic. Instead, they reported a soft excess in the spec-
trum. The source flux was found to drop significantly to
~8.67 x 107"erg cm™2 57! during this observation.

The best-fit spectral parameters obtained from this compre-
hensive modelling approach are summarized in Table 2l The
NuSTAR spectra of the source are presented in Figure [7] (Obs
I) and Figure [§] (Obs II), providing a visual representation of
the spectral characteristics and the effectiveness of the adopted
modelling approach here.

5. Discussion and Conclusion

The study of the BeXRB source IGR J06074+2205, based
on recent NuSTAR data, provides a comprehensive exploration
of its broadband spectro-temporal characteristics. The coherent
X-ray pulsation of the source is successfully identified through
timing analysis of the photon events, indicating a pulse period
of ~ 374.62 s. Furthermore, the analysis of the source’s spin pe-
riod history indicates a discernible spin-down trend at a rate of
0.0202(2) s day~!. The results obtained here collectively con-
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Figure 7: The best fit spectra of the source (Obs I) is shown in the upper panel
(black for FPMA and cyan for FPMB.) The middle and bottom panels de-
pict residuals before and after incorporating the absorption component. (top).
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Figure 8: The best fit spectra of the source (Obs II) is shown in the upper panel
(black for FPMA and red for FPMB). The middle and bottom panels depict
residuals before and after incorporating the GABS component.



Background REG] REG" REG]]]
Crpma 1.0(fixed) 1.0 (fixed)  1.0(fixed)
Crpus 0.997+0001 1 02+0001 | 3+0.001

nH (x102) (em™) 0490117 0.38+005 0.44+010
r 109700 1.04*01T 107401
E.u (keV) 38.36%’%5} 40.73f}6?§ 41.81f}§;‘
Er.(keV) 6.28+000  627:008 6271013
ore (€V) 144 14+2 134
Eqype(keV) 54.61700% 54504111 54874109
Tere (keV) 13,5357 348+l 370002
Tere 1.24:0018j 0p=0Il p6r0.I6
x2/d.o.f. 1804/1754  1879/1778  1885/1778
X 1.03 1.06 1.06

Table 3: The best fit parameters of IGR J06074+2205 (Obs I) in 3.0-79 keV energy range for three different background regions. Errors quoted for each parameter

are within 90% confidence interval.

tribute to a detailed understanding of the rotational and the tem-
poral behaviour of the source.

A significant and interesting aspect of the study is the
observed energy dependence in the pulse patterns of IGR
J06074+2205. The energy-resolved profiles exhibit a dual-
peaked pattern, with a noteworthy decrease in the amplitude of
the secondary peak and a proportionate increase in the ampli-
tude of the primary peak that increases with energy. This evolv-
ing morphology in the pulse profiles indicates a dynamic and
changing accretion state of the pulsar, which provides a valu-
able insight into the underlying astrophysical processes that are
going on.

The fraction of photons contributing to the modulated section
of the flux, commonly referred to as pulse fraction, emerges as a
key parameter in understanding the source characteristics. The
observed distinct absorption feature in the X-ray continuum
aligns with the energy-dependent variation of PF. Specifically,
PF demonstrates an overall increasing tendency with energy.
This strange behaviour is further elucidated using a toy model
proposed by [Lutovinov & Tsygankov (2008), which indicates
that the increasing trend of PF with energy may be attributed
to the X-ray producing zone that is associated with a more
compact nature at higher energies. This compactness enhances
the pulsed emission of the neutron star, contributing to the ob-
served energy-dependent variations in PF. The source spectrum
exhibits a significant CRSF, providing further insight into the
source’s emission properties. It is noteworthy that uncertainties
in the PF measurements are relatively higher at higher energies
due to limited statistics associated with the pulsed emission at
these energy levels.

The absorbed flux of the BeXRB source IGR J06074+2205
in the 3-79 keV energy range is estimated to be valuable insights
into its energetics. The estimated absorbed flux, approximately
~1.19 x 10’9erg cm~2 57!, when considered with a source’s
distance of 4.5 kpc, it translates to an X-ray luminosity of ~
2.87 x 10°® erg s~'. This luminosity is a critical parameter in
understanding the energetics of the source and provides a basis
for further analysis.

CRSFs are identified as absorption line features in the hard

X-ray range (Staubert et al), 2019). The centroid energies of
CRSFs have been found to vary in the range (5-100) keV. For
the observed centroid energy of the cyclotron line, estimated to
be around ~ 55 keV, a magnetic field strength of ~ 4.74 x 102
G is predicted. Such high values of cyclotron line energy
have been reported in several sources, including GX 304-1,
V 0332+53, A 0535+26, GRO 1008-57, 1A 1118-616, etc,.
(Staubert et al), 2019). The critical luminosity (L), as pro-
posed by Becker et al.| (2012), marks the transition between
different accretion states. Based on the maximum value for
the CRSF centroid energy and standard neutron star parame-
ters, L.,y may be expressed as:

Lesic = 1.5 x10%7 Big/ls erg s~', where B, represents the
surface magnetic field strength expressed in units of 10'?G.
We estimated L., to be ~ 7.89 X 1037erg s~'. Tt is notewor-
thy that the estimated X-ray luminosity of the source is lower
than L.;. This observation suggests that the source may be
accreting in the subcritical accretion regime. In this regime,
the beaming pattern is typically dominated by a pencil-beamed
configuration, where accreted material penetrates the surface
of the neutron star through processes like nuclear collisions
with atmospheric protons or Coulomb collisions with thermal
electrons (Harding, [1994). In such a scenario, the emission
arises from the top of the accretion column (Burnard et all,
1991). The luminosity measurements in observation II reveal
a further decrease to ~ 2.10 x 10¥erg s7!. According to
Mushtukov et al! (2021)), accretion on the surface of neutron
stars occur at near free fall velocities, leading to the formation
of accretion mounds or hot spots near the neutron star’s polar
caps. These hot spots dominate the radiation observed from the
system.

Looking ahead, future investigations may focus on exploring
variabilities associated with the spectral parameters, including
characteristics of the cyclotron line. With the availability of ad-
ditional observational data for the source, a more detailed un-
derstanding of its accretion and emission mechanisms may be
determined. The subcritical accretion regime identified in this
study sets the stage for further exploration of the intricate as-
trophysical processes governing the interesting observation of



X-ray emission from IGR J06074+2205.

6. DATA AVAILABILITY

The observational data employed in this research work can
be accessed from the HEASARC data archive and is publicly
available.
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