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ABSTRACT

Hercules X-1 is one of the best studied highly magnetised neutron star X-ray bina-
ries with a wealth of archival data. We present the discovery of an ionised wind in its
X-ray spectrum when the source is in the high state. The wind detection is statistically
significant in most of the XMM-Newton observations, with velocities ranging from 200
to 1000 km/s. Observed features in the iron K band can be explained by both wind
absorption or by a forest of iron emission lines. However, we also detect nitrogen, oxy-
gen and neon absorption lines at the same systematic velocity in the high-resolution
RGS grating spectra. The wind must be launched from the accretion disc, and could
be the progenitor of the UV absorption features observed at comparable velocities, but
the latter likely originate at significantly larger distances from the compact object. We
find strong correlations between the ionisation level of the outflowing material and the
ionising luminosity as well as the super-orbital phase. If the luminosity is driving the
correlation, the wind could be launched by a combination of Compton heating and
radiation pressure. If instead the super-orbital phase is the driver for the variations,
the observations are likely scanning the wind at different heights above the warped
accretion disc. If this is the case, we can estimate the wind mass outflow rate, corrected

for the limited launching solid angle, to be roughly 70% of the mass accretion rate.
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1 INTRODUCTION

Highly ionised winds have been well established in the X-ray
spectra of a number of stellar mass accretors such as black
hole (e.g. Miller et al. 2006; Neilsen & Lee 2009) and neutron
star binaries (e.g. Ueda et al. 2004; Miller et al. 2011), with
velocities of 100s to 1000s km/s. Such winds might in fact
be a universal phenomenon during the bright soft state of
black hole binaries (Ponti et al. 2012). The high ionisation
state of these winds necessarily means that they are best
observed in the Fe K energy band (~ 7 keV) located within
the X-ray part of the electromagnetic spectrum.

The origin of these outflows is the accretion disc of the
compact object, but their driving mechanism and energy
budget are currently still in question. As the wind material
is highly ionised (usually & > 103), line driving is unlikely to
provide enough driving force (Proga et al. 2000), and since
the objects in question are accreting below the Eddington
limit, the radiation pressure on electrons is likely not suffi-
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cient to launch significant winds (although see Neilsen et al.
2016). If the base of the wind is illuminated by the hard
X-ray radiation from the inner accretion flow, the mate-
rial could be Compton heated and launched in form of a
thermally-driven wind (Begelman et al. 1983). This effect
was invoked to explain the winds in a number of sources
(Neilsen & Lee 2009; Diaz Trigo et al. 2012). Alternatively,
the wind could be driven by magnetic forces (Miller et al.
2006, 2008; Fukumura et al. 2017).

Evidence of even faster winds (~0.2c) has been found in
Ultraluminous X-ray sources (Pinto et al. 2016, 2017; Wal-
ton et al. 2016), which are thought to be powered by super-
Eddington stellar mass accretors, including one ULX har-
bouring a neutron star (Kosec et al. 2018). In these objects,
radiation pressure might be the natural driving mechanism
of the outflowing material. How these winds in stellar-mass
accretors relate to the ultrafast outflows (e.g. Pounds et al.
2003; Reeves et al. 2003; Parker et al. 2017) and warm ab-
sorbers (e.g. Reynolds & Fabian 1995; Lee et al. 2001) ob-
served in active galactic nuclei and tidal disruption events
(Miller et al. 2015a; Kara et al. 2018) and whether they
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are driven by the same phenomenon, is currently not under-
stood. It is, however, certain that accretion disc winds play
a major role in the phenomenon of accretion and thus need
to be studied in detail.

Here we present the discovery of highly ionised
blueshifted absorption in the X-ray spectrum of the neutron
star X-ray binary Hercules X-1 in the high state. Previous
work found blueshifted UV absorption lines attributed to
a circumbinary wind launched from the irradiated surface
of the secondary (Boroson et al. 2001), but only weak sig-
natures (~ 20) of an X-ray counterpart were found so far
(Leahy & Chen 2019). We significantly detect the outflowing
material in most of the high state observations made with
XMM-Newton (using RGS and pn instruments), at a veloc-
ity of 200-1000 km/s. We find that the wind is launched from
within the accretion disc of the primary, and that the mass
outflow rate is of the same order as the mass accretion rate
onto the neutron star. We conclude that the wind is most
likely driven by magnetic fields or by Compton heating, but
at the moment we cannot pinpoint the exact mechanism.

1.1 Hercules X-1

Hercules X-1 (hereafter Her X-1, Giacconi et al. 1972) is one
of the most famous, brightest and most studied neutron star
X-ray binaries. The system consists of a highly magnetised
neutron star and a 2 Mg, secondary HZ Herculis (Middleditch
& Nelson 1976). Her X-1 is especially well known for the
three different timescales of multiwavelength variability.

The shortest is the 1.24 s rotation period (Giacconi et al.
1973) of the neutron star. The neutron star is known to har-
bour a strong magnetic field of the order of 102 G, man-
ifested by a cyclotron scattering feature with an energy of
35-40 keV (Truemper et al. 1978; Staubert et al. 2007).

The second important timescale is the 1.7-day orbital
period of the binary, accompanied by X-ray eclipses (Bah-
call & Bahcall 1972), suggesting that the system is observed
almost edge-on. The longest timescale is the 35-day super-
orbital cycle of high, low and short-on X-ray flux states
(Tananbaum et al. 1972). Each cycle begins by a 10 day
high state with a brightness of ~ 4 x 1037 erg/s, followed by
a low state during which the flux drops by a factor of 10.
This is followed by a short-on state (Fabian et al. 1973) with
a flux of ~1/3 of the maximum flux for a few days and then
again by a low state.

Such behaviour can be explained by a model according
to which the accretion disc of the neutron star (seen almost
edge-on) is warped (Ogilvie & Dubus 2001) and precesses
with a 35-day period (Gerend & Boynton 1976). Although
accretion onto the compact object continues at a steady rate,
inner parts of the disc and the object itself are obscured
from our view for extended parts of the cycle. The hard
X-ray radiation originates in the accretion column (Ghosh
& Lamb 1979) near the surface of the neutron star and is
beamed (Scott et al. 2000). The size of the magnetosphere
(Lamb et al. 1973) of ~2x 108 cm ~ 1000 Rg defines the
inner edge of the accretion disc. The outer edge of the disc
is at about 2 x 101! c¢m (10° Rg) and the binary separation
is around 3 x 10'! ¢cm (Cheng et al. 1995).

Throughout the manuscript, we adopt a distance of Her
X-1 of 6.1 kpc (Leahy & Abdallah 2014). All the uncertain-
ties are stated at 1o level.

2 OBSERVATIONS AND DATA REDUCTION

XMM-Newton (Jansen et al. 2001) data were used in this
study as the observatory offers a combination of good col-
lecting area as well as very good spectral resolution. Fur-
thermore, its archive contains a wealth of data on Her X-
1. Initially, we utilise all XMM-Newton observations with
good enough statistics for analysis of absorption lines in the
RGS grating data. Considering the current archive of Her
X-1, this effectively limits us to observations of the object in
the high state. Low and short-on state grating observations
are individually sufficient for emission line studies (Jimenez-
Garate et al. 2002), however the continuum flux is too low
for absorption line searches. All of the high state observa-
tions of Her X-1 used in this study are listed in Table 1
along with their clean exposures and count rate information.
Whenever possible, we use simultaneously Reflection Grat-
ing Spectrometer (RGS, den Herder et al. 2001) data which
offer best spectral resolution, as well as European Photon
Imaging Camera (EPIC) pn (Striider et al. 2001) data to
capture the broadband continuum outside the RGS band.
All the available archival XMM-Newton data were down-
loaded from the XSA archive and reduced using a standard
pipeline with SAS v16, CalDB as of July 2017.

RGS data were extracted using standard routines with
default source and background selection regions. High-
background periods were filtered with a threshold of 0.25
counts/sec. Both first- and second-order data were extracted
but as the count rate in the second order is much lower,
it was only used in selected instances. The second order
RGS 1 spectrum was used during the analysis of observa-
tion 0134120101 where RGS 2 detector was not working,
and conversely the second order RGS 2 spectrum was used
in observation 0153950301 where RGS 1 was not operational.
The first-order data were binned by a factor of 3 directly in
the SPEX fitting package to oversample the real grating res-
olution by about a factor of 3. The second order data were
binned by a factor of 6 to achieve similar spectral binning
as the first order data. The data were used in the spectral
range between 7 A (1.8 keV) and 35 A (0.35 keV).

The EPIC pn detector was in the Timing mode during
all observations due to very high Her X-1 flux. The cali-
bration accuracy of the Timing mode can be found in the
following XMM-Newton Calibration Technical Note!. High-
background periods were filtered on case-by-case basis as the
standard routine thresholds were often below the actual Her
X-1 fluxes in the high state. Events of PATTERN <= 4 (sin-
gle/double) were accepted for pn data, and the background
regions were very small rectangles as far from the source po-
sition as possible. However, the background was very weak
(usually < 3% of source flux) compared to the source flux
in all of the observations used in this study. The data were
grouped to at least 25 counts per bin and also binned by at
least a factor 3 using the SPECGROUP procedure. pn data
were used in the spectral range of 3 keV to 10 keV. Data
below 2 keV were not necessary as this range was covered by
the RGS instrument with superior spectral resolution. The
range between 2 and 3 keV contained in multiple instances
strong residuals and was ignored in this study. These residu-
als were also present in lower flux observations and therefore

! http://xmm?2.esac.esa.int/docs/documents/ CAL-TN-0083.pdf
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Table 1. Log of the observations used in this work. Observational IDs as well as start dates are listed in the first 2 columns. The following
columns contain the clean exposures of RGS1, RGS2 and pn instruments for each observation as well as the average count rates. The
last column contains following notes about individual observations: 1 - RGS 2 instrument was not operational during this observation, 2
- RGS 1 instrument was not operational during this observation, 3 - obvious dips were visible in the lightcurve during the observation,

only high flux periods were extracted for this analysis.

Obs. ID Obs. date Exposures (s) Average count rates (s™!)  Notes
RGS1 RGS2 pn RGS1 RGS2 pn
0134120101  2001-01-26 11296 —_— 5659.1 11.5 —_— 389.3 1
0153950301  2002-03-17 — 7257.9  2773.6 —_— 19.2 591.8
0673510501  2011-07-31  8375.5 8361.9 6802.8 11.5 12.6 456.0 3
0673510601  2011-09-07 32242 32130 19320 16.5 17.8 706.6
0673510801  2012-02-28 12801 12741 4815.2 19.4 20.9 794.1
0673510901  2012-04-01 13122 13029  9425.6 11.6 12.7 491.8
0783770501  2016-08-17  4597.8  4550.3  4588.4 4.03 4.37 206.8 3
0783770601  2016-08-17  5233.9 5222.9 4492.0 9.38 10.3 399.4 3
0783770701  2016-08-18 12331 12277  6885.9 12.9 14.2 554.7

were not likely caused only by pile-up. They could be a re-
sult of incorrect calibration around the Au edge at 2.3 keV
(Pintore et al. 2014).

All the reduced data were converted from the OGIP
format to SPEX format using the Trafo tool. We use the
SPEX fitting package (Kaastra et al. 1996) for spectral fit-
ting as it contains several useful ionised absorption models
such as PION and XABs. Both models calculate the absorp-
tion spectrum from physical absorber parameters on the fly
and therefore do not require any grid preparation before
data fitting (as is necessary with XsTAR). All the data were
fitted with Cash statistic (Cash 1979).

2.1 Orbital and super-orbital phases

We determine the exact orbital and super-orbital phase of
the system for each of the XMM-Newton observations. The
phases are listed in Table 2.

The orbital phase of each observation was determined
using XMM-Newton GTI files. The starting and ending time
of the exposure (in XMM-Newton seconds) was extracted
and converted to the Modified Julian Date (MJD). We then
used the Her X-1 orbital solution from Staubert et al. (2009)
to determine the current orbital phase. The error on the
MJD and the orbital phase value listed in Table 2 is defined
as half the clean exposure time of the observation. All the
XMM-Newton exposures are much shorter than the binary
orbital period and therefore the orbital phase change during
a single observation is relatively small.

The super-orbital phase of each observation was cal-
culated by determining the high state turn-on point for
the current and the next super-orbital cycle. We used the
Swift/BAT Hard X-ray Transient Monitor (Krimm et al.
2013) to produce a lightcurve of Her X-1 between 2007 and
present time. The observation times were determined and
then the neighbouring turn-on times were estimated from
the lightcurve. The phase was calculated as the time elapsed
from the previous turn-on divided by the time difference be-
tween the neighbouring turn-on times (the super-orbital pe-
riod is not stable and varies between 33 and 37 days, Leahy
& Igna 2010). We assume an uncertainty of 0.5 day for the
turn-on point determination, which gives our errorbar on the
super-orbital phase for each observation. Finally, the super-
orbital phases of observations 0134120101 and 0153950301

MNRAS 000, 1-22 (2019)

Table 2. Modified Julian dates, orbital and super-orbital periods
of Her X-1 for each of the high state XMM-Newton observations.
The first column lists the observational ID, the second contains
the MJD and the third the orbital phase of the observation mid-
point. The errorbar on the MJD and orbital phase denotes half the
length of each observation. The last column contains the super-
orbital phases for each observation, and its errorbar is given by
the accuracy of the high state turn-on time determination.

Obs. ID Midpoint Orbital Super-orbital
MJD phase phase

0134120101  51935.078£0.042  0.210+0.025  0.170£0.015
0153950301  52350.068 £0.050  0.297+£0.029  0.036+0.014
0673510501  55773.362+0.055 0.802+0.032  0.028£0.015
0673510601  55811.511+£0.185 0.240+0.108  0.123+0.015
0673510801  55985.142+0.073  0.366+0.043  0.104+0.015
0673510901  56018.912+0.075 0.229+0.044  0.090+0.015
0783770501  57617.323+0.043  0.379+0.025  0.003+£0.014
0783770601  57617.853+0.031 0.690+0.018  0.018+0.014
0783770701  57618.803+0.070  0.249+0.041  0.045+0.014

(which happened before Swift was launched) were taken
from Leahy & Igna (2010).

We use the orbital phase information of each obser-
vation to correct the measured wind velocity for the or-
bital motion of the neutron star and its accretion disc. The
projected orbital velocity of the neutron star is v sini=
169.049+0.004 km s~! (Deeter et al. 1981) and the systemic
velocity of the system was measured to be (—65+2) km s~
(Reynolds et al. 1997). The eccentricity of the binary is
very small: (4.240.8) x 107* (Staubert et al. 2009). We can
therefore correct the outflow velocity by assuming a sinusoid
shape of the orbital velocity evolution with time, such as:

Veorr = vo 465 km s7! 4169 km s x sin(27¢,1,) (1)

where v( is negative (spectral lines are blueshifted)
and ¢}, is the midpoint orbital phase for each observation
(¢orb =0 defines the center of the neutron star eclipse). All
the wind velocity values in this manuscript including those
in Table 3 are already corrected for the binary motion.
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Figure 1. Example 3-10 keV spectrum of Her X-1 with XMM-
Newton pn instrument (Obs ID 0673510601). The broadband
shape is reasonably well fitted with a Comptonisation model plus
a broad iron line at ~6.6 keV.

3 RESULTS
3.1 Continuum modelling

First we fit the broadband X-ray spectrum of Her X-1 with
an appropriate spectral model. Most of the observations are
fitted with the same continuum model, and it will be indi-
cated later where this is not the case. Both RGS and pn data
are fitted simultaneously and with the same spectral model
within the appropriate energy bands.

A sample pn (3-10 keV) spectrum is shown in Fig. 1.
The high-energy (>3 keV) continuum of the object can be
very well reproduced by a Comptonisation model or a power-
law with an exponential cut-off of about 25 keV (dal Fiume
et al. 1998). At an even harder band, a cyclotron scatter-
ing feature is observed with an energy of about 35-40 keV
(Fuerst et al. 2013) but this occurs out of the XMM-Newton
energy band and thus does not need to be taken into ac-
count in this study. We describe the broadband continuum
with the cOMT model within SPEX, obtaining a seeding tem-
perature of about 0.05—0.1 keV, an electron temperature of
~3—4 keV and an opacity of around 10 for all the high state
observations.

The Fe K band of the spectrum also contains a strong
emission line whose energy and width changes based on the
state of Her X-1. In the low state, its energy is ~6.4 keV,
with a low (~0.1 keV) width, whereas in the high state, the
line energy is closer to 6.6-6.7 keV with a width of 0.3-0.8
keV (Zane et al. 2004). In this study, for simplicity we fit
this region with a Gaussian. One exception is observation
0134120101, where we detect both a narrow (0.1 keV) 6.4
keV emission line and also a broad (~1 keV) 6.5 keV emis-
sion feature - we fit each with a Gaussian.

The physical origin of the broad Fe K line is not under-
stood. The width (up to 0.8 keV), if produced by orbital mo-
tion, corresponds to velocities of emitting material of ~0.1c.
Such velocities are unlikely to occur in this system given
that the accretion disc of Her X-1 is likely truncated by the
magnetic field of the neutron star at ~1000 Rg. Asami et al.
(2014) consider different possible origins of the width of the

line including line blending, comptonisation from an accre-
tion disc corona or Doppler broadening but do not find a
plausible explanation.

The Fe K region in most observations also contains
strong residuals which will be well reproduced by highly
ionised absorption. Alternatively, they can be fitted with an
array of emission lines of iron at various ionisation states.

The soft X-ray (RGS) spectrum is much more compli-
cated. An example observation is shown in Fig. 2. A soft
(~0.1 keV) blackbody fits reasonably well the low-energy
end of this energy band. However, this is not a signature of
the inner accretion disc itself because the spectral compo-
nent pulses at the pulsar frequency but out of phase com-
pared to the main beam (Endo et al. 2000; Ramsay et al.
2002; Zane et al. 2004). It is likely that the origin of this
component is reprocessed accretion column beam radiation
(Hickox et al. 2004).

Secondly, a strong and broad (~0.4 keV) Gaussian-like
feature is observed at 0.95 keV, also pulsing with the pulsar
period. Its origin is currently unknown, but it is suggested
to be iron L reflection (Endo et al. 2000; Fuerst et al. 2013).
We note that the feature is fully resolved in the RGS data
and yet its best-fitting spectral model is a simple Gaussian.
The feature therefore does not look like an array of unre-
solved lines, but instead like a single broad feature. Here we
describe it with a Gaussian for simplicity.

Additionally, narrow emission lines can be observed at
rest-frame energies of N vi, O viI and Ne IX intercombination
lines which suggest the presence of a high density environ-
ment. These are especially prominent in the low state of Her
X-1 (Jimenez-Garate et al. 2002, 2005; Ji et al. 2009) but
still noticeable in the high state.

Adding all of the above components into a continuum
spectral fit results into a relatively good fit, however we
noticed broad emission residuals at around 19 and 25 A
(Fig. 2). Their wavelengths correspond to rest-frame posi-
tions of N vir and O vIiI ions. If the residuals were real, they
could correspond to photo- or collisionally ionised plasma
with large (10000-20000 km/s) velocity widths. Alterna-
tively, these lines could be a signature of blurred reflection.
As we do not see residuals of similar strength centred on
the rest-frame energies of other N or O lines and/or lines of
other elements, it is not possible to distinguish between the
first two potential origins of the residuals. Attempting to fit
these features with a physical reflection model is beyond the
scope of this work. We thus fit the two broad residuals phe-
nomenologically to describe the overall continuum as well as
possible. We choose the collisional ionisation emission model
CIE in SPEX (which is not computationally expensive to fit).
We free the normalisation, temperature, velocity width and
nitrogen abundance in the model to obtain a simple model
with enough freedom, which results in significant fit improve-
ments (AC-stat>100) in each high state observation.

The temperature of this plasma is ~0.25 keV in all
observations, with a velocity width of ~15000 km/s and
an over-abundance of N/O of about 8-10. Both the veloc-
ity width and the N/O ratio seem very high to explain
within a system like Her X-1. However, we note that pre-
vious studies studies suggest a N/O over-abundance of at
least 4 (Jimenez-Garate et al. 2005) and that velocities of
10* km/s should not be impossible to achieve at the inner
accretion disk/magnetosphere boundary of Her X-1. The or-

MNRAS 000, 1-22 (2019)
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Figure 2. Example 35 A (0.35 keV) to to 7 A (1.8 keV) spectrum of Her X-1 using RGS 1 and RGS 2 (Obs ID 0673510601). RGS1
data are shifted by a constant amount for plotting purposes and data from both detectors are heavily overbinned for clarity. Individual
spectral components are named with green labels. Data between 11 and 14 A in RGS 1 and between 20 and 24 A in RGS 2 are missing

because of chip gaps.

bital velocity at the r=2x10% cm magnetosphere boundary
(= corotation radius as the neutron star is likely rotating
close to equilibrium) of a canonical 1.4 Mg neutron star is
exactly ~10000 km/s. In Fig. 2 it also appears that the ve-
locity width for both N vir and O VIII ions is at least slightly
overestimated by our simple model. It is also possible that
the N line strength is overestimated compared to the con-
tinuum in the 25 A region. This is the case for multiple high
state observations, and could be caused if another spectral
component, such as the disc blackbody from the inner ac-
cretion disc, is present in the soft X-ray continuum, but is
poorly constrained by the present data. If the blackbody
temperature is only ~0.05 keV, it would be hard to distin-
guish given the current energy band and the number of other
spectral components present in the soft X-ray spectrum.

The broad emission line component, if real, could there-
fore originate on the boundary between the inner accretion
disk and the magnetosphere of the neutron star. Further
studies with future high-spectral resolution instruments like
Arcus (Smith et al. 2017) should offer sufficient data qual-
ity to confirm or reject the presence of these lines and show
their origin.

All of the continuum components mentioned above are
obscured by interstellar absorption, which we describe with
a HOT model in SPEX. We set a lower limit of 1.7x10%° cm~2
to the column density of interstellar gas and fix its temper-
ature to 0.5 eV (neutral gas). The column density value was

MNRAS 000, 1-22 (2019)

obtained from Kalberla et al. (2005). Finally, we add nor-
malisation constants to RGS 2 and pn datasets to account
for calibration differences between the three detectors. Their
values are usually very close to 1 (in the 0.95-1.05 range).
The final spectral continuum model in SPEX is thus in form
of HOTX (COMT+BB+5XGAUSS+CIE).

3.2 Photoionised wind modelling

In this subsection we model the wind absorption features,
measure its physical properties and describe how significant
is the wind detection in the X-ray spectrum of Her X-1.

The spectral model used to describe the blueshifted ab-
sorption in this section is called PION (see Miller et al. 2015a,
Mehdipour et al. 2016, for more information about the model
and its applications) in the SPEX fitting package. PION is a
powerful photoionisation code that uses the current spectral
energy distribution (SED) of all components in the spectral
model to calculate the ionisation balance on the fly and can
reproduce a broad range of physical parameters of the ab-
sorber. Alternatively, the photoionisation absorption model
XABS (Steenbrugge et al. 2003) could be used to fit the fea-
tures. It works in a similar way to PION but uses a prede-
fined (active galactic nucleus-like) spectral energy distribu-
tion (SED) shape.

We repeat the same process for each observation. Ini-
tially, the spectra are fitted with the continuum model de-
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Table 3. Best-fitting wind parameters for each observation of Her X-1. The first column contains the observational ID. The second
column lists the measured 0.3 — 10 keV unabsorbed luminosity (accounting for the ionised wind absorption). The third column lists the
extrapolated 1—1000 Ryd (0.0136 — 13.6 keV) luminosity, and the fourth the extrapolated 0.0136 — 80 keV luminosity. The remaining
columns show the properties of outflowing wind such as its column density, ionisation parameter, turbulent velocity and systematic

velocity, as well as the statistical fit improvement of the final model compared to the baseline continuum spectral model. (*) in observation
0783770701, we fixed the turbulent velocity of ionised gas to 150 km/s as otherwise it runs away to values much larger than observed in
other observations.

Obs. ID Luminosity Luminosity Luminosity Column log & Turbulent Outflow  AC-stat
0.3-10 keV 1-1000 Ryd 0.0136-80 keV density velocity velocity
erg s~! erg s~ ! erg s} 10%# cm™?2  ergcm s ! km s~! km s~}
0134120101 1617097 x 107 2.397000 x 107 3.17102 %107 0.950709%¢ 471702 317% 270789 10.96
0153950301  1.257038 x 107 1.877042 x 107 2.50%035 % 107 0.17790%3 3.9670-18 60739 22307135 26.00
0673510501  9.8770% x10% 1517040 x 107 2.08%013 %107 0.15%007 3.8110%8 140130 10007} 88.20
0673510601  1.58%097 x 107 2437000 % 107 3.61101 <107 0357003 4.607007 130155° 3607110 34.69
0673510801 1417001 x 1037 2.16%001 x 1037 3347001 <1057 0.00670 008 3.60703 8073 700759 2.72
0673510901  9.8970 1 x 103 1507002 x 107 2187003 x 107 0.03279%%  3.561007 120759 -6001120 37.20
0783770501  5.1570%0 x 1030 7.457013 %103 9951017 x 10%  0.08473%+  2.9710% 75718 5507190 49.86
0783770601  8.437015x 103 1.307003 x 107 1.897002 x 10 0.137004 3.257009 70729 45075 81.67
0783770701 1037003 x 107 1.557003 x 107 2287008 % 103 0.0237007F 3.677019 150%* -46011% 15.13

scribed in Section 3.1. The model parameters as well as the
final C-stat value defining the ‘goodness’ of the fit are re-
covered. Then the PION component is added to the spectral
model with appropriate initial parameters. We fit for column
density Ny, ionisation parameter log&, turbulent velocity v
and systematic (outflow) velocity z of the photoionised ab-
sorber. In this section we assume Solar abundances for sim-
plicity. Afterwards, the best-fitting wind parameters as well
as the fit improvement AC-stat over the original continuum
spectral model are recovered.

The best-fitting wind parameters for each observation
in our study are listed in Table 3. Our results show that
the wind velocity varies significantly between the individual
observations in the range of 200-1000 km/s. We also find
that the ionisation level of the outflowing gas is high with
ionisation parameters, log&, of 3.0 to almost 5.0. The column
density also varies alongside with the ionisation parameter.

The velocity width of the ionised absorber (from the
absorption line widths) is of order of 100 km/s in most ob-
servations, with the exception 0783770701, where if freed, it
runs away to thousands of km/s (likely due to lack of statis-
tics). The width could be introduced by internal turbulent
motion within the flow. Alternatively, it could originate if
our line of sight intercepts multiple layers of the wind with
a gradient in line of sight velocity over a range of radii. In
each case, the velocity width (~ 100 km/s) is generally small
compared to the line of sight velocity (median value of ~450
km/s), suggesting that the turbulence within the wind is not
very strong and that the velocity gradient of all wind layers
along the line of sight is not large either.

The five observations with the strongest wind features
are shown in figures 3 to 7. At such high ionisation level of
the material, the observable features of this wind in our en-
ergy band (and considering the CCD resolution of the pn in-
strument) are only a few high ionisation lines, hence we only
show plots containing narrow energy bands around N vii,
Ovil, Nex and Fexxv/xxvI line energies. Other strong

features of plasma at these ionisation levels are the absorp-
tion lines of Mg Xi11, SiX1v and S XVI, which are occasionally
observed in other neutron star (GX 1341, Ueda et al. 2004)
and black hole (GRO 1655-40, Miller et al. 2006) binaries
with similar winds. However, Sixiv and SXVI are located
in the 2-3 keV energy band which is ignored in this study
due to instrumental features in the pn data (RGS band only
reaches to 7A~1.8 keV). Mg X11 (at 8.4 A~1.5 keV) is within
the RGS band, but at a wavelength where both the spectral
resolution and the effective area of the instrument begin to
drop. Consequently, the Mg XII line is not strongly detected.

Unless the abundances of these elements are signifi-
cantly lower than expected (which has been observed in
GRO J1655-40, Kallman et al. 2009), MgxI11, Six1v and
S Xv1 absorption lines should be detectable with the Chan-
dra HETG gratings, offering a broader (0.3-10 keV) energy
bandpass than RGS. Analysis of archival Chandra observa-
tions of the high state of Her X-1 will be addressed in our
future work.

The statistical fit improvements AC-stat vary by a large
amount between the individual observations but we con-
sider most detections statistically significant. The strongest
detections were achieved in observations 0673510501 and
0783770601, in both cases the AC-stat values are ~80.
On the other end, the wind was practically undetected in
0673510801 with AC-stat=2.7. Other observations with weak
detections were 0134120101 and 0783770701.

The statistical significance of the detection of an ad-
ditional spectral component, in this case of blueshifted ab-
sorption can be inferred from the fit improvement AC-stat
between the two fits (continuum vs continuum + wind). The
crucial parameter here is the number of additional free pa-
rameters that the wind spectral models adds (in our case
this is 4 - column density, ionisation parameter, turbulent
and systematic velocity of the absorber). However, since the
continuum model is effectively on the edge of the parame-
ter space of the more complicated, continuum+wind model
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(where the column density of the ionised absorber is simply
0), it is not possible to determine the significance rigorously
by a theoretical approach like an F-test (Protassov et al.
2002). The solution is to perform Monte Carlo simulations
- first a blind search is ran over the wind parameters using
the real data. Then a similar dataset containing only the
continuum model spectrum is simulated, and the same wind
search is ran on the simulated data. The statistical signifi-
cance of the detection of a wind in the real dataset is then
1 minus the fraction of occurences of detections in fake data
stronger (with larger AC-stat values) than the AC-stat of the
real detection.

It is not computationally feasible to perform such a
search in this situation and assess the detection significance
completely rigorously. This is because the underlying spec-
tral continuum of Her X-1 is too complex, causing the sim-
ulated blind search to become very computationally expen-
sive. However, we would like to compare the fit improve-
ments seen in this study with the results from Kosec et al.
(2018), where a full Monte Carlo simulation suite was per-
formed. In that study a wind with AC-stat of ~27 was de-
tected using 4 additional free wind parameters (the same
number as here). However, they used a much wider param-
eter space - systematic velocity space of 0 km/s to 120000
km/s, whereas in this study we only assess wind velocities
from 0 to a few thousands km/s. The statistical significance
of wind detection in Kosec et al. (2018) was about 3.50.
We therefore argue that the wind detection in most of the
observations of Her X-1 is statistically significant.

Photon pile-up could affect some of our datasets, espe-
cially pn and RGS2. We address this issue in Appendix A.
However, it is unlikely that it could introduce absorption
features which line up in the velocity space. We conclude
that our detection of an ionised wind in the spectrum of Her
X-1 is robust.

We also consider a possibility that the outflowing
plasma is multiphase, i.e. it has multiple ionisation and ve-
locity components. This seems to be the case for other X-
ray binaries with wind detections (e. g. Miller et al. 2015b).
We can exclude significant absorption by low ionisation
(log& < 2) material, which would have a strong signature in
the soft X-ray (RGS) band. Unfortunately, most of our ob-
servations do not offer high enough data quality (statistics)
to address this hypothesis for the higher ionisation levels.
This is due to low column densities of the wind given the
ionisation state and consequently low optical depths of ab-
sorption features (e. g. Fig. 5). Additionally, at such high
ionisation levels (log =3 —35), there is only a small num-
ber of strong lines left in the absorption spectrum. In most
observations we thus do not have enough photon counts to
distinguish multiple wind components, despite the high flux
of Her X-1. Future longer exposure observations may address
this problem.

We attempt to test the multiphase hypothesis at least in
the observations where the wind absorption is the strongest.
Choosing the two observations with the highest AC-stat fit
improvement upon adding the ionised absorption compo-
nent (0673510501 and 0783770601), we fit the spectra with
a double ionised absorption model. We use the PION spec-
tral model to describe the two absorption zones, with all
relevant physical parameters decoupled. In the case of ob-
servation 0673510501, we find a very small fit improvement

MNRAS 000, 1-22 (2019)

Her X-1 accretion disc wind 7

of AC-stat~6 compared to the single zone absorption model.
In the case of observation 0783770601, the fit improvement
is AC-stat~14, larger but still not statistically significant to
warrant the addition of a second absorption zone. In con-
clusion, with the current data quality there is no strong ev-
idence for a multiphase nature of the wind in Her X-1.

3.3 Short-on and low state observations

We checked the low and short-on state observations of Her
X-1 for any obvious signatures of blueshifted absorption
lines. Naturally, the flux and hence the count rate during
these epochs are much lower than in the high state. None of
the observations individually can be used to constrain the
presence of the wind - the continuum is too weak in the RGS
band and only photoionised line emission is detected signif-
icantly. We omit the Fe K band as it is more complicated
than in the high state, with a 6.4 keV narrow line (Fel), a
possible 6.97 keV line (Fe xxVv1) plus an edge at 7.1 keV due
to a partial covering absorber (Ji et al. 2009).

To improve the statistics, we stack all the available
low state RGS data for observations which are not affected
too strongly by background flares, for a clean exposure of
roughly 45 ks per detector. This allows us to get a signifi-
cant detection of the X-ray continuum, nevertheless we do
not observe any obvious absorption features at similar sys-
tematic velocities (0— 1000 km/s) compared to the ones seen
in the high state. The search is naturally complicated by the
fact that the stack comes from averaging over several years
of observations. If the wind velocity is time variable, even if
the absorption is present in the low state, its features would
be smeared and difficult to detect using the stacked dataset.
The analysis is further complicated by the strong low state
line emission, which is challenging to model physically. Any
possible absorption features will be difficult to disentangle
from the emission lines which are at similar energies (out-
flow velocity of 1000 km/s corresponds to a wavelength shift
of just 3 x 1073). A rigorous search of the low state data is
beyond the scope of this work.

4 ELEMENTAL ABUNDANCES IN THE WIND

So far we have assumed solar abundances while fitting the
wind parameters. However, the outflowing material can serve
as a powerful probe to independently determine the compo-
sition of the matter accreted onto Her X-1. Previous stud-
ies based on line emission in the low state suggested over-
abundance of N and Ne compared to O (Jimenez-Garate
et al. 2005).

The measurement of abundances from blueshifted ab-
sorption lines is in principle a much easier task, however
given the high ionisation level of the wind, the absorption
spectrum only contains a few metallic lines and there is very
little continuum absorption. This has two important conse-
quences given the current data quality.

First, we choose to perform a simultaneous fit of mul-
tiple observations at once to increase the signal-to-noise.
We free all of the individual observation model parame-
ters with the exception of wind material abundances (within
the PION model) and simultaneously fit 5 observations with
the strongest wind detection - 0673510501, 0673510601,
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Figure 3. Energy bands around the rest-frame energies of N vii, O viil, Nex and Fe XXv/XXVI ions from observation 0673510501. The
first three bands only contain RGS1 and RGS2 data, stacked for plotting purposes only, the fourth band only contains EPIC-pn data.
The best-fitting baseline continuum is shown in blue, the final wind solution in red.
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Figure 4. Same plot as Fig. 3 but

0673510901, 0783770501 and 0783770601. We could in prin-
ciple fit all of the available observations simultaneously, but
this would be too computationally expensive.

The second important consequence is that this analysis

is unable to measure absolute abundances. It can only con-
strain relative abundances of elements compared to one se-

MRS R T LR T T L L 1T — T 1T T 1
240 - T 7 Continuum
I 1100+ Continuum + Wind
220
i 1 1000
K
200 ¢ =
A g
Iz 900
I 1=
o
180 -
r s}
= 800
o
160
700
1401 N VII T O VIII T Ne X ]
1 1 1 1 1 1 1 1 1 600 1 1 1 1 1 1
25.5 25 24.5 24 19.5 19 18.5 13 125 12 11.5 11 6 65 7 75 8 85
Wavelength / Angstrom Energy / keV

for observation 0673510601.

lected element whose absorption line is strong enough to an-
chor the spectral fit. The only elements with strong enough
lines present in photoionised spectra at this ionisation level
and in our energy band are N, O, Ne and Fe (O and Fe be-
ing the strongest). We therefore follow two avenues: first, we
fix the iron abundance and measure relative abundances of
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Figure 6. Same plot as Fig. 3 but for observation 0783770501.

N, O and Ne compared to Fe; afterwards we fix the oxygen
abundance and fit for N, Ne and Fe. Ideally, these two ap-
proaches should result in similar elemental ratios and serve
as an independent check.

It is not obvious how to treat the abundances of the
remaining elements such as Mg, Si, S, Ni and others. At Solar

abundances, their absorption lines are weak. However, once
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we free the abundances of the main elements, they might
become important. Initially, we freeze their abundance to 1.
This effectively means that the abundances of these elements
are equal to that of the comparison element (Fe or O).

First, we freeze the abundance of Fe. We recover an
over-abundance of N, Ne and Fe of 2 to 4 compared to O,
for a modest fit improvement of AC-stat ~ 20 (1st row of
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Figure 7. Same plot as Fig.

Table 4). Secondly, we freeze the abundance of O. In this
case we find a much larger fit improvement of AC-stat ~ 120
and also much higher elemental ratios (3rd row of Table 4).
The Fe/O ratio is the highest at 17.1f}é. We interpret this
significant difference between the fit quality in these two
approaches to be caused by the remaining elements whose
abundances are frozen. When O is freed, its abundance be-
gins to decrease compared to Fe. However, the O viiI line
is the strongest wind absorption line, so to remain fitted
correctly, the column density of the wind material must be
increased, thus strengthening the absorption lines of all the
frozen elements (whose lines are weak in the actual spec-
trum). We conclude that this suggests that the abundance
O is not under-abundant compared to these elements, and
hence this approach to fitting the abundances is not trust-
worthy.

We also experiment with setting the abundances of the
‘weak’ elements to 0. While this is an unphysical scenario,
it approximates a situation in which the abundance of the
comparison element (which is frozen to 1) is much larger
than the abundance of the ‘weak’ elements (without adding
too much computational cost). We find similar results re-
gardless of whether Fe or O is the comparison element (2nd
and 4th rows of Table 4), as is expected. N and Ne appear
to be over-abundant compared to O by a factor of 2 to 4,
and the Fe/O ratio is as high as 10.

In conclusion, our results confirm the previous findings
of Jimenez-Garate et al. (2002, 2005) regarding the elemen-
tal ratios of N/O and Ne/O. We find that the N/O ratio is
between 2 and 4 for different approaches to the fitting anal-
ysis. Ne is also over-abundant compared to O, we find that
Ne/O a2 —6, in line with previous results.

Unexpectedly, we also find very high Fe/O ratios. The
exact ratio heavily depends on the approach chosen - we
obtain Fe/O = 2 for Fe fixed to 1 (but do not trust this result

3 but for observation 0783770601.

due to reasons given above), Fe/O = 10 for both approaches
with the remaining elements fixed to 0, and Fe/O = 17 for
O fixed to 1. We suspect that the last value is a strong
overestimate, possibly driven by the abundance of the ‘weak’
frozen elements. We prefer the results from the approaches
where the ‘weak’ elements are set to 0 and argue that the
Fe/O ratio might be as high as 8 —10. This is still very high
but probably more realistic than > 15. We find that these
two approaches result in very similar elemental ratios and
AC-stat fit improvements, as expected because they should
be almost equivalent.

We however stress one important point - the Fe abun-
dance measurements at these ionisation levels are all based
on the Fe K energy band. Our spectral resolution in this
band is modest (~100 eV resolution of the pn instrument)
and its modelling is quite simplistic. If the true underlying
spectral model is significantly more complicated than as-
sumed in this work (i.e. if there is a range of Fe emission
lines at 6.4 keV, 6.7 keV and 6.97 keV compared to one
broad Gaussian line), the Fe/O elemental ratios obtained
here must be taken with caution. Finally, we note that we
have assumed that the gas is in equilibrium, which might
not be entirely true (for example if the wind is driven along
magnetic lines).

We conclude that the abundances in Her X-1 are
strongly non-Solar. This is evidenced by the large fit im-
provements (AC-stat > 100) upon freeing the abundance pa-
rameters.

5 DISCUSSION

We have shown that the X-ray spectrum of Her X-1 during
the high state contains strong evidence of blueshifted wind
absorption. The Fe K band of the spectrum by itself could
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Table 4. Best-fitting abundances of elements and elemental ratios for each of the four approaches to the chemical analysis. The last

column contains the fit improvement in AC-stat for each approach.

N O Ne Fe Other N/O Ne/O Fe/O AC-stat
elements
16757 0.44709¢  0.961022 1* 1* 36117 22707 23704 19.74
021790 0.086700%  0.3610% 1* 0% 2471 42t 11673 12116
3.971¢ 1% 56729 17113 1* 39716 56120 171715 11840
19700 1* 25002 91t 0* 19700 2572 91713 134.03
* The elemental abundance is fixed to the corresponding value during the fit.
be explained by an array of Fe emission lines (at 6.4, 6.7, e ' ' ' '
6.97 keV) rather than by absorption features (Asami et al. ’
2014). However, the Nvii, O vill and NeX regions unam- 0673510601
biguously show blueshifted absorption lines at the same sys- 0134120101
tematic velocity, thus confirming that we are observing an
ionised wind. The wind detection is statistically significant 2x107F 0153950301 1
in most of the XMM-Newton observations with the excep-
tion of 0673510801 and 0134120101, where the evidence for “n
absorption features is weaker. At this moment we do not %D 078377701 0673510901
find evidence for similar blueshifted absorption in the short- 5 15x107f +I —— ]
on and low states of Her X-1, but the data quality of these = 0673510501
observations is much lower. Stacking multiple datasets likely ——
smears the absorption signatures as the wind appears to be 0783770601
variable in time. Wk 1
We will now investigate how the wind parameters vary
across different high state observations. Afterwards, we will 0783770501
estimate the launching radius of the wind as well as the —
mass outflow rate. Finally, we will attempt to pinpoint its . ! . -
0 0.05 0.1 0.15 0.2

launching mechanism and try to explain the variation of
wind parameters in time.

5.1 Wind evolution with luminosity, orbital and
super-orbital phase

For these calculations, it is necessary to obtain the luminos-
ity of the ionising radiation of the object. The wind naturally
sees the full energy band of radiation and not just the lu-
minosity in the RGS and pn band (0.3-10 keV, listed in the
28d column of Table 3). By definition the 1-1000 Ryd en-
ergy band is taken when considering the ionising flux. For
this reason we calculate the extrapolated 0.0136 — 13.6 keV
luminosity of Her X-1 for each observation. The errors in-
troduced by this extrapolation should not be large on the
upper energy end as pn data reaches to 10 keV. At the low
energy end, we neglect the extreme UV radiation from the
accretion disc whose spectrum does not reach into the X-
ray band and thus cannot be constrained by XMM-Newton.
However, given that the disc is truncated at ~1000 Rq, the
systematic error introduced by this simplification should not
be huge. The ionising luminosity estimates are shown in Ta-
ble 3 (3'4 column). Finally, we also calculate the total lu-
minosity of Her X-1 for each observation by extrapolating
between 0.0136 — 80 keV (4*" column of Table 3). These es-
timates should be taken with some amount of caution.

We plot the ionising luminosity with respect to the
super-orbital phase for each observation in Fig. 8. The
range of luminosities sampled by XMM-Newton observations
nicely reproduces the high state part of the super-orbital flux
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Super-orbital phase

Figure 8. Extrapolated 1-1000 Ryd ionising luminosity for each
of the high state observations versus the super-orbital phase.

lightcurve of Her X-1 (e.g. Fig. 2 from Leahy & Igna 2010).
The only outlier is observation 0673510901, during which the
luminosity is around 50% smaller than would be predicted
by fitting all the other data points. To investigate this out-
lier we checked the pn lightcurve of observation 0673510901
but found no evidence for discrete obscuration events.

We note that in the next part of the study we omit
observation 0673510801 results as the wind detection is in-
significant and its uncertainties are too large for any infor-
mative conclusions.

The projected wind velocity spans a range of velocities
between 200 and 1000 km/s and is inconsistent with being
constant across all the observations. Fig. 9 (top plot) shows
that there does not seem to be a clear correlation between
the outflow velocity and the 1-1000 Ryd luminosity. Obser-
vation 0673510501 appears to be an outlier during which the
wind was apparently much faster.

On the other hand, there is a clear positive correlation
between the ionisation parameter and the luminosity of Her
X-1, shown in Fig. 9 (middle plot). Such correlation suggests
that the wind responds to the change in luminosity of the
object and thus sees similar if not the same luminosity as we
observe. This was not a given because the change in Her X-1
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Figure 9. Top plot: Systematic velocity of the ionised absorber
with respect to the extrapolated 1-1000 Ryd ionising luminosity
of Her X-1 for each observation in the high state. Middle plot:
Tonisation parameter of the absorber versus the extrapolated 1-
1000 Ryd luminosity for each observation in the high state. Bot-
tom plot: Column density of the absorber versus the 1-1000 Ryd
luminosity for each observation.

luminosity is likely only an obscuration or projection effect
and the accretion onto the primary continues at a nearly
constant pace.

There is a tentative correlation between the wind col-
umn density and the ionising luminosity (Fig. 9, bottom
plot), but with clear outliers - observations 0673510901 and
0134120101.

We do not observe any significant correlations between
the wind parameters and the orbital phase of each observa-
tion. This finding suggests that the wind is not tied in any
way to the secondary of the binary system or the motion
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Figure 10. Top plot: Systematic velocity of the ionised absorber
with respect to the orbital phase during each observation. Mid-
dle plot: Tonisation parameter of the absorber versus the orbital
phase during each observation. Bottom plot: Column density of
the absorber versus the orbital phase during each observation.

of the primary and is only related to the accretion disc of
the neutron star. The wind parameters with respect to the
orbital phase are shown in Fig. 10.

Fig. 11 shows the wind parameters versus the super-
orbital phase of each exposure. As with the ionising luminos-
ity, we do not find any correlation between the outflow veloc-
ity and the super-orbital phase. We notice a strong correla-
tion between the ionisation parameter and the super-orbital
phase, with one obvious outlier - observation 0673510901.
This correlation comes naturally since the ionising luminos-
ity is correlated with the super-orbital phase and the ioni-
sation parameter is correlated with the 1-1000 Ryd ionising
luminosity. However, the fact that observation 0673510901
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Figure 11. Top plot: Systematic velocity of the ionised absorber
with respect to the super-orbital phase during each observation.
Middle plot: Tonisation parameter of the absorber versus the
super-orbital phase during each observation. Bottom plot: Col-
umn density of the absorber versus the super-orbital phase during
each observation.

is an outlier in the super-orbital plot and not in the luminos-
ity plot could suggest that the ionisation parameter depends
on the luminosity and not on the super-orbital phase. This
could mean that we are not only probing different lines of
sight from the neutron star (as the super-orbital phase pro-
gresses), but that the ionising flux on the wind gas must also
change in time. Alternatively, observation 0673510901 could
be an outlier in the super-orbital cycle, an anomalous state.
Finally, there is a tentative correlation between the col-
umn density of the outflowing material and the super-orbital
phase, with two outliers being observations 0673510901 and
078377701.
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5.2 Location of the wind absorption

Boroson et al. (2001) found blueshifted absorption UV lines
in Her X-1 with a velocity of several hundred km/s using
the FOS and STIS spectrographs onboard the Hubble Space
Telescope. They concluded that the wind is likely launched
from the X-ray irradiated side of the secondary, and it is
observed at larger, circumbinary distances from the system.
The conclusion was motivated by the stability of the wind
systematic velocity over the orbital cycle of the binary.

We similarly attempt to pinpoint the location of the X-
ray absorber and its relation to the UV absorber, as well as
the likely launching mechanism. The high ionisation level of
the gas by itself suggests the proximity of absorption to the
ionising (X-ray emitting) source. We can put an upper limit
on the distance of the wind absorption from the neutron star
by using the ionisation parameter and the column density
of the absorber.

We will assume that the wind is in equilibrium with the
ionising radiation. The unabsorbed 1-1000 Ryd luminosity
is used as the ionising luminosity as opposed to a constant
4 x 10%7 erg/s luminosity because the ionisation parameter
is seen to respond to the luminosity change. The ionisation
parameter of the absorber is then defined as:

Lion
_ 2
§= 2)
where L;,, is the ionising luminosity, n is the ion number
density and R is the distance from the ionising source (Tarter
et al. 1969). The column density can be expressed as:

Ni = nAR = nROR. 3)

where AR is the thickness of the absorbing layer and
OR = AR/R is its relative thickness (6R < 1). We can hence
express R as:

R— Lion
Nué
This is naturally a very simple calculation assuming

that the absorbing layer is uniform and gives an approxi-

mate upper limit on the distance of the absorber from the
neutron star. If the absorption occurs over a layer that is not
very thin, the fractional distance SR =0.1 — 1 and thus the

SR correction factor is not going to be too important. The

maximum distance for each Her X-1 observation is shown in

Fig. 12 with other relevant scales of the system and is also

listed in Table 5.

All of the results clearly lie within the accretion disc
of the primary, and they do not seem to cluster on the in-
ner edge of the disc. A few results (0783770701, 0673510901)
are consistent with the outer disc boundary or the secondary
star surface, but most are completely inconsistent with this
interpretation. We note that even if the correction factor R
is mild (0.1-0.5), it will push most of the outlying results
down inside the accretion disk. We therefore argue that the
absorption occurs within the size of the accretion disk of
the primary. The wind must hence be launched from the
accretion disc (or even closer to the neutron star) and can
not originate on the irradiated side of the secondary. Our
interpretation is that the wind originates within the accre-

SR (4)
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Figure 12. The estimate of the maximum distance of photoionised absorption from the ionising source versus the ionising luminosity
(left subplot) and the super-orbital phase (right subplot). The green horizontal lines show the positions of the inner and outer edges of
the accretion disc, and the distance of the secondary star from the primary. The red dashed line shows the approximate position of the
minimum wind launching radius if the wind is powered by Compton heating of the accretion disc.

tion disc with a speed higher than the escape velocity and
is thus able to leave the system, imprinting UV absorption
features on the spectrum of Her X-1 at larger (circumbinary)
distances.

On the other hand, unless the thickness of the wind
launching region is quite small (6R << 0.1) which does not
seem likely (unless the launching region is highly localised
such the top point of a warp in the accretion disc), it is
difficult to explain all of the results in the context of a wind
being launched from close to the inner edge of the disc. We
will attempt to pinpoint the launching mechanism of the
wind in section 5.4.

Fig. 12 also shows how the inferred distance depends
on the ionising luminosity (left sub-plot) and the super-
orbital phase (right sub-plot). The distance is strongly anti-
correlated with both of these parameters, with one outlier:
observation 0673510901. Observation 0783770701 is consis-
tent with a broad range of distances due to the large uncer-
tainty on the wind column density. The fact that observation
0673510901 is an outlier in both plots suggests that the dis-
tance does not only depend on the luminosity of the source
but also on the super-orbital phase, i.e. we are likely prob-
ing different lines of sight from the neutron star (different
inclinations and vertical heights from the accretion disc).

We also explore the dependence of the inferred absorp-
tion distance on the orbital phase but do not find any note-
worthy correlation.

Eq. (4) can be turned around to extract the minimum
density of the outflowing material:

_ _Naé
- Lion6R2

()

Minimum densities required are between 10'! and 10!
em 3 (with most of the measurements falling in the range
of 1012-1013 cm*3), and we observe a positive correlation
between the density and both the ionising luminosity and
the super-orbital phase (opposite trend as the absorption
distance, in Fig. 12). However, the uncertainties in the den-
sity measurement are considerably larger than those of the
absorption distance due to both Ny and SR appearing in
the second power in Eq. 5. Finally, we do not observe any
significant correlation between the plasma density and the
orbital phase of the binary.

5.3 Mass outflow rate

The ionisation level, column density and velocity of the wind
can also be used to estimate the mass outflow rate in the
wind and compare it with the mass accretion rate. We will
use two independent approaches, one making use of the ioni-
sation parameter, the velocity of the outflowing material and
the ionising luminosity of Her X-1, and the second one mak-
ing use of the systematic velocity and the column density of
the wind. In both cases we assume that the wind structure
is axisymmetric. Again we assume Solar abundances in this
section.
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Table 5. Estimates of the maximum distance of absorption and
the mass outflow rate of the wind for each observation. The first
mass outflow rate estimate (third column) was made using the
ionising luminosity, systematic velocity and the ionisation param-
eter of the material, and the second estimate (fourth column) was
calculated using the column density of the material and its sys-
tematic velocity.

Obs. ID Maximum Mass outflow rate
distance Lion, &, v Ny, v
cm Mg yr! Mg yr!
0134120101 49717 x10%  5.0%37x 107  3.5%))x107°
0153950301  1.2708x 1010 19712 %1078  7.37¢7 x 1077
0673510501  1.670%8 x 1010 937391078 1.5707 %1077
0673510601 17703 x10°  8.6733x 107  9.9732x 1077
0673510901  1.3703 x 10" 9.8%34 108 5473 %1078
0783770501  9.5703 %100 1.7M06 %1077 15703 x 1077
0783770601  5.6733 x 1010 1.3%03x 1077 2.9%2x 1077
0783770701 14719 x 10" 6.0133x 1078 517183 x 1078

First we use the ionisation parameter of gas. The mass
outflow rate can be written as:

My = pAv = (Cv,umpn)(%MtRZ)v (6)

where p is the density of outflowing gas, A is the surface
area into which it is launched, v the outflow velocity, Cy
is the volume filling factor (assumed to be constant across
different observations), @ defines the mean atomic mass (=~
1.2 for solar abundances), m,, the hydrogen (= proton) mass,
n the ion concentration in the wind, 3; is the solid angle into
which the wind is launched as a fraction of 47 and R is the
distance from the ionising source at which absorption occurs.

Here we use v as the observed projected velocity, mea-
sured from the line blueshift. In principle, if the wind is
launched from the disc and is observed close to its launch-
ing point (which is probably the case here because Her X-1 is
a high inclination system), it will also likely carry a toroidal
velocity component from the Keplerian rotation within the
accretion disc. Such velocity component is impossible to
measure from the absorption line shifts alone. From the ab-
sorption distance calculations in Section 5.2 (also shown in
Fig. 12), the wind originates at distances of around 10° Rg in
the disc, with two exceptions (observations 0134120101 and
0673510601) where it could originate as close as 103—10*
Rg. The corresponding Keplerian velocities at these radii
are ~1000 km/s and ~5000 km/s (taking 3 x 10> R¢), hence
the total wind velocity could be significantly larger.

Nevertheless, unless the wind also carries a consider-
able vertical speed component (which we will argue against
later in this work), the toroidal motion will not affect our
calculation of the mass outflow rate because the velocity per-
pendicular to the surface of integration remains the same as
the projected component which is observed.
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We can now use the definition of the ionising parameter
(2) to show that:

LlOn Q
C
13 Viar

The volume filling factor Cy and the solid angle Q are
unknown, but we can make an estimate of the mass outflow
rate using the remaining parameters (assuming Cy and Q are
equal to unity). The results for each observation are shown
in Table 5 and Fig. 13 (left subplot). In reality, both Cy
and Q must be smaller than unity and thus all of the mass
outflow rate estimates are upper limits on their real values.

Moy = drpmpy——

(7)

Alternatively, we can estimate the mass outflow rate
by assuming that the systematic velocity of the absorber is
approximately equal to the escape velocity at the location
of wind absorption. Under this assumption, we can write

2GM

2

- 8

v ®)
where G is the gravitational constant and M is the mass

of the neutron star. Then, using (3), we can express (6) as

. Na o, © N 2GM . Q
Mout :4ﬂ“mPVﬁR C 47 47[,“ pV 5R Vz 47[ (9)

Therefore we find that

My = 4ﬂump1;—2mTMcvf = SnumpGMA:} 5RCV Q (10)

This assumption necessarily also ignores the projection
effect on the actual outflow velocity. The estimated mass
outflow rate for each observation is shown again in Table 5
and Fig. 13 (right subplot), taking the mass of the central
neutron star to be 1.4 My, and assuming the Cy, Q and 8R
parameters are equal to unity.

We find that most of the mass outflow rate estimates
are significantly higher than the mass accretion rate, on av-
erage more than an order of magnitude larger. Fig. 13 also
shows that the two different mass estimates diverge with lu-
minosity. This suggests that the assumption of the outflow
velocity being parabolic is most likely incorrect. This fact is
also underlined by the apparent lack of correlations between
the outflow velocity and the ionising luminosity, orbital or
super-orbital phase. Therefore the mass outflow rates esti-
mated by the second method should be taken cautiously.

There is a strong correlation between the mass outflow
rates inferred from the ionisation parameter and the ionising
luminosity of the neutron star. This correlation is necessarily
driven by the strong dependence of the ionisation parameter
on the luminosity.

On the first look, the mass outflow rate estimates ap-
pear too high. However, these values do not account for the
limited solid angle and volume filling correction factors. L.e.,
using a modest opening angle of 5° (above and below the
accretion disc) into which the wind is outflowing, we obtain
% = 0.1, bringing down the mass outflow rates by an order
of magnitude. Nevertheless, even if the volume filling factor
is very small as well (Cy ~ 0.1), the mass outflow rates are
still of the same order as the mass accretion rates onto the
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Figure 13. The mass outflow rate of the wind for each observation. The estimate in the left plot was made using the ionising luminosity
of the source, the ionisation parameter and the velocity of the material. The estimate in the right plot was made using the column density
and the velocity of the wind. The green horizontal lines show the mass accretion rate through the accretion disc (Boroson et al. 2007).

primary and hence the wind is an important component of
the accretion flow.

Very high wind mass outflow rates, of the same order as
the mass accretion rate or higher, were previously found in
other X-ray binaries (e. g. Miller et al. 2006; Neilsen & Lee
2009). Similar results were also found in studies of warm ab-
sorbers (Blustin et al. 2005) and ultrafast outflows (Nardini
et al. 2015) in active galactic nuclei. Blustin et al. (2005) find
almost one order of magnitude higher median mass outflow
rates than the median mass accretion rates using a sample
of 23 AGN with detected warm absorbers.

5.4 Possible wind launching mechanisms

Her X-1 is thought to be consistently in a sub-Eddington
mass accretion state with an Eddington ratio of ~0.1—0.2.
The hard X-ray radiation from the accretion column is
beamed, but not by an extreme factor hence the beamed
flux should not reach Eddington levels. Radiation pressure
on electrons therefore should not be sufficient to drive the
wind from the accretion disc to ~1000 km/s velocities.

Line driving could enhance the pressure on outflowing
material, however the material cannot be over-ionised as it
is being accelerated away from the disc (Proga et al. 2000).
The high inclination of Her X-1 suggests that we might be
viewing the wind close to the launching site. The very high
ionisation degree (log€ > 3) therefore implies that the wind
is most likely not driven by line pressure.

The wind could originate in the part of the accretion
disc periodically irradiated by the beam of the neutron star.
This might be the same region that is present in the soft
X-ray spectrum of Her X-1, and pulses with the same pe-

riod but out of phase of the neutron star. The temperature
of this component, found in previous studies and also here

is approximately 0.1 keV. The sound speed at this temper-

ature is: ¢y :1/%, where k is the Boltzmann constant, T
P

the temperature of the plasma and m,, is the hydrogen (pro-
ton) mass. For T =0.1 keV ~ 1.2 x 10° K, we find ¢, ~ 100
km/s, much lower than the outflow velocities observed in
this study.

Alternatively, if the hard X-ray radiation illuminates
the outer part of the accretion disc (not unlikely as the ac-
cretion column radiation is beamed and the disc is warped),
these regions could be Compton heated to a high enough
velocity to escape the local gravity (Begelman et al. 1983).
The ‘inverse Compton temperature’ Tjc to which the outer
disc regions can be heated to is defined as

1 1 o
kTje = = :7L’1/ ELgdE 11
c 4<8> s ), ELe (11)

where L is the total luminosity and Lg is the luminosity
at energy E. Tjc for each of our observations of Her X-1 vary,
and also depend on whether the full X-ray SED is taken or
only the accretion column radiation (the COMT component,
producing harder radiation than the full SED). However, all
the estimates are in the range between 2.5 and 3.5 keV, and
on the upper end of this interval if only the accretion column
radiation is taken as the heat source. The Tj¢ values for each
observation are listed in Table 6.

Thus a Compton-heated thermal wind will occur for
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Table 6. Inverse Compton temperatures and approximate wind
launching radii for each observation. The second and third
columns contain values calculated using the full SED of Her X-1,
the fourth and fifth columns show the values calculated using just
the accretion column radiation as the SED.

Obs. ID Full SED Accretion column SED
Tic 0.1xRic Tic 0.1xR¢
keV cm keV cm

0134120101  2.21  1.05x10°  2.67 8.72x10°
0153950301 2.24 1.04x10° 2.76 8.44x10°
0673510501  2.36  9.87x10°  2.88 8.09x10°
0673510601 2.64  8.82x10°  3.18 7.33x10°
0673510801 2.79  8.35x10°  3.26 7.15%x10°
0673510901  2.58  9.03x10°  3.01 7.74x10°
0783770501 2.39  9.75x10°  2.65 8.79%10°
0783770601  2.58  9.03x10°  3.04 7.66x10°
0783770701 2.62  8.89x10°  3.05 7.64x10°

accretion disc radii greater than (using equations 2.7 and
2.8 from Begelman et al. 1983)

R/Ric >0.1 (12)

where Rj¢ is:

Ric=——— (13)

If we take kTjc ~ 3 keV ~3.5x 107 K, the wind should
be launched at distances larger than R ~ 8 x 10° cm (4x10*
R@) from the neutron star (precise values for each observa-
tion are tabulated in Table 6). This corresponds to the outer
half of the accretion disc, and matches very well with most
of our estimates of the absorption distance from the ionising
source (Section 5.2). At the same time, the critical luminos-
ity required for a significant mass flux within the wind is
(eq. 2.12b from Begelman et al. 1983)

Ler = 0.030 (Tye/108K) /2 L (14)

where Lg is the Eddington luminosity:

Le = 1.5x10%(M/Ms) erg/s (15)

For Tjc ~ 3.5 x 107 K, we obtain L¢ ~ 1.1 x 1037 erg/s.
This is just about the luminosity of the lowest flux observa-
tion (0783770501, Table 3) and much lower than the average
flux during remaining observations. Thus the luminosity of
Her X-1 is above the critical luminosity and a Compton-
heated thermal wind should occur in the high state of Her
X-1 with a significant mass outflow rate if the outer part of
the accretion disc is illuminated by the accretion beam. Un-
fortunately, we cannot estimate the mass outflow rate from
theory as the value depends on the pressure of gas in the
launching point of the wind.

On the other hand, we can roughly estimate the outflow
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velocity. The rms velocity of a Compton-heated particle of
the wind (Tjc ~ 3 keV) is:

kT
v= KT ~ 850km/s (16)
Hmp

The outflow velocity estimate compares very well to
the values we are measuring in most observations. Compton
heating is therefore a very plausible candidate for driving
the wind.

Lastly, magnetic driving is also a possible launching
mechanism for the wind (Blandford & Payne 1982). Mag-
netic field of the neutron star (By ~ 4 x 102 G on the star
surface, Staubert et al. 2019) could potentially provide the
driving force. If the neutron star field is a dipole, at distance
R it will decay such as B= By(R/Rg)~> where Ry is the neu-
tron star radius (the strength will decay faster if the field is
higher order than a dipole). Thus the field strength at the
inner accretion disc radius (~ 10° cm) is roughly 103 —10* G,
which could be sufficient to drive the wind (Ustyugova et al.
1999; Donati et al. 2007; Miller et al. 2016). If the outflow
however originates beyond R ~ 1010 c¢m, which is likely the
case for most of our XMM-Newton observations, the field
will be of order of ~ 10 Gauss or less, insufficient to launch
the material. Alternatively, additional magnetic field could
originate in the accretion disc itself. However, as we cannot
readily estimate this field, it is difficult to judge whether it
can or cannot contribute to or drive the wind in this object.

Winds with similar properties (velocities, ionisation pa-
rameters) have been discovered in other neutron star binary
systems such as GX 1341 (Ueda et al. 2004), IGR J17480-
2446 (Miller et al. 2011) and IGR J17591-2342 (Nowak et al.
2019). The difference between these three and Her X-1 is
that the column density observed in Her X-1 is significantly
lower during most observations and thus the absorption
strength is correspondingly lower. The outflow properties
are also comparable to the ionised winds observed in Galac-
tic black hole binaries such as GRO J1655-40 (Miller et al.
2006; Fukumura et al. 2017), GRS 19154105 (Neilsen & Lee
2009) and other objects where both Compton thermal and
magnetic driving were invoked to explain the wind origin.

On the other hand, one important difference between
all of the aforementioned examples is that Her X-1 is known
to be a highly magnetised (10'> G) neutron star. To our
current knowledge, Her X-1 is the first highly magnetised
neutron star to harbour such a wind. The magnetic field
effectively puts an absolute lower limit of ~ 1000 Rg on the
wind launching radius as it truncates the inner accretion
disc. This can be used as an effective constraint in theoretical
models explaining the appearance of the wind.

5.5 Are observations over the super-orbital
period probing different lines of sight?

We observe an inverse correlation between the distance at
which the wind absorption occurs and the ionising luminos-
ity of Her X-1 (Fig. 12). The relation could suggest that the
wind launching radius decreases with increasing luminosity.
Such a correlation would be expected for example if the radi-
ation pressure on the outflowing material played a role. This
explanation would come naturally within the framework of
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Figure 14. Wind mass outflow rate versus the super-orbital
phase of each observation. The red line shows the best log-
linear fit to the data, excluding observations 0153950301 and
0673510901 and treating them as outliers.

a wind driven by a combination of Compton heating and
radiative force.

At the same time, the correlation between the distance
and luminosity necessarily implies that the absorption dis-
tance is correlated with the super-orbital phase too (since
luminosity and super-orbital phases are connected, from Fig.
8). If the super-orbital phase is the driver for the correlation
instead of the ionising luminosity, an alternative explana-
tion for the variations is possible. The super-orbital period
is likely introduced by the precession of a warped accretion
disc, which at times obscures our view into the innermost ac-
cretion disc and onto the neutron star. But even in the high
state, when our view of the inner regions is unobstructed,
the disc continues precessing and the angle between different
annuli of the disc and our line of sight keeps changing (Fig.
3 of Leahy 2002). It is thus possible, that by observing the
wind at different super-orbital phases, we are probing differ-
ent heights of the wind above the accretion disc.

If this is the case, we are presented with a rare oppor-
tunity to study the vertical structure of a disc wind. We
might be able to determine the opening angle of the outflow
(except for any wind component which is fully ionised) and
consequently obtain an accurate estimate of the wind mass
outflow rate. Fig. 14 shows that at the highest ionising lu-
minosities (i.e. at super-orbital phases of 0.1-0.2), the mass
outflow rate estimates are an order of magnitude smaller
than those at super-orbital phase equal to 0 (the turn-on
point).

At this point we can make a zeroth-order effort to calcu-
late the real mass outflow rate which accounts for the limited
wind launching solid angle. We can use the fact that the
mass outflow rate decreases very steeply with the increas-
ing super-orbital phase. We assume that each super-orbital
phase corresponds (‘maps to’) to a specific angle between
our line of sight and the accretion disc plane. We also as-

sume that the dependence between this angle and the phase
is linear. This is naturally a gross oversimplification, and in
reality the function might resemble a sinusoid (but not nec-
essarily, we again refer to Fig. 3 from Leahy 2002). At phase
equal to 0, the angle is also zero - the surface of the accre-
tion disc is just about grazing our line of sight towards the
neutron star. At the highest luminosity of Her X-1, which
occurs roughly around phase equal to 0.12 (Staubert et al.
2013), the angle will then also reach a maximum.

We will further assume that this inclination is the maxi-
mum angle between our line of sight towards the neutron star
and the accretion disc. The maximum angle is likely around
0 ~ 5° ~0.087 rad (Leahy 2002). Then the mass outflow rate
per solid angle can be obtained from eq. 7 as:

dMout _ Mexp

dQ 4 (17)

where dMexp is the experimentally measured mass out-
flow rate value which assumes a full solid angle and full vol-
ume filling factor (this is the value listed in Fig. 13 and Table
5). We can relate the solid angle to an inclination angle 6
from the disc such as:

dA  2x2mR?cos0d6
W=fp="p
for very small angles 6 (satisfied here). The first factor
2 in the numerator of the fraction is introduced because the
disc wind is launched from both sides of the accretion disc.
Then the total mass outflow rate can be integrated as:

~ 47d6 (18)

. Mexp / Mexp dO [ Mexp
Mow = [ 22 g — [ Yep grq9 — 4°
out / an an Y= a0 ) ao

where ¢ is the super-orbital phase. Now taking @, =~

0.12, BGpax ~ 0.087 rad, if ¢ and 6 are linearly related

(as assumed) we obtain % =0.73. It remains to integrate

d¢ (19)

i %d(b. Fig. 14 shows the best log-linear fit to measured
mass outflow rates versus the super-orbital phase, excluding
observations 0153950301 and 0673510901 which appear to
be outliers. The best-fitting relation is in form

log(Moys /M, year™!) = —15.48 —24.51 x ¢ (20)

We integrate from phase @i =0 to @ax = 0.12, obtain-
ing 7.3 x 1072 M, year—!. If we use all of the observations in
the calculation (including the apparent outliers), we instead
get 5.8x 1077 M, year™—!. With this approach we are ignoring
any wind at inclination angles higher than 6,,, ~ 5°, which
never crosses our line of sight. However, the mass outflow
rate seems to be a strongly decreasing function with super-
orbital phase (and consequently the inclination angle) and
therefore the error on the total mass outflow rate introduced
this way should be small. The total mass outflow rate is:

dO [ dMyy

&) aa do ~5x107° My year™! (21)

Moy =~

Alternatively, if all of the observations are included in
the calculation, we obtain ~ 4 x 1072 M, year~!. Both of
these estimates are very comparable to the mass accretion
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rate which is around 7 x 107° M, year™! (measured from
the UV spectrum of the accretion disc, Boroson et al. 2007).
Finally, we note that this estimate still does not account for
the volume filling factor of the wind.

If the super-orbital disc precession drives the wind vari-
ation, the outflow must have a small solid launching an-
gle with an opening angle of ~ 5°. It is possible that fully
ionised material, undetectable with X-ray spectroscopy, is
launched to larger solid angles. However, at high ionisation
levels this material contributes little to the overall mass out-
flow rate budget, unless it is launched at much larger veloc-
ities. A small wind opening angle is also supported by the
fact that any P-Cygni profiles from outflowing material not
along our line of sight are weak or non-existent (as opposed
to other binaries where evidence of P-Cygni features was
seen, Miller et al. 2015b). This is especially the case for the
highest quality observations (0673510501 and 0783770601).
Furthermore, at higher super-orbital phases, we do not ob-
serve any signatures of winds from phases close to 0, which
suggests that the wind is launched directly at us, i.e. its
vertical velocity component is likely not large.

At the moment it is not clear which of the above possi-
bilities is correct - whether the evolution of the wind is dic-
tated by the ionising luminosity, by the super-orbital phase
or in fact by some combination of both. Future studies,
which will sample wind evolution during the super-orbital
phase more densely, might be able to answer this question.
To conclude, Hercules X-1 is a fascinating system that poten-
tially offers us a unique opportunity to sample the vertical
structure of an equatorial accretion disc wind.

6 CONCLUSIONS

We have performed an in-depth X-ray spectral analysis of
Hercules X-1 with XMM-Newton combining both broad-
band and high-spectral resolution instruments and focusing
mainly on the high flux state of this famous object. The
conclusions of our study are follow:

e We detect a highly ionised blueshifted wind in the high
state of Her X-1. The detection is statistically significant
in most of the XMM-Newton observations. The wind has
a projected outflow velocity of 200 to 1000 km/s, varying
between different observations, and an ionisation parame-
ter in the range of logé of 3.0 to 5.0. Her X-1 can thus be
added to a list of known neutron star binaries with detected
ionised outflows, such as GX 1341, IGR J17480-2446 and
IGR J17591-2342.

e While photon pile-up due to very high X-ray fluxes
might affect a fraction of our datasets, especially pn and
RGS 2 data, we conclude that the wind detection is robust
and the absorption features are not induced by this instru-
mental effect.

e We find a clear correlation between the luminosity of
Her X-1 and the ionisation parameter of the wind, suggest-
ing that the material in the outflow observes a similar X-ray
flux as we do. We also observe a correlation between the
super-orbital phase and the ionisation parameter. We do not
observe any significant correlations between the outflow ve-
locity and these two parameters.

e The best-fitting wind properties suggest that the ab-
sorption takes place within the accretion disc of the pri-
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mary. It is plausible that the X-ray outflow, launched from
the accretion disc, is the progenitor of the UV blueshifted
absorption observed in Her X-1, but the latter only occurs
at larger, circumbinary distances from the system.

e We find that the mass outflow rate in the wind can
easily be of the same order as the mass accretion onto Her
X-1. It is thus an important component of the accretion
process. We conclude that it is driven either by Compton
heating of the outer accretion disc or by magnetic fields.

e If the super-orbital phase is the driver for the wind vari-
ability instead of the ionising luminosity, the individual ob-
servations are likely observing different lines of sight above
the accretion disc and sampling the vertical structure of the
wind. If this is the case, we can estimate the mass outflow
rate corrected by the limited launching solid angle to be
5x1072 My, year~!, approximately 70% of the mass accre-
tion rate.

e Our chemical analysis of elemental abundances in the
ionised wind finds a strong over-abundance of iron compared
to oxygen. We also confirm results of previous studies which
found an over-abundance of nitrogen and neon compared
to oxygen. At the same time, there is evidence that oxygen
is not in fact under-abundant compared to the remaining
chemical elements.

e None of the low state or short-on XMM-Newton ob-
servations of Her X-1 are of high enough quality to detect
a similarly ionised wind. We stack all of the available low
state data but do not find obvious evidence of blueshifted
absorption. Future long exposure observations, or observa-
tions with instruments with higher collecting area (such as
Athena, Nandra et al. 2013) might be able to detect a wind
if present.
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APPENDIX A: PILE-UP

One important issue which needs to be discussed is that
of pile-up. Table 1 shows that the count rates in both RGS
and pn during most of the observations are indeed very high.
Count rates of up to ~800 counts/s in pn are reached during
some of the observations, which is close to the pile-up limit
for timing mode observations. Furthermore, this does not
take into account any variability and especially pulsations
of the source. It is therefore not surprising to expect some
pile-up in the higher flux observations.

The count rates observed in the RGS cameras are also
high, with up to about 20 counts/s per camera. The pile-up
threshold in RGS is usually defined by a maximum count
rate per CCD in RGS 1 or 2. Its effect is to move first order
events to the second order and thus degrade both of these
spectra. The threshold is roughly 12 counts/s per CCD in
RGS 1 and 6 counts/s per CCD in RGS2 (because one of
the two read-out nodes in RGS 2 is disabled) 2. This is the
maximum summed count rate of all orders per CCD.

Fig. Al shows the count rate per Angstrom for both
orders and RGS detectors in observation 0673510801, the

2 www.cosmos.esa.int/web/xmm-newton /sas-thread-pile-up-in-

the-rgs
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Figure A1l. The average count rate per A in the first and the second order of both RGS 1 and 2 instruments during the highest count
rate observation 0673510801. The top plot contains the first order count rates and the bottom plot contains the second order count
rates. RGS 1 data are in black, while RGS 2 data are red. Green vertical dashed lines show the approximate positions of chip gaps
and the labels list the approximate chip sizes in A. CCD numbers are listed on the top of the figure. The count rate per CCD can be
approximated as the sum of the count rates per A times the CCD width (in A) of both orders.

observation with the highest RGS flux. The figure also shows
the approximate CCD edge positions and the width of each
chip in A. The total count rate per CCD can be calculated
as the sum of the count rates per A for each order times the
width of each CCD in A (which is different in each order,
the width in the second order is half that of the first order).
The figure shows that multiple CCDs between CCD3 and
CCDY7 could be affected by pile-up. The approximate fluxes
per CCD are: CCD 8 - 2.5 cts/s, CCD 7 - 4.4 cts/s, CCD6
- 4.6 cts/s, CCD 5 - 4.5 cts/s, CCD 4 - 4.5 cts/s, CCD 3
-4.2 cts/s and CCD 2 - 2.8 cts/s. These values are hence
below the 6 cts/s RGS 2 limit, but again, the are only the
average count rates for a variable and pulsating source. It is
not inconceivable to imagine a 50 per cent flux spike (e.g.
during the pulse) during which the count rate in some CCDs

MNRAS 000, 1-22 (2019)

would exceed 6 cts/s. We thus conclude that while RGS 1
should be unaffected by pile-up, RGS 2 might be partially
affected in the highest flux observations (but probably less
than pn).

It is unlikely that pile-up could introduce a series of nar-
row absorption features in both the pn and the RGS spectra
that line-up in velocity space. Nevertheless, we perform two
checks to show that the wind features are indeed real in at
least some of the observations in this study. First, we exclude
pn data from the analysis and only look at RGS1 and RGS
2 (first order) data, performing a similar fit as described in
3.2. Secondly, we also exclude RGS 2 from the analysis and
only use RGS 1 first and second order data to show that the
wind is still significantly present at least in one observation
with the highest data quality.
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A1l Analysis with RGS 1 and 2

The spectral model has to be modified after ignoring the pn
data. The hard band (3-10 keV) data are unavailable and
hence the overall broadband spectral shape cannot be con-
strained. We thus replace the coMmT Comptonisation contin-
uum model with a simpler POWERLAW. Naturally the 6.6
keV Gaussian line is omitted as it is out of the current
energy band (0.35-1.8 keV). The remaining model compo-
nents are identical as before. The continuum model is there-
fore: HOTX (POWERLAW-+BB+4XGAUSS+CIE). Since we do
not have access to a broadband 0.3-10 keV SED while only
using the RGS data, we also have to resort to using the XABS
photoionisation absorption model with the default SED.

The data is first fitted with the continuum model, after
which we add the wind absorption. We fit for the wind pa-
rameters and also recover the fit improvement. The results
are listed in Table A1. For this check we only use the 5 obser-
vations with the strongest significance of the wind detection.
It is evident that while for some observations, there is a large
decrease of significance after ignoring the pn dataset, multi-
ple still show strong evidence for the wind absorption. Most
importantly, observations 0673510501 and 0783770601 show
a AC-stat of more than 40 which confirms the reality of the
absorption features.

We also notice (Table Al) that the RGS only analy-
sis predicts very high ionisation levels of the outflowing gas,
much higher than the full broadband analysis. This is be-
cause of the absence of the crucial Fe K band containing the
Fe xxv and Fe xXV1 ions. These transitions are necessary for
putting upper limits to the ionisation parameter of plasma
at high ionisation levels.

A2 Analysis with RGS 1 only

The most stringent test is to only use RGS 1 data, being
the instrument that is the least affected by pile-up. Unfor-
tunately, CCD 7 is disabled in RGS 1 so important 10— 13
A waveband containing the Ne X absorption line is lost. We
therefore also use the second order RGS 1 data, which has
access to this part of the spectrum, although we note that
the data quality is significantly lower.

Here we only use data from observation 0673510501
(which has the strongest wind features) to show that even
in the worst case of pile-up, there is at least one obser-
vation with a statistically significant wind detection. We
use the same continuum and wind spectral models as in
the previous section. The best-fitting spectra are shown in
Fig. A2. The recovered wind parameters are: column den-
sity of (0.1640.04) x 10>* cm~2, ionisation parameter of
log& =4.240.2, systematic velocity of —1140+120 km/s and
a turbulent velocity of 280“:5(2)0 km/s. The fit improvement
AC-stat is 33.12. This is a large enough fit improvement to
consider the wind detection significant (although we note
again that extensive Monte Carlo simulations would be nec-
essary to prove it rigorously).

This paper has been typeset from a TEX/IATEX file prepared by
the author.

Observation 0673510501 - RGS1 only
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Figure A2. The best-fitting spectral models for observation
0673510501 using only RGS 1 first and second order data. Only
the Ovil and NeX bands are shown as the N VII signature is
insignificant in this case. The best-fitting baseline continuum is
shown in blue and the final wind solution in red.
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Table A1l. Best-fitting wind parameters for each observation of Her X-1 using only RGS 1 and RGS 2 instruments. The first column
contains the observational ID. The remaining columns show the properties of outflowing wind such as its column density, ionisation
parameter, turbulent velocity and systematic velocity, as well as the statistical fit improvement of the final model compared to the

baseline continuum spectral model.

Obs. ID Column log & Turbulent Outflow AC-stat
density velocity velocity
10%* cm 2 erg cm s~ ! km s~ km s~!
0673510501  3.04=+0.12 505109 250£170  —940+130  40.89
0673510601 0.17+534 4.791013 301290 —-330+£150  8.02
0673510901 0.11F043 4.287508 1607130 6101130 23.46
0783770501  0.0026739%23  3.017012 1501330 ~7301210 14.17
0783770601 2.4%03 4.54+£0.12 8013 —38077%, 54.79
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