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A B S T R A C T 

We observed the Galactic black hole X-ray binary V4641 Sgr with the high resolution transmission gratings on Chandra during 

the source’s 2020 outburst. Over two epochs of Chandra gratings observations, we see numerous highly ionized metal lines, 
superimposed on a hot, disc-dominated X-ray continuum. The measured inner disc temperatures and luminosities imply an 

unfeasibly small inner disc radius, such that we suggest that the central engine of V4641 Sgr is obscured, and we are viewing 

scattered X-rays. We find that the emission lines in the Chandra spectra cannot be constrained by a single photoionized model, 
instead finding that two separate photoionized model components are required, one to reproduce the iron lines and a second 

for the other metals. We compare the observed X-ray spectra of V4641 Sgr to optical studies during previous outbursts of the 
source, suggesting that the lines originate in an accretion disc wind, potentially with a spherical geometry. 

Key words: accretion, accretion discs – line: identification – plasmas – X-rays: binaries – X-rays: individual: V4641 Sgr. 
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 I N T RO D U C T I O N  

alactic black hole transients are typically low-mass X-ray binaries
LMXBs) in which a black hole (BH) accretes material from a
onor star via an accretion disc. They spend long periods of time
n a quiescent state, characterized by low X-ray luminosities L X �
0 −5 L Edd (where L Edd is the Eddington luminosity) and an X-ray
pectrum consistent with a power law with photon index � ∼
 (e.g. Reynolds & Miller 2013 ; Plotkin, Gallo & Jonker 2013 ).
uiescence is followed by bright outbursts during which the source

uminosity increases by several orders of magnitude across most
f the electromagnetic spectrum (see e.g. Remillard & McClintock
006 ; Tetarenko et al. 2016 ). During an outburst a BH–LMXB will
ransition through several ‘accretion states,’ (typically) identified
y, and named after, the properties of the X-ray spectrum (see e.g.
one, Gierli ́nski & Kubota 2007 ; Motta et al. 2021 , for re vie ws).
ue to correlated timing properties, variability can also be used to

dentify the accretion states. Typical X-ray binary outbursts evolve
rom the quiescent state to a hard accretion state (and vice versa),
ith a large fraction of outbursts showing (potentially multiple)

ransitions between the hard and soft accretion state. The soft state is
haracterized by a multitemperature disc-dominated X-ray spectrum
nd little to no short-term variability . Conversely , the X-ray spectrum
n the hard state is usually well described by a power law with � ∼
.7 and the transition from (to) the hard state is often marked with the
 E-mail: aarrans@unr.edu 
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isappearance (emergence) of a compact radio jet and the appearance
disappearance) of strong fast variability in the X-ray and optical
ight curves (e.g. Belloni et al. 2005 ; Remillard & McClintock 2006 ;
andhi et al. 2016 ). 
The soft state is often strongly associated with the emergence of

trong outflows in the form of accretion disc winds, seen at X-ray
near-infrared wavelengths. So far, X-ray winds have only been

etected in high inclination systems, which suggests the y hav e an
quatorial geometry (D ́ıaz Trigo et al. 2006 ; Miller et al. 2006 ;
onti et al. 2012 ). In addition, until recently, it was assumed that the
resence of an X-ray wind was linked to the spectral state, appearing
nly when the jet was quenched in the soft state (Miller et al. 2006 ;
eilsen & Lee 2009 ; Ponti et al. 2012 , 2016 ). Ho we ver, the hard-state
utburst of V404 Cyg in 2015 showed that winds can, in fact, be seen
imultaneously with the jet (King et al. 2015 ; Mu ̃ noz-Darias et al.
016 ), further complicating already complex theories of accretion-
utflow coupling. Homan et al. ( 2016 ) showed that hard state winds
an also be seen in neutron star LMXBs (see also Castro Segura et al.
022 ). 
Accretion disc winds typically manifest in the X-ray spectrum

s blue-shifted H- and He-like absorption lines (e.g. Lee et al.
002 ; Ueda et al. 2004 ; Miller et al. 2006 , 2008 ). Ho we ver,
ome sources exhibit strong emission lines with associated P-Cygni
rofiles (Brandt & Schulz 2000 ; King et al. 2015 ), which are also
een in optical spectra (Mu ̃ noz-Darias et al. 2016 ; Mu ̃ noz-Darias,
orres & Garcia 2018 ) and are a sign of photons being scattered
ut of our line of sight, potentially even hinting at a spherical
eometry. Studies of accretion disc winds through optical and (high-
© 2022 The Author(s) 
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esolution) X-ray spectroscopy allow us to investigate the potential 
aunching mechanisms (see Miller et al. 2008 , and references 
herein). 

 V 4 6 4 1  SGR  

4641 Sgr (SAX J1819.3 −2525) is an X-ray binary (often classified 
s an Intermediate -mass X-ray binary) containing a 6.4 ± 0.6 M � BH
ccreting matter from a 2.9 ± 0.4 M � B9III companion (MacDonald 
t al. 2014 ) with an orbital period P orb = 2.82 d (Orosz et al. 2001 ).
acDonald et al. ( 2014 ) determined the distance to V4641 Sgr to be

 = 6.2 ± 0.7 kpc, consistent with the distance distribution calculated 
sing the Gaia data release 2 (DR2; Gaia Collaboration et al. 2018 )
arallax assuming a volume density prior for LMXBs in the Milky
ay (Gandhi et al. 2019 ; Atri et al. 2019 ). 
The outburst characteristics of V4641 Sgr are somewhat unusual 

ompared to other LMXBs. It exhibited a 12.2 Crab outburst in 1999
eptember that lasted only < 2 h before fading to 0.1 Crab (Smith,
evine & Morgan 1999 ; Hjellming et al. 2000 ); this extremely
right outburst was also much more rapid than those of typical 
MXBs. V4641 Sgr has since shown regular outbursts with a median 

ecurrence time of ∼220 d (Tetarenko et al. 2016 ), but none have
eached the extreme luminosity of the 1999 event. Another unusual 
spect of the system is that it has been seen to remain in a soft
isc-dominated state at very low Eddington fractions, exhibiting soft 
-ray spectra at an X-ray luminosity L X ∼ 0.01 L Edd during the 2014
utburst (Pahari et al. 2015 ) and as low as L X ∼ 6 × 10 −4 L E dd during
he 2015 outburst (Bahramian et al. 2015 ). V4641 Sgr finds itself
n a growing population of BH–LMXBs (see also XTE J1720 −318 
U 1630 −47 and Swift J1753.5 −0127; Kalemci et al. 2013 ; Tomsick
t al. 2014 ; Shaw et al. 2016 ) that appear to remain in soft states at
ower Eddington fractions than the average soft-to-hard transition 
uminosity of L X ∼ 0.03 L Edd (Dunn et al. 2010 ). 

In this work, we present the first ever high-resolution X-ray 
pectroscopic study of V4641 Sgr obtained with the Chandra High 
nergy Transmission Grating Spectrometer at two epochs during its 
020 outburst. In Section 3 , we present our observations and the
ata reduction procedures. We then present our spectral analysis in 
ection 4 , including a detailed look at the lines found in the Chandra
ata. We discuss our results in 5 , performing plasma diagnostics with
he observed emission lines and fitting photoionization models to the 
-ray spectra. Finally, we look at the future of high-resolution X-ray 

pectroscopy for studies like this one in Section 6 and present our
onclusions in Section 7 . 

 OBSERVATIONS  A N D  DATA  R E D U C T I O N  

ncreased X-ray activity from V4641 Sgr was first detected by the 
as Slit Camera instrument on the Monitor for All-Sky X-ray Image 
as Slit Camera ( MAXI /GSC; Matsuoka et al. 2009 ) on 2020 Jan 7,
hen the source emerged from the Sun constraint (Shaw et al. 2020 ).

t is likely that the outburst commenced prior to the January detection
ut the source was obscured by the Sun. Follow-up observations were 
nitially limited due to the Sun constraint. Ho we ver, as the outburst
rogressed, V4641 Sgr became accessible to more observatories. 
ere we detail the X-ray observations and data reduction performed. 

.1 X-ray monitoring 

n addition to the MAXI /GSC monitoring, regular pointed X-ray 
bservations of V4641 Sgr were performed with the X-ray Telescope 
n-board the Neil Gehrels Swift Observatory ( Swift / XRT ; Burrows
t al. 2005 ) and the X-ray Timing Instrument on the Neutron
tar Interior Composition Explorer ( NICER /XTI; Gendreau et al. 
016 ). 
Swift / XRT monitored V4641 Sgr from 2020 Feb 11 to 2020 Apr

9 (MJD 58890–58958; ObsID 00013205001–00013205016). Most 
bservations were performed in windowed timing (WT) mode. 
o we ver, the observ ation on 2020 Apr 7 (MJD 58946) was per-

ormed in photon counting (PC) mode owing to the low count rate
0.18 count s −1 ). Two more observations on 2020 Apr 18 and 19
MJD 58957–58958) were performed in both PC and WT mode, but
he PC mode observations were heavily piled up, so we only utilized
he WT mode observations on those dates. Data were reprocessed 
sing the xrtpipeline tool, part of HEASOFT v6.28 software suite 
f analysis tools for high energy astronomical data. 1 Spectra and 
ssociated response files were generated using the xrtproducts 
ool, with source photons extracted from a circular region with 
 20 pixel ( ∼47 arcsec) radius. Background counts were extracted
rom an annulus centred on the source, with inner and outer radii
0 and 120 pix els, respectiv ely. Response matrices were generated
sing version 20200724 of the calibration database ( CALDB ). Spectra
ere grouped such that each bin contained a minimum of 15 

ounts. 
NICER /XTI monitored V4641 Sgr regularly throughout the first 

alf of 2020. We choose observations that co v er a similar time
rame to the Swift co v erage, in the range 2020 Jan 31–2020 May 4
MJD 58879–58973; ObsIDs 3200300101–3200300129). Data were 
rocessed using nicerl2 and spectra extracted using XSELECT . 
anned response matrices were obtained from the CALDB and 
ackground spectra were created using the nibkgestimator tool. 
imilar to Swift NICER spectra were grouped such that each spectral
in contained a minimum of 15 counts 

.2 NuSTAR 

t the beginning of the outburst, V4641 Sgr was Sun-constrained to
ost imaging X-ray telescopes. Ho we ver, the Nuclear Spectroscopic 

elescope Array ( NuSTAR Harrison et al. 2013 ) can point close
o, and even at, the Sun at the expense of accurate pointing re-
onstruction. Therefore, we obtained Director’s Discretionary Time 
DDT) observations of V4641 Sgr with NuSTAR on 2020 Jan 22
or a total exposure time of 27.8 ks. Data were reduced using
he NuSTAR data analysis software ( NUSTARDAS ) v2.0.0 originally 
ackaged with HEASOFT v6.28. The nupipeline tool was used to 
erform standard reduction tasks, including filtering for high levels 
f background during the telescope’s passage through the South 
tlantic Anomaly. 
Due to the near-solar pointing of NuSTAR during the observation, 

he majority of the observation occurred in observation mode 06. 
ode 06 is utilized when an aspect solution is not available from

he on-board star tracker located on the X-ray optics bench (Camera
ead Unit #4; CHU4). In such a scenario, the aspect reconstruction

s derived using CHUs 1, 2, and 3 with degraded positional accuracy.
his mode leads to images with multiple centroids from the same

arget, often manifesting as a seemingly elongated source. To 
llow accurate scientific analysis, we used the nusplitsc tool 
o decompose the mode 06 image into four images for each of Focal
lane Modules A and B (FPMA and FPMB), representative of the
our CHU combinations NuSTAR used. 
MNRAS 516, 124–137 (2022) 
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Figure 1. X-ray light curves of V4641 Sgr during its 2020 outburst. The 
upper panel shows the flux of the source in the 2–10 keV energy range, 
as measured by Swift and NICER . The lower panel shows the 2–4 keV 

MAXI /GSC count rate in 1d bins. In both panels, the times of the NuSTAR 

observation and the two Chandra /ACIS–HETG observations are shown in 
red and grey, respectively. 
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Approximately 3.4 ks of the observation was performed in SCI-
NCE mode, also known as ‘mode 01,’ the standard operating
ode of NuSTAR . We extracted source and background spectra

nd requisite response files using nuproducts . Source spectra
ere extracted using a circular source extraction region with radius
0 arcsec and background spectra were extracted from a 90 arcsec
adius circular region centred on a source-free region of the same
hip as the target. 

The remaining exposure was performed in mode 06 and, though the
ethod of spectral extraction was the same, we only extracted data

rom mode 06 images in which the source exhibited a circular PSF,
amely CHU2 2 and CHU3. Source spectra were extracted from a
ircular region with radius 60 arcsec for all images, while background
pectra were extracted from a 70 arcsec radius circular region from
he CHU2 images and a 90 arcsec radius circular region for CHU3. 3 

he total useful exposure time for each focal plane module, using
ode 01 and 06 data, was 7.5 ks. For each focal plane module,
e had three spectra (mode 01, CHU2, and CHU3), which were
rouped using the ftgrouppha tool, such that each spectral bin
ad a minimum S/N = 5. 

.3 Chandra 

handr a observ ed V4641 Sgr on 2020 Feb 14 and 15 (MJD 58893
nd 58894) for 44.0 and 29.4 ks, respectively (ObsIDs 22389 and
3158; PI: Shaw). We used the High Energy Transmission Grating
pectrometer (HETGS; Canizares et al. 2005 ), which uses two
ratings, the High Energy Grating (HEG) and Medium Energy
rating (MEG), to disperse photons across the Advanced CCD

maging Spectrometer (ACIS; Garmire et al. 2003 ) S chips. 
Data were reduced and spectra were extracted using the Chandra

nteractive Analysis of Observations software ( CIAO ; Fruscione
t al. 2006 ) v4.12. Data were mostly reduced following standard
rocedures, using the chandra repro tool, following CIAO threads
nd using CIAO CALDB v4.9.1. Ho we ver, we used slightly narrower
pectral extraction regions than the default to reduce overlap between
he two gratings and to impro v e spectral S/N at shorter wavelengths
higher energies). The average Chandra count rate in Epoch 1
as measured to be 3.5 and 6.0 count s −1 in the HEG and MEG,

espectively, while in Epoch 2 we measured 1.9 and 3.1 count s −1 

n HEG and MEG, respectiv ely. The Chandr a detectors are very
rone to photon pileup when observing bright sources, but when
bserving with the gratings, photons are dispersed across the entire
 CIS detector , often mitigating pileup effects. We estimated the
ileup fraction in the first Chandra epoch (higher flux than the second
poch; Fig. 1 ) to be low, at most only 3 per cent in the MEG spectrum,
t λ ∼ 3 Å. 4 

 ANALYSIS  A N D  RESULTS  

.1 Long-term X-ray light cur v e 

e compiled an X-ray light curve of the 2020 outburst of V4641 Sgr
sing the available monitoring data from MAXI /GSC, Swift / XRT , and
NRAS 516, 124–137 (2022) 

 For CHU2, we had to invoke the splitmode = STRICT and timecut = yes 
ags in nusplitsc to produce an image with a circular PSF. 
 The reason for the discrepancy between background region sizes is due to 
he source in the CHU2 image having a larger PSF than in the CHU3 image. 

e therefore reduced the size of the background region in CHU2 to a v oid 
ource photons from the wings of the CHU2 PSF. 
 Following the methodology shown here: https:// cxc.harvard.edu/ proposer/t 
r eads/binar y/index.html . 
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ICER /XTI. For Swift and NICER , we extracted 2–10 keV fluxes by
odelling the X-ray spectra. Spectral fitting was performed in XSPEC

12.11.1 (Arnaud 1996 ) using the χ2 statistic. 
For Swift , all spectra were well fitted ( χ2 /dof ∼1; where dof

s degrees of freedom) with a multicolour disc blackbody model
 diskbb in XSPEC ) with an inner disc temperature range of kT in 

1.5 − 2.0 keV across the observations. We used the tbabs
bsorption model (Wilms, Allen & McCray 2000 ), with Wilms et al.
 2000 ) abundances and Verner et al. ( 1996 ) cross-sections. and fixed
he hydrogen column density to N H = 2.5 × 10 21 cm 

−2 , consistent
ith pre vious observ ations of the system (e.g. Pahari et al. 2015 ). The
–10 k eV unabsorbed flux w as extracted using the cflux model and
e plot the resultant light curve in Fig. 1 . 
For NICER , we followed a similar fitting methodology, employing

2 as the fitting statistic. Spectra were fit with an absorbed disc
lackbody model, with a fixed N H = 2.5 × 10 21 cm 

−2 and a Gaussian
n the 6–7 keV region to account for the Fe emission seen in this
nergy range. As with the Swift spectral fits, all fits to the NICER data
ere good ( χ2 /dof ∼1) and kT in was in the range of ∼1.5 − 2.0 keV.
nabsorbed 2–10 keV fluxes were again extracted with the cflux
odel. We plot the NICER /XTI light curve alongside the Swift /XRT

ne in Fig. 1 . 

.2 NuSTAR spectral analysis 

e present the NuSTAR spectra in Fig. 2 , showing only the mode
1 FPMA and FPMB spectra, for clarity. Analysis of the NuS-
AR spectra was performed with XSPEC , employing χ2 as the fit
tatistic. Spectra were not combined, but fit simultaneously, with
 cross-normalization factor applied between FPMA and FPMB
pectra ( constant in XSPEC ). We attempted to characterize the
ontinuum of the spectrum by fitting an absorbed disc blackbody
 tbabs ∗diskbb in XSPEC and ISIS notation). As with the Swift
nd NICER spectra from Section 3.1 , we fix N H = 2.5 × 10 21 cm 

−2 

nd find a best-fitting kT in = 1.39 keV. Ho we ver, the fit is poor
 χ2 /dof = 2432.5/1061), such that we are unable to determine mean-
ngful uncertainties on kT in . We show the data/model ratio in the
ower panel of Fig. 2 . 

https://cxc.harvard.edu/proposer/threads/binary/index.html
art/stac2213_f1.eps
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Table 1. Best-fitting parameters for models fit to NuSTAR FPMA and FPMB 

spectra of V4641 Sgr. 

Parameter Model 1 Model 2 Model 3 Model 4 

N H (10 21 cm 

−2 ) 2.5 a 2.5 a 2.5 a 2.5 a 

E edge (keV) ... ... 9.55 ± 0.19 9.55 ± 0.19 
τ ... ... 0 . 21 + 0 . 06 

−0 . 05 0.22 ± 0.06 
kT in (keV) 1.39 1.35 ± 0.01 1.37 ± 0.01 1.37 ± 0.01 
N disc 17.1 18.8 ± 0.4 17.7 ± 0.5 18 . 0 + 0 . 6 −0 . 5 

E G, 1 (keV) ... 6.83 ± 0.02 6 . 22 + 0 . 14 
−0 . 12 6 . 22 + 0 . 13 

−0 . 11 

σ G, 1 (eV) ... 150 + 23 
−25 100 a 100 a 

N G, 1 (10 −4 photon cm 

−2 s −1 ) ... 14.0 ± 0.9 2.9 ± 0.8 3.1 ± 0.8 
E G, 2 (keV) ... 8.10 ± 0.06 6 . 86 + 0 . 02 

−0 . 01 6 . 86 + 0 . 02 
−0 . 01 

σ G, 2 (eV) ... < 223 100 a 100 a 

N G, 2 (10 −4 photon cm 

−2 s −1 ... 1.9 ± 0.5 12.1 ± 0.7 12 . 3 + 0 . 7 −0 . 8 

E G, 3 (keV) ... ... 8.09 ± 0.07 8.09 ± 0.06 
σ G, 3 (eV) ... ... 100 a 100 a 

N G, 3 (10 −4 photon cm 

−2 s −1 ... ... 1.4 ± 0.4 1.5 ± 0.4 
� ... ... ... 1 . 56 + 1 . 33 

−1 . 39 

N pow ... ... ... 3.3 × 10 −6 –
0.014 

C FPMB 1.00 1.00 ± 0.01 1.00 ± 0.01 1.00 ± 0.01 
χ2 /dof 2432.5/1061 1337.6/1055 1238.8/1053 1223.3/1051 
Model 1: const ∗tbabs ∗diskbb 
Model 2: const ∗tbabs ∗(diskbb + gauss + gauss) 
Model 3: const ∗tbabs ∗edge ∗(diskbb + gauss + gauss + gauss) 
Model 4: const ∗tbabs ∗edge ∗(diskbb + gauss + gauss + gauss + 

power law) 
N H : hydrogen column density 
kT in : Inner disc temperature 
N disc : normalization of the diskbb component 
E G, 1/2/3 : central energy of Gaussian component 1/2/3 
σ G, 1/2/3 : width of Gaussian component 1/2/3 
N G, 1/2/3 : normalization of Gaussian component 1/2/3 
�: power-law index 
N pow : normalization of the power law component 
C FPMB : cross-normalization factor between FPMA and FPMB 
χ2 /dof: χ2 /degrees of freedom 
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From the residuals, we note a number of prominent features. The 
ost striking is the strong emission feature in the ∼6–7 keV range.
t NuSTAR energy resolution, this feature appears to be asymmetric, 
ut we later show that the line can be resolved with Chandra into
.7 and 6.97 keV Fe XXV and Fe XXVI emission lines, respectively,
otentially with a small contribution from neutral Fe K α. Secondly, 
e also find evidence of a weak feature at ∼8 keV, similar to the one
escribed by Pahari et al. ( 2015 ) in a 2014 NuSTAR observation of
4641 Sgr in the soft state. 
To determine the best-fitting model for the NuSTAR spectrum of 

4641 Sgr, we incrementally add model components to the original 
bsorbed disc blackbody fit shown in Fig. 2 . We first focus on attempt-
ng to model the emission features. Including two broad Gaussians 
n the model, similar to the approach taken by Pahari et al. ( 2015 ),
mpro v es the fit significantly ( χ2 /dof = 1337.6/1055). We find best-
tting central energies of 6.83 ± 0.02 and 8.10 ± 0.06 keV for each
aussian, with widths of σ = 150 + 23 

−25 and < 223 eV, respectively. 
ahari et al. ( 2015 ) suggest that their 8.3 keV feature could be due to
ighly ionized nickel. Ho we ver, kno wing from the Chandra /HETG
Section 4.3.1 ) that the 6.83 keV feature is largely a blend of highly
onized Fe XXV Ly α and Fe XXVI He α, we suggest here that the
.1 keV line that we detect is a blend of Fe XXV He β and Fe XXVI

y β at 7.88 and 8.25 keV, respectively. It is possible that there is
ome contribution from nickel, but NuSTAR ’s spectral resolution 
recludes us from resolving individual lines. 
We attempt to impro v e the fit by modeling the Fe 6–7 keV region

s three narrow (i.e. with a fixed width σ = 100 eV) Gaussians and
he (likely Fe) 8.1 keV feature as two equally narrow Gaussians.
o we ver, we find that the fit prefers only two Gaussians in the 6–
 keV range, one at 6 . 22 + 0 . 14 

−0 . 12 keV and the other at 6 . 86 + 0 . 02 
−0 . 01 keV. In

ddition, we are unable to separate the two components that make 
p the 8.1 keV feature, and instead the fit prefers a single narrow
aussian at 8.09 ± 0.06 keV ( χ2 /dof = 1280.9/1055). We also find

hat the addition of an absorption edge ( edge in XSPEC ) at E edge =
.55 ± 0.19 produces a statistically significant impro v ement to the 
t ( 	χ2 = −42.1 for 2 fewer dof). 
Finally, we test the addition of a power law to the model, but

nd that the impro v ement to the fit is only marginal (while 	χ

 −15.5 for 2 fewer dof, the power-law normalization is poorly 
onstrained). We find a best-fitting power-la w inde x � = 1 . 56 + 1 . 33 

−1 . 39 

nd a normalization N pow in the range 3.3 × 10 −6 –0.014 (90 per cent
onfidence). It is likely that we would be able to measure the power
aw with greater confidence with a longer ef fecti ve exposure time.
o we v er, the e xtremely soft spectrum shown by V4641 Sgr in 2020

anuary combined with only 7.5 ks of ef fecti v e e xposure time means
e are unable to strongly constrain the power-law tail. We note that

he focus of this work remains on the high-resolution Chandra /HETG
pectra, so we only present the NuSTAR data as a broadband o v erview
f the X-ray spectrum of V4641 Sgr. The best-fitting parameters for
odels fit to the NuSTAR data are presented in Table 1 . 

.3 High-resolution X-ray spectroscopy 

handra /HETG spectra were analyzed using using the interactive 
pectral interpretation system (ISIS; Houck & Denicola 2000 ). 
e treated each epoch separately, as we know from the NICER
onitoring that the shape of the X-ray spectrum of V4641 Sgr can

ary on time-scales of less than a day. To extract the most S/N from the
igh-resolution spectra, we combined the positive and negative first- 
rder HEG and MEG spectra using combine data sets , after
ebinning the HEG spectra on to the MEG wavelength grid using
atch data set grids . This practice is well documented in
ther analyses of Chandra /HETG data (see e.g. Mi ̌skovi ̌cov ́a et al.
016 ; Grinberg et al. 2017 ). Nowak et al. ( 2019 ) note that these
unctions have been well tested against HEASOFT and CIAO functions 
hat combine spectra and their associated responses and backgrounds. 

e utilize Cash ( 1979 ) statistics as the fit statistic when modeling
he Chandra /HETG spectra. 

The 0.9–10 keV Chandra spectra for each epoch are shown in
ig. 3 , where a number of strong emission lines are visible. Prior

o studying the emission lines, we first characterized the X-ray 
MNRAS 516, 124–137 (2022) 

art/stac2213_f2.eps


128 A. W. Shaw et al. 

M

Figure 3. Chandra /HETG spectra of V4641 Sgr from ObsID 22389 (black) 
and 23158 (red). The lower two panels show the data/model ratio for a 
partially co v ered disc blackbody fit to the continuum for each epoch. 

Table 2. Best-fitting spectral parameters for the 0.9–10 keV continuum of 
V4641 Sgr, for both Chandra /HETG epochs. The residuals of this fit are 
plotted in Fig. 3 . 

Parameter ObsID 22389 ObsID 23158 
(Epoch 1) (Epoch 2) 

N H (10 21 cm 

−2 ) 3 . 1 + 0 . 1 −0 . 4 2 . 8 + 0 . 4 −0 . 3 

N H , pcf abs (10 21 cm 

−2 ) 53 . 9 + 10 . 7 
−6 . 7 69 . 4 + 7 . 0 −14 . 8 

f 0.32 ± 0.02 0 . 37 + 0 . 04 
−0 . 03 

kT in (keV) 1 . 42 + 0 . 02 
−0 . 01 1.52 ± 0.04 

N disc 11 . 6 + 0 . 6 −0 . 9 5.0 ± 0.7 

F 0.9–10, unabs (10 −10 erg cm 

−2 s −1 ) 8 . 49 + 0 . 12 
−0 . 16 4 . 86 + 0 . 18 

−0 . 10 

F 2–10, unabs (10 −10 erg cm 

−2 s −1 ) 6 . 07 + 0 . 09 
−0 . 05 3 . 62 + 0 . 07 

−0 . 08 
C /dof 3357.7/2545 3427.591/2545 

Notes. N H , pcf abs : hydrogen column density of the partial co v ering component 
f : co v ering fraction 
F 0.9–10, unabs : unabsorbed 0.9–10 keV flux 
F 2-10, unabs : unabsorbed 2–10 keV flux 
C /dof: C -statistic/degrees of freedom 
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6 Typically fixing the width to σ = 0.003 Å ( ∼ 1 

3 MEG resolution) unless the 
line is resolved at MEG resolution FWHM = 0.023 Å (see e.g. Grinberg et al. 
2017 ; Amato et al. 2021 ). 
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ontinuum. Similar to the NuSTAR spectra, we find that the Chandra
pectra can be well described by a disc blackbody model, as expected
or a BH–LMXB in the soft state. Ho we ver, we find that we also need
o include a partial co v ering component ( pcfabs ) to fully account
or the shape of the continuum in both epochs. Partial covering
as been measured in the spectrum of V4641 Sgr previously (e.g.
orningstar et al. 2014 ), though with a significantly higher co v ering

raction, f = 0 . 97 + 0 . 01 
−0 . 01 . P artial co v ering has also been observ ed in

ther X-ray binaries with massive companions (e.g. Vela X-1 and
yg X-1; Malacaria et al. 2016 ; Hirsch et al. 2019 ). The best-fitting
ontinuum model parameters for each epoch are presented in Table 2
nd are broadly consistent across the two epochs, aside from the
ower normalization of the disc blackbody and a slightly hotter disc
n Epoch 1. 

It is clear from Fig. 3 that there are emission features present in
he spectra from both Chandra epochs. From a visual inspection of
he residuals in Epoch 1, we note two lines likely associated with
-like Fe XXVI (6.97 keV = 1.78 Å) and He-like Fe XXV (6.70 keV
 1.85 Å). In Epoch 1, in addition to ionized iron, we see evidence

f neutral Fe K α (6.40 keV = 1.94 Å), a narrow line consistent
NRAS 516, 124–137 (2022) 
ith Si XIV Ly α (2.00 keV = 6.18 Å) and a possible Ne X Ly α line
1.02 keV = 12.13 Å). 

To search for and characterize more lines, we adopt a statistical
pproach in the form of a blind line search based on a Bayesian Blocks
BB) algorithm (Scargle et al. 2013 ). Though often associated with
haracterizing variability in time series data, Young et al. ( 2007 ) used
 Bayesian Blocks (BB) algorithm on spectral data using the SITAR

ackage available in ISIS . 5 The algorithm tests for the presence of
ines against a continuum model, in our case the continuum model
iscussed abo v e and shown in Fig. 3 . The algorithm groups the
ata into ‘blocks’ by determining how far each (unbinned) data
oint lies abo v e or below the continuum defined by a parameter
, which acts as a significance threshold. The spectrum is considered

o have no significant lines if the algorithm returns a single block,
nd a line is considered to be present between two block change
oints. The parameter α, set by the user, is defined such that the
ignificance of a line is approximately p ∼ exp ( −2 α) and therefore
he probability of a positive detection is roughly P ∼ 1 − exp ( −2 α).
n this work, we define a positive detection to be at least 95 per cent
ignificant, therefore we require α > 1.5. The BB line-search method
as been discussed and benchmarked against other methods by Young
t al. ( 2007 ), and has been utilized successfully in high-resolution
pectroscopic studies of e.g. Vela X-1 (Grinberg et al. 2017 ) and
U 1700 −37 (Mart ́ınez-Chicharro et al. 2021 ). 
To initiate the blind line search, we divide the 1.25–14 Å ( ∼0.9–

0 keV) spectrum into five distinct regions, so named for the strongest
ine(s) usually found in each of the respectiv e wav elength ranges. The
egions are as follows: Fe (1.25–2.5 Å), S/Ar (2.5–6 Å), Si (6–8 Å),

g (8–10 Å), and Ne (10–14 Å). We then apply the BB algorithm
gainst the best-fitting partially co v ered disc blackbody continuum
odel, which is frozen in place, and iterates from α = 10 to α
 1.5 (in steps of 	α = −0.1) until a line is found. Once a line

s found by the BB algorithm, we fit a Gaussian 6 and apply the
lgorithm again, iteratively adding Gaussian components until no
ore lines are detected abo v e ∼95 per cent significance. For both
handra epochs, we describe our results for each spectral region
elow. Line identifications and their reference wavelengths, λ0 , are
ade using AtomDB 3.0.9 (Foster et al. 2012 ) and identified lines

or all wavelength regions are presented in Table 3 . 

.3.1 Fe region 

he spectra of the Fe region are presented in Fig. 4 . In both epochs,
he strongest lines identified are Fe XXVI Ly α and Fe XXV He α.
dditionally, the BB line search detects a line consistent with Fe XXVI

y β in the second epoch at the lower limit of α = 1.5. Interestingly,
hough Fig. 3 (see also Fig. 4 ) suggests the presence of neutral Fe
 α, at least in the second epoch, this line is not detected at α ≥ 1.5
y the BB algorithm. Including a Gaussian component at the location
f Fe K α results in 	 C = −11 and 	 C = −19 for two fewer degrees
f freedom for Epoch 1 and 2, respectiv ely. Re gardless of whether
e K α is present or not, it is clear that the Fe region is dominated by
ighly ionized iron and any fluorescent neutral iron is weak. 
In both epochs, the H-like ions are consistent with velocity

 = 0 km s −1 . The He-like Fe XXV lines, conversely, are shifted
y v = −485 ± 373 and v = 646 + 323 

−485 km s −1 for Epoch 1 and

art/stac2213_f3.eps
https://space.mit.edu/cxc/analysis/SITAR/


Chandra/HETG spectroscopy of V4641 Sgr 129 

Table 3. Spectral lines detected by the Bayesian Blocks algorithm. Quoted rest wavelengths are from the AtomDB WebGUIDE interface (Foster et al. 2012 ), 
which uses Erickson ( 1977 ) for H-like ions and Drake ( 1988 ) for He-like ions. 

Epoch 1 Epoch 2 
Line λ0 λobs v Flux α λobs v Flux α

( Å) ( Å) (km s −1 ) (ph s −1 cm 

−2 ) ( Å) (km s −1 ) (ph s −1 cm 

−2 ) 

Fe XXVI Ly β 1.503 ... ... ... ... 1.504 ± 0.005 200 ± 998 1 . 12 + 0 . 78 
−0 . 60 ×

10 −4 
1.5 

Fe XXVI Ly α 1.780 1.780 ± 0.001 0 ± 169 6 . 57 + 0 . 59 
−0 . 75 × 10 −4 ≥10 1 . 781 + 0 . 001 

−0 . 002 169 + 169 
−337 2 . 53 + 0 . 58 

−0 . 53 ×
10 −4 

≥10 

Fe XXV He α 1.855 1.852 ± 0.002 −485 ± 373 1 . 63 + 0 . 32 
−0 . 49 × 10 −4 7.8 1 . 859 + 0 . 002 

−0 . 003 646 + 323 
−485 1 . 45 + 0 . 36 

−0 . 47 ×
10 −4 

7.7 

S XVI Ly α 4.729 ... ... ... ... 4 . 732 + 0 . 002 
−0 . 003 190 + 127 

−190 7 . 57 + 4 . 84 
−2 . 50 ×

10 −5 

4.6 

Si XIV Ly α 6.182 6 . 193 + 0 . 001 
−0 . 003 533 + 49 

−146 7 . 64 + 1 . 45 
−2 . 88 × 10 −5 6.5 6 . 188 + 0 . 001 

−0 . 002 291 + 46 
−97 1 . 72 + 0 . 23 

−0 . 27 ×
10 −4 

≥10 

Si XIII f 6.740 6 . 744 + 0 . 004 
−0 . 005 178 + 178 

−222 4 . 77 + 2 . 66 
−1 . 69 × 10 −5 2.6 6.742 ± 0.002 89 ± 89 0 . 83 + 0 . 19 

−0 . 24 ×
10 −4 

≥10 

? ... 7 . 805 + 0 . 016 
−0 . 017 ... 7 . 98 + 3 . 18 

−4 . 88 × 10 −5 2.6 ... ... ... ... 

? ... 7 . 959 + 0 . 003 
−0 . 004 ... 4 . 99 + 2 . 21 

−2 . 24 × 10 −5 2.6 ... ... ... ... 

Mg XII Ly α 8.421 ... ... ... ... 8.428 ± 0.002 249 ± 71 1 . 02 + 0 . 24 
−0 . 22 ×

10 −4 
≥10 

? ... 9.470 ± 0.003 ... −7 . 63 + 2 . 19 
−3 . 17 ×

10 −5 
1.7 ... ... ... ... 

? ... ... ... ... ... 10 . 633 + 0 . 004 
−0 . 005 ... 1 . 08 + 0 . 35 

−0 . 47 ×
10 −4 

4.2 

? ... 11 . 170 + 0 . 018 
−0 . 007 ... 2 . 59 + 0 . 75 

−1 . 07 × 10 −4 3.0 ... ... ... ... 

Ne X Ly α 12.134 ... ... ... ... 12.144 ± 0.003 247 ± 74 2 . 61 + 0 . 79 
−0 . 69 ×

10 −4 
≥10 

? ... 12 . 477 + 0 . 027 
−0 . 015 ... 2 . 59 + 0 . 75 

−1 . 07 × 10 −4 1.5 ... ... ... ... 
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, respecti vely. Ho we ver, this does not necessarily mean that the
ines are indeed Doppler shifted, as He-like Fe XXV consists of a
riplet of lines that are not resolved by Chandra . The published rest
avelength λ0 = 1.855 Å is ef fecti vely the central wavelength of

he triplet and an apparent Doppler shift could simply be explained 
y a change in relative strength of the forbidden ( λ0 = 1.868 Å),
ntercombination ( λ0 = 1.858 Å), or resonance ( λ0 = 1.850 Å) com-
onents (Drake 1988 ). To inv estigate this possibility, we e xamined
ust the HEG spectra from each epoch, as the HEG has a slightly
igher resolution than MEG (0.012 Å). 7 The HEG spectra of the 
e XXV region are shown in the insets of both panels of Fig. 4 ,

ndicating that a change in relative line strengths may have occurred 
etween the two epochs. Ho we ver, the spectral resolution of the
EG precludes us from confidently disentangling individual triplet 

omponents or performing plasma diagnostics, so we are only able to 
peculate. 

.3.2 S/Ar region 

he BB algorithm does not find statistical evidence for any lines in
poch 1 ( α < 1.5). Ho we ver, a visual inspection of the spectra and

heir residuals (Fig. 5 ) suggest that there are lines consistent with
he known wavelengths of Ca XX Ly α (3.018 Å) and Ar XVIII Ly α
3.733 Å) in Epoch 1. If we include two Gaussians in the model
 https:// cxc.harvard.edu/ proposer/POG/html/ chap8.html 

 

L  

w  
or Epoch 1 we find 	 C = −27 for four fewer degrees of freedom
 	 C = −14 and 	 C = −13 for Ca and Ar, respectively), and best-
tting velocities of v = 596 ± 398 and v = 321 + 321 

−241 km s −1 for Ca XX

nd Ar XVIII , respectively. By Epoch 2, we no longer see evidence for
hese lines, and instead Ca and Ar have been replaced by a statistically
ignificant S XVI Ly α line with v = 190 + 127 

−190 km s −1 . 

.3.3 Si region 

he Si region exhibits two easily identifiable lines in both epochs
Fig. 6 ), those of Si XIV Ly α and the forbidden transition of the
e-like Si XIII triplet. In addition, the BB algorithm identifies two

eatures in Epoch 1 that are difficult to reconcile with known features.
he first feature is centred at λ = 7 . 805 + 0 . 016 

−0 . 017 Å and is consistent
ith the He-like Al XII intercombination line. Ho we ver, there is no

vidence for Al XIII Ly α elsewhere in the spectrum and the 7.805 Å
eature is broad in comparison to most of the other lines. Thus, the
ine is likely not due to Al XII . The second unidentified line is centred
t λ = 7 . 959 + 0 . 003 

−0 . 004 Å. The closest known feature in the AtomDB is Li-
ike Fe XXIV . Ho we ver, if this was the true identity of the detected line,
t would have v = −1127 + 113 

−150 km s −1 , very inconsistent with other
ines. As such, we consider the two features measured in Epoch 1 to
emain unidentified. 

The rest wavelength of Si XIII f is almost identical to that of Mg XII

y γ . Ho we ver, if the measured line is indeed Mg XII Ly γ , then
e would also expect the stronger Mg XII Ly β at 7.1 Å, which
MNRAS 516, 124–137 (2022) 
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Figure 4. Chandra /HETG spectra of the Fe region. Epoch 1 (ObsID: 22389) 
is shown in the upper panel and Epoch 2 (ObsID: 23158) in the lower panel. 
In both panels, we show the best-fitting model spectrum in red, including 
lines determined to be significant by the BB algorithm. Features labelled in 
parentheses are lines that were not detected by the BB algorithm, but could 
be present in the spectrum gi ven kno wledge of expected line energies of 
particular elements. Data/model ratios are also plotted for each epoch. In 
each panel, we also plot the HEG-only spectrum of the Fe XXV region inset. 
Dotted lines show the rest wavelengths of the resonance ( r ), intercombination 
( i ), and forbidden ( f ) components of the He-like triplet. 
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Figure 5. Chandra /HETG spectra of the S/Ar region. Epoch 1 (ObsID: 
22389) is shown in the upper panel and Epoch 2 (ObsID: 23158) in the 
lower panel. In both panels, we show the best-fitting model spectrum in 
red, including, where rele v ant, lines determined to be significant by the BB 

algorithm. Features labelled in parentheses are lines that were not detected 
by the BB algorithm, but could be present in the spectrum given knowledge 
of expected line energies of particular elements. Data/model ratios are also 
plotted for each epoch. 
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s not seen. The presence of only the forbidden member of the
riplet and a negligible contribution from the resonance line ( λ0 =
.648 Å) is indicative of a photoionized plasma (Porquet & Dubau
000 ). We discuss plasma diagnostics using the He-like Si lines in 
ection 5.2 . 

.3.4 Mg region 

n the Mg region, the BB algorithm identifies two lines (Fig. 7 ).
he first, in Epoch 1, is an absorption line at 9.470 ± 0.003 Å,
hich we are unable to identify with any line transitions commonly

een in LMXBs. AtomDB does note some n = 5 → 1 transitions
f Ne X at similar energies, but we do not detect any stronger n
 4, 3 → 1 transitions in the spectra. In addition, Ne X Ly α only

ppears (in emission) in Epoch 2, so the absorption feature remains 
uzzling. 
The second line, detected by the BB algorithm only in Epoch 2,

orresponds to Mg XII Ly α with v = 249 ± 71 km s −1 . Though
NRAS 516, 124–137 (2022) 
his feature is not detected by the BB algorithm in Epoch 1 (with a
hreshold for detection α ≥ 1.5), the residuals in the top panel of Fig. 7
uggest that a weak line may be present. Including a Gaussian line
n the model results in 	 C = −14 for two fewer degrees of freedom,
nd a best-fitting v = 499 ± 143 km s −1 . This line, if real, is much
eaker in Epoch 1 (Flux = 4 . 81 + 2 . 35 

−2 . 06 × 10 −5 photons s −1 cm 

−2 ) than
n Epoch 2 (Flux = 1 . 02 + 0 . 24 

−0 . 22 × 10 −4 photons s −1 cm 

−2 ), something
hat is also seen in the Si region across epochs. 

.3.5 Ne region 

n the Ne region spectra (Fig. 8 ), we can only confidently identify
ne of the lines detected by the BB algorithm, that of Ne X Ly α
t v = 247 ± 74 km s −1 in Epoch 2. In Epoch 1, broad lines at
= 11 . 170 + 0 . 018 

−0 . 007 and 12 . 477 + 0 . 027 
−0 . 015 Å may be associated with the

arge number of Fe L-shell transitions known to occur around
1 keV, but their true nature is unclear. Similarly, the feature at
= 10 . 633 + 0 . 004 

−0 . 005 Å in Epoch 2 is also difficult to identify. At λ �
2.5 Å, the source counts are very lo w, pre venting the detection of

art/stac2213_f4.eps
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Figure 6. Chandra /HETG spectra of the Si region. Epoch 1 (ObsID: 22389) 
is shown in the upper panel and Epoch 2 (ObsID: 23158) in the lower panel. In 
both panels, we show the best-fitting model spectrum in red, including lines 
determined to be significant by the BB algorithm. Lines with an uncertain 
identification are labelled ‘?’ Data/model ratios are also plotted for each 
epoch. In each panel we show a zoom of the Si XIII region inset, with dotted 
lines showing the rest wavelengths of the resonance ( r ), intercombination ( i ), 
and forbidden ( f ) components of the He-like triplet. 
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Figure 7. Chandra /HETG spectra of the Mg region. Epoch 1 (ObsID: 22389) 
is shown in the upper panel and Epoch 2 (ObsID: 23158) in the lower panel. 
In both panels, we show the best-fitting model spectrum in red, including 
lines determined to be significant by the BB algorithm. Features labelled in 
parentheses are lines that were not detected by the BB algorithm, but could 
be present in the spectrum gi ven kno wledge of expected line energies of 
particular elements. Lines with an uncertain identification are labelled ‘?’ 
Data/model ratios are also plotted for each epoch. 
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ow-energy features, in particular the Ne IX He-like triplet in the 
3.448–13.699 Å region. 

 DISCUSSION  

n this section, we will discuss the Chandra spectra and use several
iagnostics to determine the nature of the plasma, i.e. whether 
t is photoionized or if there are other ionization processes at 
ork. 

.1 A note on the X-ray continuum 

n Table 2 , we show the best-fitting spectral parameters for the
handra X-ray continuum indicating that the inner disc temperature 

n both epochs is kT in ≈ 1.4–1.5. Considering the MacDonald 
t al. 2014 distance to V4641 Sgr ( d = 6.2 ± 0.7 kpc) and the
orresponding L X ∼ 4 × 10 35 erg s −1 , the measured kT in corresponds
o a very small inner disc radius R in ∼ 2.9 × 10 5 cm in Epoch 1 (which
s smaller still in Epoch 2). This is smaller than the Schwarzschild
adius for a 6.4 M � BH ( R S ∼ 1.9 × 10 6 cm), and even smaller than
he expected innermost stable circular orbit (ISCO) for a maximally 
otating Kerr BH (1 . 235 r G ∼ 1 . 2 × 10 6 cm, where r G = R S /2). Thus,
his R in can be considered unfeasibly small for a source such as
4641 Sgr. We suggest, instead, that the observed flux is coming

rom X-rays that are scattered abo v e the disc and that the intrinsic
-ray luminosity is actually much higher than measured. This is 

onsistent with other studies of V4641 Sgr during the 2020 outburst,
amely the in-depth analysis of the NICER data presented by Buisson
t al. (in preparation). In addition, both Re vni vtse v et al. ( 2002 ) and
oljonen & Tomsick ( 2020 ) also suggest that the central engine

n V4641 Sgr may be obscured, potentially by an optically thick
quatorial outflow, resulting in the low X-ray luminosities often 
een in the system during outburst. We estimate that if the inner
isc is at kT in = 1.235 r G with kT in = 1.4 keV, then the intrinsic
 X needs to be at least 20 times larger than the value we measure

n Epoch 1. In Epoch 2, we estimate that the intrinsic L X should
e > 40 times the measured L X . These estimates are important
hen considering the locations of the line-emitting mediums in 
ection 5.3 . 
MNRAS 516, 124–137 (2022) 
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Figure 8. Chandra /HETG spectra of the Ne region. Epoch 1 (ObsID: 22389) 
is shown in the upper panel and Epoch 2 (ObsID: 23158) in the lower panel. In 
both panels, we show the best-fitting model spectrum in red, including lines 
determined to be significant by the BB algorithm. Lines with an uncertain 
identification are labelled ‘?’ Data/model ratios are also plotted for each 
epoch. 
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Figure 9. Chandra /HETG spectra of the Si complex. Epochs 1 (ObsID: 
22389) and 2 (ObsID: 23158) are shown in the upper and lower panel, 
respectively. In both panels, we show the best-fitting XSTAR model found 
when fitting (a) the full spectrum (blue) and (b) to the Si complex only (red). 
Data/model ratios are also plotted for each epoch. 
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.2 Plasma diagnostics with He-like triplets 

s discussed in Section 4.3.3 , resolving He-like lines in X-ray spectra
f astrophysical plasmas allows us to determine key properties of
he medium, including its density, temperature, and the dominant
onization processes (Porquet & Dubau 2000 ). In the case of
4641 Sgr, we detect a strong line at λ = 6.74 Å, consistent with the

orbidden, f , transition of Si XIII . This line is strong in both Chandra
pochs. 

Most notable about the Si region is the apparent lack of emission
rom the other members of the Si XIII triplet, namely the intercombi-
ation ( i ; λ0 = 6.687 Å) and resonance ( r ; λ0 = 6.648 Å) transitions.
 weak r line relative to f and i is a strong indicator of a purely
hotoionized plasma. To test this, we utilized the triplet fit
unction available as an add-on to ISIS , 8 which allows us to measure
ine ratios directly. 

We used a power law to approximate the continuum in the Si
egion and placed three Gaussian emission lines with σ = 0.003 Å
t the wavelengths of the i , r, and f , but shifted by the measured
alues of v for Si XIII f as detailed in Table 3 . We allowed the line
NRAS 516, 124–137 (2022) 

 https:// space.mit.edu/ ∼dph/triplet/triplet.html 

m  

R  

1

ux to vary but fixed λobs . In both epochs, we find that the best-
tting line flux for the r is consistent with zero. A weak resonance

ine means that collisional processes are negligible and the plasma is
ikely photoionized (Porquet & Dubau 2000 ). We can quantify this
y measuring the ratio G = 

f+ i 
r . A value of G > 4 is the signature of

 purely photoionized plasma. In Epochs 1 and 2, we measure G >

.37 and G > 2.67, respectively which, though not definitive in the
ase of Epoch 2, is evidence for photoionization being the dominant
onization process in the medium. For a purely photoionized plasma,
ig. 10 of Porquet & Dubau ( 2000 ) tells us the expected range of
lectron temperature, T e and in the case of Si XIII this range is T e ∼
 × 10 5 − 2 × 10 6 K. 
Next we measure the ratio R = 

f 
i , which is an indicator of the

article density of the plasma ( n e ). The strong forbidden lines
relative to other members of the triplet) present in the spectra at
oth epochs are indicative of a low density plasma. In Epoch 1, we
nd R = 1 . 97 + 5 . 32 

−0 . 64 , ef fecti vely R > 1.35. According to Porquet &
ubau ( 2000 ), this suggests an upper limit of n e � 5 × 10 13 cm 

−3 . In
poch 2, the i measured line flux is consistent with zero, meaning we
easure a best-fitting R > 5.33. This is outside the range at which
 is sensitive to density and thus implies a plasma density n e <
0 12 cm 

−3 . 

art/stac2213_f8.eps
https://space.mit.edu/~dph/triplet/triplet.html
art/stac2213_f9.eps


Chandra/HETG spectroscopy of V4641 Sgr 133 

Figure 10. Full Chandra /HETG spectra of V4641 Sgr. Epochs 1 (ObsID: 22389) and 2 (ObsID: 23158) are shown in the upper and lower panel, respectively. 
In both panels, we show, in red, the best-fitting model (presented in Table 4 ) of a partially co v ered disc blackbody, with two XSTAR photoionized plasmas. In the 
insets, we show zoom-ins of some of the emission features that have been modelled. Data/model ratios are also plotted for each epoch. 
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.3 Photoionization modelling 

nalysis of the He-like Si XIII lines implies that photoionization 
ominates, at least in the Si-emitting region of the plasma. The R
atio provides an upper limit to the density of the plasma, and the
erived G ratio implies T e ∼ 5 × 10 5 − 2 × 10 6 K. We can use this
nformation to simulate a photoionized medium and apply it to the 
pectra of V4641 Sgr. 

We used the best-fitting continuum model as an input to XSTAR 

2.54a 9 to calculate grids of photoionized spectra. We used the re-
ultant grids to determine the best-fitting n e and ionization parameter 
, which is defined according to Tarter, Tucker & Salpeter ( 1969 ): 

= 

L X 

n e r 2 
, (1) 

here r is the distance of the line-emitting medium from the central
onizing source. 

In Epoch 1, we find that a single photoionized plasma pro-
ides an acceptable fit ( C /dof = 2706/2544) to the spectrum with
og 10 ξ = 5 . 13 + 0 . 04 

−0 . 01 and n e ≥ 9.5 × 10 13 cm 

−3 . Ho we ver, this single 
 https:// heasarc.gsfc.nasa.gov/ lheasoft/xstar /xstar .html 

f  

l  

t  
odel is unable to account for the Si XIII He-like lines (Fig. 9 ,
pper panel, blue), which are indicative of a lower density than
hat implied by the best-fitting XSTAR model. Similarly, in Epoch 2,
e find C /dof = 3015/2544 for a single photoionized plasma with

og 10 ξ = 4 . 80 + 0 . 16 
−0 . 11 and n e = 8 . 9 + 0 . 2 

−0 . 1 × 10 12 cm 

−3 , again find that the
i XIII He-like lines remain poorly constrained in such a model
Fig. 9 , lower panel, blue). A single photoionized model applied
o the full energy range instead preferentially models the strong Fe
ines, in both epochs. 

In an attempt to solve this, we consider the possibility that there
re multiple emission zones responsible for the lines observed in 
he spectrum of V4641 Sgr. We therefore apply the photoionized 
lasma grid generated by XSTAR to just the Si lines, limiting the
t to the 6–7 Å range. In Epoch 1, we derive a best-fitting n e =
 . 2 + 0 . 6 

−2 . 8 × 10 12 cm 

−3 , which is consistent with the density derived
rom R . Ho we ver, we also find log 10 ξ < 3.18, much lower than the
 alue deri ved from fitting to the full spectrum (Fig. 9 , upper panel,
ed). This model does not reproduce the Fe lines when applied to
he full spectrum. In the case of Epoch 2, we find similar values
or the best-fitting XSTAR grid, with n e = 6 . 2 + 1 . 4 

−0 . 8 × 10 12 cm 

−3 and
og 10 ξ < 3.10. This is at odds with the n e < 10 12 cm 

−3 implied by
he measured R . Ho we ver, we note here that (a) the best-fitting XSTAR
MNRAS 516, 124–137 (2022) 
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M

Table 4. Best-fitting spectral parameters for the fully modelled 0.9–10 keV 

Chandra /HETG spectra of V4641 Sgr. The model consists of the partially 
co v ered disc-blackbody continuum, plus two photoionized plasmas, the 
first of which models the non-Fe plasma and includes both an absorption 
and emission component. The second photoionized plasma models the Fe 
emission only. 

Parameter Epoch 1 ObsID Epoch 2 

N H (10 21 cm 

−2 ) 2 . 8 + 0 . 0 −0 . 1 3.0 ± 0.1 

N H , pcf abs (10 21 cm 

−2 ) 51 . 3 + 0 . 0 −1 . 5 70.7 ± 2.7 

f 0 . 324 + 0 . 007 
−0 . 003 0 . 370 + 0 . 003 

−0 . 007 

kT in (keV) 1.441 ± 0.001 1 . 533 + 0 . 002 
−0 . 003 

N disc 10 . 70 + 0 . 03 
−0 . 10 54 . 91 + 0 . 02 

−0 . 09 

z abs, 1 ( ×10 −4 ) −5 + 2 −4 −16 + 8 −3 

n e, 1 (10 12 cm 

−3 ) 6 . 7 + 0 . 8 −1 . 7 5 . 1 + 1 . 2 −1 . 1 

N e, 1 (10 21 cm 

−2 ) > 2.6 > 2.8 
log 10 ξ1 < 3.06 < 3.14 
z emis, 1 ( ×10 −4 ) 17 + 7 −6 8 + 3 −2 

N XSTAR , 1 ( ×10 −3 ) 5 . 8 + 1 . 4 −2 . 2 12 . 4 + 1 . 2 −1 . 6 

n e, 2 (10 12 cm 

−3 ) > 92.2 7 . 0 + 0 . 9 −0 . 8 

N e, 2 (10 21 cm 

−2 ) 1 . 3 + 0 . 2 −0 . 9 < 0.3 

log 10 ξ2 5.35 ± 0.01 5 . 15 + 0 . 03 
−0 . 05 

z emis, 2 ( × 10 −4 ) 7 + 4 −3 12 + 2 −7 

N XSTAR , 2 12 . 9 + 0 . 0 −5 . 4 4 . 9 + 0 . 6 −0 . 7 

C /dof 2582.2/2534 2828.6/2534 

Notes. z abs, 1 : redshift of the absorption component of the first photoionized 
plasma 
n e, 1/2 : electron density of the first/second photoionized plasma 
N e, 1/2 : column density of the first/second photoionized plasma 
log 10 ξ1/2 : logarithm of the ionization parameter for the first/second photoion- 
ized plasma 
z emis, 1/2 : redshift of the emission component of the first/second photoionized 
plasma 
N XSTAR , 1/2 : normalization of the first/second photoionized plasma 
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odel slightly underestimates the strength of the Si XIII f line (Fig. 9 ,
ower panel, red) and (b) our measured R > 5.33 is higher than any
alue of R considered by Porquet & Dubau ( 2000 ) for the Si XIII

riplet. Thus, our estimate of n e from line ratios may be inaccurate.
gain, the model in Epoch 2 does not reproduce the Fe lines when

pplied to the full spectrum. 
Interestingly, when the model derived just from the Si complex

s applied to the full spectrum, we find that, even though the Fe
omplex is not reproduced, many other lines are. Most notably, the
odel reproduces the Mg XII Ly α lines detected in both epochs,

ut we also find that it predicts the S XVI and Ne X lines that are
etected by the BB algorithm in Epoch 2. 10 It is therefore possible
hat multiple emission zones exist within the V4641 Sgr system,
here the Fe emission is separate to emission from many other metal 

ons. 
We add a second XSTAR component to the model derived from the

i region alone, in an effort to constrain the Fe lines at the same
ime as those from other ions are constrained. The results of the
t are shown in T able 4 . W e find acceptable fits for both epochs,
ith C /dof = 2582.2/2534 in Epoch 1 and C /dof = 2828.6/2534

n Epoch 2. In both epochs, the best-fitting model implies that
NRAS 516, 124–137 (2022) 

0 Ho we ver, the unidentified lines detailed in Table 3 are not reproduced. 

w  

a  
here can be two separate photoionized plasma components, each
ith their own density and ionization parameter. In Epoch 1, we
nd n e , 1 = 6 . 7 + 0 . 8 

−1 . 7 × 10 12 cm 

−3 and log 10 ξ 1 < 3.06 for the first
hotoionized component, which we interpret as the Si-emitting
lasma. For the second photoionized model component, we find
 e, 2 > 9.2 × 10 13 cm 

−3 , and log 10 ξ 2 = 5.35 ± 0.01, which
e interpret as the Fe-emitting plasma. For Epoch 2, we find
 e , 1 = 5 . 1 + 1 . 2 

−1 . 1 × 10 12 cm 

−3 and log 10 ξ 1 < 3.14 for the first (Si-
mitting) plasma component and n e , 2 = 7 . 0 + 0 . 9 

−0 . 8 × 10 12 cm 

−3 and
og 10 ξ2 = 5 . 15 + 0 . 03 

−0 . 05 for the second (Fe-emitting) plasma component.
e show the full fit to the Chandra /HETG spectra from both epochs

n Fig. 10 . 
Utilizing equation ( 1 ), we can estimate the distance, r , of the

resumed two line emitting mediums from the central ionizing
ource. Recalling, from Section 5.1 , that the intrinsic L X is likely
ore than an order of magnitude brighter than what we measure.
or the purposes of these estimates we assume a fiducial factor
f 50 such that L X = 2.0 × 10 38 erg s −1 in Epoch 1 and L X =
.1 × 10 38 erg s −1 in Epoch 2. Bearing in mind that we only find
n upper limit for log 10 ξ in Epoch 1, we find a lower limit r Si 

 1.6 × 10 11 cm for the Si-emitting medium, whilst in Epoch 2
e find r Si � 1.3 × 10 11 cm. For the Fe-emitting plasma, we

stimate r Fe � 3.1 × 10 9 cm and r Fe ∼ 1.1 × 10 10 cm in Epochs
 and 2, respectively - much closer to the BH than the Si-emitting 
edium. 
In addition, we can use the best-fitingt n e to estimate the size of the

mitting regions, since N e = n e 	 r , where N e is the column density of
he photoionized plasma (which is also fit by the XSTAR grid) and 	 r
s the size of the medium. In Epoch 1, we find N e > 2.6 × 10 21 cm 

−2 

nd N e = 1 . 3 + 0 . 2 
−0 . 9 × 10 21 cm 

−2 for the Si- and Fe-emitting plasma,
espectively, implying 	 r Si > 3.9 × 10 8 cm and 	 r Fe < 1.4 × 10 8 cm.
n Epoch 2, we find N e > 2.8 × 10 21 cm 

−2 and N e < 3.0 × 10 20 cm 

−2 

or the Si- and Fe-emitting plasma, respectively, implying 	 r Si >

.5 × 10 8 cm and 	 r Fe < 4.3 × 10 7 cm. This implies that the Fe-
mitting region is more compact than the Si-emitting plasma, in both
handra epochs. 

.4 Line Origins: a spherical outflow? 

e find that the narrow lines in the two Chandra /HETG spectra of
4641 Sgr are best described by two photoionized plasma compo-
ents in conjunction with a partially co v ered disc blackbody model.
lthough the BB algorithm we used to perform the initial line search
id not pick out any blue-shifted absorption features at 95 per cent
onfidence, we find that the best-fitting twin photoionized plasma
odel implies the existence of weak P-Cygni profiles in the spectra

at least for the non-Fe plasma; see Fig. 9 , red, and Fig. 10 ), hinting
t the existence of a spherical outflow, or at the very least, one with a
on-zero solid angle (see e.g. Mauche & Raymond 1987 ; Matthews
t al. 2015 ). The best-fitting velocities in Epoch 1 (from the z values
n Table 4 ) are v = −150 + 60 

−90 km s −1 and v = 480 ± 180 km s −1 

or the blue absorption and red emission components of the non-Fe
lasma, respectively. In Epoch 2, we find v = −480 + 240 

−90 km s −1 and
 = 240 + 120 

−60 km s −1 . Although these are lower velocity shifts than,
ay, those seen in V404 Cyg (King et al. 2015 ), similar centroid
elocities were seen in H α during previous outbursts of V4641 Sgr
see fig. 4 of Mu ̃ noz-Darias et al. 2018 ), who ascribe the observed
rofiles to a spherical wind. In addition, Lindstrøm et al. ( 2005 ) noted
 weak P Cygni-like profile in Fe II λ5179 during the 2004 outburst,
ith the absorption component blueshifted by v ∼ 500 km s −1 ,

gain consistent with our measurements in the second Chandra
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Figure 11. Simulations of the 1.7–1.9 Å region of the X-ray spectrum of 
V4641 Sgr. The top panel shows a simulated spectrum with XRISM /Resolve, 
while the bottom panel shows a simulation with Athena /X-IFU. Both spectra 
are simulated assuming a 5 ks exposure time. In the top panel, the wavelengths 
of the Fe XXVI Ly α doublet and the Fe XXV He-like lines – which are actually 
resolved as a quadruplet by Athena – are labelled. In both panels, the red line 
represents the best-fitting model to the Epoch 1 Chandra /HETG spectrum of 
the Fe region (see Fig. 4 ). Both simulated spectra are grouped such that each 
bin has a minimum of 10 counts. 
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poch. We must emphasize here that, as the blue-shifted absorption 
eatures were not detected at 95 per cent confidence by the BB
ine search, the spherical wind hypothesis is speculati ve. Ho we ver,
uch a hypothesis does line up with previous, optical, studies of
4641 Sgr. 

 H I G H - R E S O L U T I O N  X - R AY  SPECTROSCOPY  

ITH  F U T U R E  INSTRU MENTATION  

ince launch, Chandr a /HETGS has pro v ed a powerful tool to study
strophysical plasmas at high resolution. The next generation of 
-ray instrumentation will probe X-ray spectra with resolutions as 

ow as a few eV ( ∼10 −4 Å). Here we present simulated spectra of
4641 Sgr to visualize how our knowledge of the spectrum might 

mpro v e with the successful launch of future X-ray missions. In
articular, we focus on the Fe and Si regions. 
The X-ray Imaging and Spectroscopy Mission ( XRISM ; Tashiro 

t al. 2018 ) will carry a microcalorimeter called Resolve (Ishisaki
t al. 2018 ) as part of its instrumentation suite. Resolve’s energy
esolution is expected to be 5–7 eV in the 0.3–12 keV bandpass, with
 nominal requirement of at least 7 eV (0.0024 Å). The Fe XXVI Ly α
ine is actually a fine-structure doublet, whereas Fe XXV is an He-
ike triplet similar to the Si XIII lines studied in this work. These
ines are unresolved in Chandra /HETG, 11 but should be resolved by 
RISM /Resolve. 
To test this, we performed simulations in the 1.7–1.9 Å range using

he publicly available response matrices for the minimum energy 
esolution requirement of 7 eV. Our input spectrum included six 
aussians, two consist of the Ly α3/2 ( λ = 1.778 Å) and Ly α1/2 ( λ =
.783 Å) doublet with a flux ratio of 2:1 as implied by the AtomDB .
he remaining 4 Gaussian lines make up the r ( λ = 1.850 Å), i
 λ1 = 1.855 Å, λ2 = 1.860 Å), and f ( λ = 1.868 Å) components
f the He-like Fe XXV , which is actually a quadruplet due to the
ntercombination doublet. We use a fiducial flux ratio of r : i 1 : i 2 : f =
:2:2:8, as implied by the measured R ∼ 2 and G ∼ 4 values of Si XIII

rom the first Chandra /HETG epoch, but note that this may not hold
or He-like Fe XXV (see e.g. Fig. 4 ; inset). The width of the lines
as fixed to 0.0007 Å. We find that with just a 5 ks exposure with
RISM /Resolve, the Ly α doublet can easily be resolved. In addition, 
e are able to resolve the r and f components of Fe XXV , though the

wo intercombination lines remain undetected. 
Beyond XRISM , the Advanced Telescope for High Energy As- 

rophysics ( Athena ; Nandra et al. 2013 ; Barret et al. 2020 ) has a
arget launch date of 2035 and will carry the X-ray Integral Field
nit (X-IFU Barret et al. 2016 ). X-IFU will provide better than
.5 eV ( ∼0.0006 Å) resolution up to 7 keV, with a large ef fecti ve
rea ( ∼970 cm 

2 at 7 keV). We simulated Athena /X-IFU spectra of
he Fe region using the same input model as for XRISM /Resolve,
hough with the line widths instead fixed to 0.0002 Å. We find that
e are able to easily resolve the Fe XXVI Ly α doublet, as well as
e XXV r and f in just 1 ks. Increasing the exposure time to 5 ks, as
e did with the XRISM /Resolve simulation, allows us to measure 

he individual components of the intercombination doublet. The 
wo simulated spectra from XRISM /Resolve and Athena /X-IFU are 
resented in Fig. 11 . 
Resolving the He-like lines of Fe will allow us to perform 

lasma diagnostics on the iron-emitting plasma much like we did in 
ection 5.2 with Si XIII . Studying the Fe XXV complex will allow us

o probe and accurately quantify higher densities than those allowed 
1 Though see the insets in Fig. 4 

N  

(  

o

y lower Z ions such as Si XIII , up to a few 10 17 cm 

−3 , as well as probe
igher temperatures via the G ratio (Porquet, Dubau & Grosso 2010 ).
urthermore, the large collecting area of the future X-ray missions, 
ombined with the increase in spectral resolution, will enable us to
race line properties on ∼ks time-scales, measuring changes in, for 
xample, equi v alent widths over the binary orbital period, opening
p the ability to study the spatial distribution of the line-emitting
aterial at different orbital phases (Doppler tomography). 
The large ef fecti ve area of Athena /X-IFU will also allow us to

robe plasma diagnostics at longer wavelengths, for example the 
i XIII complex. We again simulated spectra of V4641 Sgr, this time

n the Si region, using an input ratio r : i 1 : i 2 : f = 3:2:2:8 for Si XIII

s implied by the measured R ∼ 2 and G ∼ 4 from Epoch 1 of
handra /HETG. We acknowledge the large scatter in the measured 
 and G ratios (Si XIII r is actually consistent with zero in the Chandra
ata), but choose these ratios as an example to test the capabilities
f Athena /X-IFU. In a 5 ks exposure, we find that, though the Si XIV

y α and Si XIII intercombination doublets remain unresolved, the 
riplet is easily detected. Utilizing the triplet fit function, as 
e did in Section 5.2 , we measure R = 2 . 2 + 0 . 3 

−0 . 4 and G = 3 . 5 + 0 . 7 
−0 . 4 . 

 C O N C L U S I O N S  

e have presented a study of the 2020 outburst of the BH–LMXB
4641 Sgr. We obtained spectra of the system with NuSTAR in 2020

anuary when it was in Sun constraint for the majority of other
elescopes. NuSTAR revealed a hot disc-dominated spectrum with 
 strong emission feature in the 6–7 k eV range. Tw o epochs of
pectroscopy with the Chandra /HETGS also found a similar X-ray 
ontinuum. The measured inner disc temperatures and luminosities in 
oth epochs imply that the central engine of V4641 Sgr is obscured,
nd that X-rays are scattered abo v e the disc. 

Chandr a /HETG resolv ed the 6–7 keV emission feature seen by
uSTAR into two strong, highly ionized Fe lines at 6.7 and 6.97 keV

1.855 and 1.780 Å, respectiv ely). Chandr a also rev ealed a number
f other highly-ionized metal emission lines, including Si XIV Ly α
MNRAS 516, 124–137 (2022) 
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nd even He-like Si XIII . We used the He-like Si lines to perform
ome plasma diagnostics, measuring the ratio between the individual
riplet components to find that the emission was consistent with
 photoionized plasma. We then generated grids of photoionized
lasmas using XSTAR , finding that the Chandra spectra in both epochs
ould be well described by two photoionized components, one to
eproduce the Fe lines and a second for the non-Fe metals. This
mplies that there were two distinct emission regions responsible for
he narrow line emission seen in V4641 Sgr, with separate ionization
arameters and densities for each. 
Though Chandr a /HETGS rev ealed a myriad of strong lines in the

-ray spectrum of V4641 Sgr, we show that the next generation of
-ray instrumentation will deliver higher S/N spectra in a fraction
f the time. In particular, Athena /X-IFU will provide high spectral
esolution and ef fecti ve area such that we will be able to track X-ray
ine properties o v er meaningful timescales, such as the binary orbital
eriod, in BH-LMXBs such as V4641 Sgr. 
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