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A B S T R A C T 

We present a study S K -edge using high-resolution HETGS Chandra spectra of 36 low-mass X-ray binaries. For each source, 
we have estimated column densities for S I , S II , S III , S XIV , S XV , and S XVI ionic species, which trace the neutral, warm, and 

hot phases of the Galactic interstellar medium. We also estimated column densities for a sample of interstellar dust analogues. 
We measured their distribution as a function of Galactic latitude, longitude, and distances to the sources. While the cold-warm 

column densities tend to decrease with the Galactic latitude, we found no correlation with distances or Galactic longitude. This 
is the first detailed analysis of the sulphur K -edge absorption due to ISM using high-resolution X-ray spectra. 

Key words: ISM: abundances – ISM: atoms – ISM: structure – Galaxy: structure – X-rays: ISM. 

1

T  

G  

c  

e  

e  

m  

v  

2  

R  

Z
 

r  

a  

p  

a  

X  

a  

a  

G  

G  

K  

e  

Y

�

 

v  

t  

i  

S  

p  

P  

t  

c  

 

C  

t  

S  

c  

r  

o

2
F

W  

s  

w  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/2/1648/7326793 by G
azikent U

niversitesi user on 13 D
ecem

ber 2023
 I N T RO D U C T I O N  

he interstellar medium (ISM) is one of the essential components in
alactic dynamics because it regulates the star life cycles as well as

ooling and Galactic star formation rates (Wong & Blitz 2002 ; Bigiel
t al. 2008 ; Leroy et al. 2008 ; Lada, Lombardi & Alves 2010 ; Lilly
t al. 2013 ). Defined as gas and dust between stars, the ISM shows
ultiple phases characterized by different gas temperatures, which

ary from 10 to 10 6 K (e.g. McKee & Ostriker 1977 ; Falgarone et al.
005 ; Tonnesen & Bryan 2009 ; Draine 2011 ; Jenkins & Tripp 2011 ;
upke & Veilleux 2013 ; Zhukovska et al. 2016 ; Stanimirovi ́c &
weibel 2018 ). 
Such a complex environment can be analysed using the high-

esolution X-ray spectroscopy technique. Bright X-ray sources,
cting as lamps, are required to carry out such an analysis. The
hysical properties of the gas between the observer and the source
re studied by modelling the absorption features identified in the
-ray spectra. In the last decade, the O, Fe, Ne, Mg, N, and Si K

bsorption edges associated with the ISM have been analysed by
pplying this method (Pinto et al. 2010 , 2013 ; Costantini et al. 2012 ;
atuzz et al. 2013a , b , 2014 , 2015 , 2016 ; Joachimi et al. 2016 ;
atuzz & Churazov 2018 ; Gatuzz et al. 2018a , b ; Gatuzz, Garc ́ıa &
allman 2019 ; Zeegers et al. 2019 ; Gatuzz et al. 2020a ; Psaradaki

t al. 2020 ; Gatuzz, Garc ́ıa & Kallman 2021 ; Rogantini et al. 2021 ;
ang et al. 2022 ; Gatuzz et al. 2023 ). 
 E-mail: egatuzz@mpe.mpg.de , efraingatuzz@gmail.com 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
Sulphur constitutes an excellent diagnostic tool for studying
arious astrophysical environments, although its chemistry still needs
o be fully understood (Laas & Caselli 2019 ). Sulphur remains in
onized atomic form within primitive ISM environments (Savage &
embach 1996 ; Jenkins 2009 ). Sulphur-bearing molecules probe the
hysical structure of star-forming regions (Lada, Bally & Stark 1991 ;
lume et al. 1997 ). Depletion into dust grains has been proposed due

o the drastic reduction of the cosmic sulphur abundance in molecular
louds (Keller et al. 2002 ; Scappini et al. 2003 ; Wakelam et al. 2004 ).

Here, we present an S K-edge absorption region analysis using
handra observation of low-mass X-ray binaries (LMXBs). Sec-

ion 2 describes the data sample and spectral fitting procedure.
ection 3 describes the atomic data calculation and photoabsorption
ross-sections included in the modelling. Section 4 discusses the
esults obtained from the fits. Finally, we summarize the main results
f our analysis in Section 5 . 

 X - R AY  OBSERVATI ONS  A N D  SPECTRAL  

ITTING  

e analyse Chandra spectra of 36 LMXBs along different lines of
ight. To build our sample, we have selected those sources for which
e have at least 1000 counts in the sulphur edge absorption region

4.5–5.5 Å). To get an unbiased sample, we did not impose any
onstraints on the significance of the detection for a particular line
e.g. S XVI K α detection). Table 1 shows the specifications of the
ources, including Galactic coordinates, hydrogen column densities
aken from Willingale et al. ( 2013 ), and distances, if available. We
ote that Willingale et al. ( 2013 ) column densities correspond to
© 2023 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Table 1. List of Galactic observations analysed. 

Source Galactic Distance N (H I + H2) 
Coordinates (kpc) 

4U 0614 + 091 (200.88, −3.36) 2 . 2 + 0 . 8 −0 . 7 
a 5 .86 

4U 1254 − 690 (303.48, −6.42) 13 ± 3 b 3 .46 
4U 1630 − 472 (336.91, 0.25) 4 c 17 .6 
4U 1636 − 53 (332.92, −4.82) 6 ± 0.5 d 4 .04 
4U 1702 − 429 (343.89, −1.32) 6.2 ± 0.9 e 12 .3 
4U 1705 − 44 (343.32, −2.34) 8.4 ± 1.2 e 8 .37 
4U 1728 − 16 (8.51, 9.04) 4.4 c 3 .31 
4U 1728 − 34 (354.30, −0.15) 5.3 ± 0.8 e 13 .9 
GX 9 + 9 (8.51, 9.04) 4.4 c 3 .31 
H1743 − 322 (357.26, −1.83) 10.4 ± 2.9 f 8 .31 
IGRJ17091 − 3624 (349.52, 2.21) − 7 .72 
NGC 6624 (2.79, −7.91) 7 g 2 .33 
EXO 1846 − 031 (29.96, −0.92) − 13 .9 
GRS 1758 − 258 (4.51, −1.36) 8.5 c 9 .03 
GRS 1915 + 105 (45.37, −0.22) 11 + 1 −4 

e 15 .1 
GS 1826 − 238 (9.27, −6.09) 7.5 ± 0.5 h 3 .00 
GX 13 + 1 (13.52, 0.11) 7 ± 1 i 13 .6 
GX 17 + 2 (16.43, 1.28) 14 + 2 −2 . 1 

e 10 .0 
GX 3 + 1 (2.29, 0.79) 5 + 0 . 8 −0 . 7 

j 10 .7 
GX 339 − 4 (338.94, −4.33) 10 + 5 −4 

k 5 .18 
GX 340 + 0 (339.59, −0.08) 11 c 20 .0 
GX 349 + 2 (349.10, 2.75) 9.2 c 6 .13 
GX 354 + 0 (354.30, −0.15) 5.3 ± 0.8 e 13 .9 
GX 5 − 1 (5.08, −1.02) 0.21 ± 0.01 l 10 .4 
V4641 Sgr (6.77, −4.79) − 3 .23 
X1543 − 62 (321.76, −6.34) 7 m 3 .79 
X1822 − 371 (356.85, −11.29) 2.5 ± 0.5 n 1 .40 
XTEJ1814 − 338 (358.75, −7.59) − 2 .29 
4U 1735 − 44 (346.05, −6.99) 9.4 ± 1.4 e 3 .96 
GX 9 + 1 (9.08, 1.15) 4.4 ± 1.3 o 9 .89 
4U 1916 − 053 (31.36, −8.46) 8.8 ± 1.3 e 3 .72 
4U 1957 + 11 (51.31, −9.33) − 2 .01 
A1744-361 (354.12, −4.19) 9 p 4 .44 
Cir X −1 (322.12, 0.04) 9 . 2 + 1 . 3 −1 . 4 16 .4 
Cyg X −2 (87.33, −11.32) 13 . 4 + 1 . 9 −2 

e 3 .09 
Ser X −1 (36.12, 4.84) 11.1 ± 1.6 e 5 .42 

Notes. N (H I ) in units of 10 21 cm 

−2 . 
Distances obtained from 

a Paerels et al. ( 2001 ); 
b in’t Zand et al. ( 2003 ); c Grimm, Gilfanov & Sunyaev ( 2002 ); 
d Galloway et al. ( 2006 ); e Jonker & Nelemans ( 2004 ); 
f Corbel et al. ( 2005 ); g Baumgardt & Hilker ( 2018 ); 
h Kong et al. ( 2000 ); i Bandyopadhyay et al. ( 1999 ); 
j Oosterbroek et al. ( 2001 ); k Hynes et al. ( 2004 ); 
l Gaia Collaboration ( 2020 ); m Wang & Chakrabarty ( 2004 ); 
n Mason & Cordova ( 1982 ); o Iaria et al. ( 2005 ); 
p Bhattacharyya et al. ( 2006 ). 
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Figure 1. Photoabsorption cross-sections included in the model for S I (top 
panel), S II , S III (second panel), S XIV , S XV , and S XVI (third panel) and 
three samples of interstellar dust analogues, namely alabandite, pyrrhotite, 
and troilite (bottom panel). Photoabsorption cross-sections, previously com- 
puted by Witthoeft et al. ( 2009 ), Witthoeft et al. ( 2011 ), are also shown. 
While the general profiles are quite similar, differences exist in the K -edge 
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 (H I + H2) average values along line of sights, covering all material
n the galaxy. Ho we v er, the y can be safely used because our analysis
o v ers a small wavelength region ( ∼1 Å). 

All spectra have been obtained with the high-energy grating 
HEG) from the high-energy transmission grating (HETGS) in 
ombination with the Advanced CCD Imaging Spectrometer (ACIS). 
bservations were reduced using the Chandra Interactive Analysis 
f Observations ( CIAO , 1 version 4.15.1), including background sub- 
raction and following the standard procedure. All observations were 
tted with the XSPEC package (version 12.11.1 2 ) in the 4.5–5.5 Å
MNRAS 527, 1648–1655 (2024) 

 http:// cxc.harvard.edu/ ciao/ threads/ gspec.html 
 http:// heasarc.nasa.gov/ xanadu/ xspec/ 

positions between the two calculations because orbital relaxation effects 
are considered in this work for generating a basis tailored to inner-shell 
ionization. 

http://cxc.harvard.edu/ciao/threads/gspec.html
http://heasarc.nasa.gov/xanadu/xspec/


1650 E. Gatuzz et al. 

M

Figure 2. Best-fitting results in the S K-edge photoabsorption region for the 
LMXB GX13 + 1. The black data points correspond to the observations (in 
flux units and combined for illustrative purposes), while the solid red line 
corresponds to the best-fitting model. The position of the K α absorption 
lines are indicated for each ion, following the colour code used in Fig. 1 . 
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odel. For each source, all observations were fitted simultaneously
ith γ and the normalization as independent parameters to account

or changes in the continuum at different epochs. Finally, we use the
NRAS 527, 1648–1655 (2024) 

able 2. Best-fitting sulphur column densities obtained. 

Source S I S II S III S XIV 

4U0614 + 091 < 15.3 < 7.3 13.9 ± 8.5 4.3 ± 0.8 
4U1254 − 690 < 40.6 < 61.8 < 22.4 < 33.7 
4U1630 − 472 < 3.7 < 3.1 16.3 ± 9.0 < 1.1 
4U1636 − 53 < 6.1 < 3.5 < 5.2 < 0.7 
4U1702 − 429 103.4 ± 31.4 < 32.7 < 22.4 < 47.2 
4U1705 − 44 35.1 ± 10.3 < 17.0 < 4.0 < 0.3 
4U1728 − 16 < 8.6 < 15.0 < 4.9 14.3 ± 2.2 
4U1728 − 34 < 26.2 84.7 ± 39.9 < 24.3 < 82.1 
GX9 + 9 10.2 ± 8.7 < 5.0 < 2.8 < 4.6 
H1743 − 322 92.4 ± 35.4 < 60.5 < 11.7 < 25.7 
IGRJ17091 − 3624 < 4.9 < 14.0 < 6.8 < 0.5 
NGC6624 < 9.7 < 6.4 < 25.4 < 6.2 
EXO1846 − 031 < 3.5 35.8 ± 9.8 33.1 ± 7.2 < 0.2 
GRS1758 − 258 < 64.2 < 70.5 73.2 ± 41.1 < 71.3 
GRS1915 + 105 91.7 ± 8.5 < 1.2 15.7 ± 6.0 < 0.3 
GS1826 − 238 < 8.7 < 9.8 < 17.9 < 32.5 
GX13 + 1 76.7 ± 5.8 < 0.7 < 0.8 < 0.6 
GX17 + 2 < 36.8 < 30.1 24.1 ± 10.8 < 13.8 
GX3 + 1 < 9.2 22.6 ± 7.9 < 7.2 < 1.2 
GX339 − 4 < 8.4 < 4.6 29.0 ± 8.3 < 6.5 
GX340 + 0 46.9 ± 8.6 < 3.8 55.1 ± 6.8 < 4.8 
GX349 + 2 < 5.3 < 5.9 7.6 ± 3.1 < 1.5 
GX354 + 0 < 24.2 38.8 ± 24.3 26.3 ± 16.7 < 1.7 
GX5 − 1 35.3 ± 9.2 22.9 ± 6.8 6.5 ± 3.1 < 0.9 
V4641Sgr < 33.9 < 42.4 < 10.1 < 16.5 
X1543 − 62 < 45.8 < 17.9 < 13.6 < 7.1 
X1822 − 371 < 12.1 < 10.3 < 7.6 < 16.8 
XTEJ1814 − 338 < 42.9 < 43.9 < 52.2 < 0.0 
4U1735 − 44 < 39.1 < 11.4 < 7.3 < 25.1 
GX9 + 1 < 48.5 < 35.6 16.3 ± 12.3 27.8 ± 19.9 
4U1916 − 053 < 20.2 < 40.1 < 14.9 57.9 ± 33.7 
4U1957 + 11 < 17.8 < 8.5 < 9.7 < 1.2 
A1744 − 361 < 6.1 < 5.7 18.2 ± 11.4 43.1 ± 36.8 
CIRX − 1 < 9.0 25.7 ± 10.9 11.3 ± 8.7 < 0.7 
CYGX − 2 < 24.1 < 11.7 < 10.9 35.0 ± 22.9 
SERX − 1 < 5.8 < 13.3 < 6.5 < 0.2 

ote. Column densities in units of 10 16 cm 

−2 for the ionic species and 10 14 cm 

−2 for the du
2 statistics in combination with the Churazov et al. ( 1996 ) weighting
ethod. 

 A  TO MIC  DA  TA  C A L C U L A  T I O N  

o fit the S K-edge absorption region, we computed S I -S XIV

hotoabsorption cross-sections (i.e. Li-like) as follows. From a
ingle-configuration perspective for the inner-shell photoexcitation
f the sulphur ground state, the specific processes to be considered
re the followings: 

ν + S (1 s 2 2 s 2 2 p 

6 3 s 2 3 p 

4 )[ 3 P ] 

→ 1 s 2 s 2 2 p 

6 3 s 2 3 p 

4 np[ 3 S o , 3 P 

o , 3 D 

o ] . (1) 

his intermediate autoionizing, or resonant, state can decay via two
ualitati vely dif ferent Auger pathways. Firstly, there is participator
uger decay 

 s2 � 8 3 � 6 np → 1 s 2 2 � a 3 � b + e − , ( a + b = 13) , 

n which the valence electron np participates in the autoionization
rocess, thus giving a decay rate that scales as 1/ n 3 . On the other
and, secondly spectator Auger decay 

 s2 � 8 3 � 6 np → 1 s 2 2 � c 3 � d np + e − , ( c + d = 12) , 

roceeds via a stronger, n -independent Auger rate, causing a massive
roadening of the entire Rydberg series of resonances below the K-
dge. Participator Auger decay is accounted for straightforwardly
S XV S XVI Alabandite Pyrrohtite Troilite χ2 /d.of. 

< 2.4 3.3 ± 0.5 < 8.1 < 7.5 < 7.8 1269.0/1259 
< 12.8 < 29.5 < 26.9 < 23.8 < 25.5 355.9/308 
< 2.9 7.3 ± 6.9 < 12.4 < 62.1 < 104.4 1315.7/1259 
< 1.3 2.8 ± 0.4 < 4.6 < 3.7 < 4.4 3130.1/2846 
< 13.8 < 37.8 < 0.1 < 0.1 < 19.0 292.8/308 
< 0.9 < 0.6 < 2.3 < 2.2 < 2.1 1642.1/1576 
< 4.4 < 2.9 < 0.1 < 15.4 < 0.1 322.5/308 
< 26.5 < 42.5 < 22.6 < 22.9 < 21.9 334.7/308 
< 0.5 3.2 ± 2.1 < 5.2 < 5.0 < 4.6 291.9/308 
< 25.2 < 3.1 < 0.1 < 0.1 < 0.1 2200.6/2527 
< 1.1 7.8 ± 6.9 < 4.5 < 5.2 < 4.3 2548.9/2527 
< 10.3 < 1.0 < 95.1 < 42.9 < 35.4 612.3/625 
< 0.1 3.6 ± 2.9 < 10.8 < 10.8 < 9.3 1660.7/1576 
< 4.6 < 4.7 < 39.2 < 22.5 < 28.2 637.8/625 
< 0.3 30 ± 14.6 < 12.0 < 11.0 < 10.0 1809.0/1579 
< 1.2 < 8.3 < 9.9 < 9.3 < 8.7 329.9/308 
< 0.1 129.7 ± 12.5 < 2.1 < 2.1 < 2.3 3182.2/2844 
< 0.7 < 3.4 < 4.6 < 0.1 < 0.1 281.8/308 
< 0.1 < 0.8 < 10.8 < 10.4 < 10.0 3099.2/3161 
< 0.4 < 0.3 < 19.4 < 8.1 < 8.6 953.5/942 
< 0.3 < 0.2 < 20.0 < 18.1 < 18.0 1341.3/1262 
< 0.1 < 0.4 < 7.1 < 7.1 < 7.3 2069.7/1893 

2.2 ± 0.44 < 6.7 < 7.3 < 0.1 < 7.1 821.9/942 
< 0.0 < 0.1 < 0.1 < 1.4 < 0.1 2558.3/2527 
< 1.3 28.8 ± 3.62 < 20.0 < 0.1 < 20.3 565.3/625 

20.2 ± 2.9 < 9.6 < 64.0 < 55.7 < 58.4 306.9/308 
< 11.8 < 0.7 < 0.1 < 9.9 < 0.1 533.4/625 
< 181.0 < 60.1 < 49.8 < 48.8 < 48.9 317.1/308 
< 4.4 < 0.8 < 16.8 < 20.6 < 19.4 346.4/308 
< 1.2 < 4.4 < 44.4 < 44.0 < 43.2 637.5/625 
< 4.6 88.5 ± 48.2 < 31.8 < 39.9 < 57.0 1966.7/1893 
< 0.6 23.0 ± 18.0 < 0.1 < 0.1 < 9.6 946.3/942 
< 1.3 < 11.2 < 4.9 < 4.6 < 4.8 884.7/942 
< 4.1 71.1 ± 21.0 < 7.0 < 6.7 < 3.7 1366.0/1259 

1.9 ± 1.3 < 4.3 < 28.7 < 30.2 < 30.3 740.0/625 
< 0.5 < 0.1 < 0.1 < 3.4 < 0.1 978.7/942 

st samples. 
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Figure 3. Best-fitting column densities for the cold (S I ), warm (S II + S III ), 
hot (S XIV + S XV + S XVI ), and dust ISM phases. 
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y explicitly including all final S II ionic channels in the standard
-matrix implementation (Burke 2011 ; Berrington, Eissner & Nor- 

ington 1995 ). 
A point needs to be made regarding an alternate, and sometimes

ignificant, decay pathway: that of spontaneous core radiative decay. 
his would occur most strongly, following the abo v e initial photoab-
orption, as the alternate 1 s 2 s 2 2 p 6 3 s 2 3 p 4 np → 1 s 2 2 s 2 2 p 6 3 s 2 3 p 3 np
 h ν decay. Ho we ver, using the structure and collision code AU-
OSTRUCTURE (Badnell 1986 , 1997 ), it has been determined that

he fluorescence branching ratio is small, less than 1 per cent, and
ny minor correction to these Auger Lorentzian widths is eventually 
ashed out once a broader, less-certain X-ray spectral (Gaussian) 

esolution is considered. Furthermore, even though there exist other 
 -matrix and/or AUTOSTRUCTURE calculations for the positions 
nd widths of the associated resonances involved, it is not clear
ow useful a detailed comparison of these would be since there
re inherent uncertainties in energy positions due to the variational 
rinciple for approximate wavefunctions. And the more important 
uantity is really the integrated oscillator strength (or cross-section, 
hich tends to give much more accurate Maxwellian (say) rate 

oefficients as needed in astrophysical plasma modelling. 
Present calculations utilize the modified R -matrix method 

Berrington, Eissner & Norrington 1995 ; Burke 2011 ) to account
or the spectator Auger broadening via an optical potential described 
y Gorczyca & Robicheaux ( 1999 ). This enhanced R -matrix method
ith pseudo-resonance elimination; Gorczyca et al. ( 1995 ) has been
sed in describing experimental synchrotron measurements for argon 
Gorczyca & Robicheaux 1999 ), oxygen (Gorczyca & McLaughlin 
000 ; Gorczyca et al. 2013 ), neon (Gorczyca 2000 ), and carbon
Hasoglu et al. 2010 ) accurately. 

The employed orbital basis consists of physical and pseudo- 
rbitals to account for relaxation ef fects follo wing 1 s vacanc y. F or
he system with number of electrons in target states N ≥ 10, 1 s ,
 s , 2 p , 3 s , 3 p , 3 d , 4 s , and 4 p are treated as physical orbitals and
seudo-orbitals, respectiv ely. F or the cases N < 10, using only 1 s ,
 s , and 2 p physical orbitals and 3 s , 3 p , and 3 d pseudo-orbitals are
ound to be sufficient. The physical orbitals are formed by using the
artree–Fock method, and pseudo-orbitals are optimized by using 

he multiconfiguration Hartree–Fock method on the configuration 
ists, including single and double promotions from the 1 s -vacancy
arget state to account for important orbital relaxation effects due to
he K-shell vacancy. 

To compute Auger widths used for the spectator Auger broadening 
ffects in 1 sn � q autoionizing states target states by using the R -matrix
ethod, we rely on Wigner Time Delay Method (Smith 1960 ), as

t was applied in the recent photoabsorption works on C-, Mg-, and
i-isonuclear sequences (Hasoglu et al. 2010 ; Haso ̆glu et al. 2014 ;
atuzz et al. 2020c ). R -matrix method on e − + 1 s 2 n � q − 2 scatter-

ng problem is employed in the same manner as photoabsorption 
alculations in terms of basis set and configuration lists. Further 
etails on the significance of spectator Auger broadening effects and 
pplication of R -matrix along with the Wigner Time Delay method
an be found in the previous works (Gorczyca & Robicheaux 1999 ;
orczyca & McLaughlin 2000 ; Gorczyca 2000 ; Hasoglu et al. 2010 ;
orczyca et al. 2013 ; Haso ̆glu et al. 2014 ). 

.1 S K-edge photoabsorption cross-sections 

e consider the S I , S II , S III, and S XIV photoabsorption cross-
ections computed as described abo v e in the model. Previously
eported K -absorption (1 s → np ) cross-sections of sulphur ionized
pecies for N < 11 and N ≥ 11 were computed by Witthoeft et al.
MNRAS 527, 1648–1655 (2024) 
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Figure 4. S column densities distribution for each ISM phase as function of Galactic latitude (top panels) and Galactic longitude (bottom panels). 
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 2009 , 2011 ), respectively, by utilizing a similar R -matrix approach
ith inclusion of Auger broadening ef fects. Ho we ver, important
rbital relaxation effects were neglected due to the fact that the single-
lectron orbitals were obtained by using a Thomas–Fermi–Dirac
tatistical model potential. Inclusion of relaxation effects primarily
ecomes important due to the change in the potential perceived by
he outer electrons upon an excitation or ionization of an electron
rom the K -shell; this change in potential strength becomes more
ignificant for low-charged ions. In particular, S II is expected to
e the most affected by relaxation effects, as evidenced by the K -
hell threshold being o v erestimated by approximately 7 eV (see
ig. 1 ). Previous calculations for N < 11 by Witthoeft et al. ( 2009 )
ere performed using the Breit–Pauli R -matrix method that showed

ignificant fine-structure splitting of resonance series (see fig. 1 for
 XIV ), which are included here. Ho we ver, such relati vely small shifts

n energy are essentially washed out of any convolution as needed
or plasma modelling. 

We have also included extinction cross-sections (i.e. absorption +
cattering) for three samples of interstellar dust analogues, namely al-
bandite, pyrrhotite, and troilite, measured by Costantini et al. ( 2019 ).
ig. 1 shows the sulphur photoabsorption cross-sections considered

n the model, which takes into account the cold (top panel), warm
second panel), hot (third panel), and dust (bottom panel) phases
f the ISM. Photoabsorption cross-sections computed by Witthoeft
t al. ( 2009 , 2011 ) are also included. 

We included these cross-sections in a modified version of the
SMabs model (Gatuzz et al. 2015 ) to model the S K-edge. In

his way, the column densities for the ionic species of interest are
ree parameters in the spectral fitting. For each source, we fixed the
 I ISMabs column densities to the values provided by Willingale

t al. ( 2013 ). Given the spectral resolution of the instrument, we
ote that a detailed benchmarking of the doublet/triplet resonance
ine positions (see Fig. 1 ) cannot be performed. F or e xample, for
he S III K α resonance lines, we have a separation of �λ ∼ 5 m Å
hile the nominal HEG resolution is �λ ∼ 12 m Å. For example,
ig. 2 shows the best fit obtained for the LMXB GX13 + 1. Black
NRAS 527, 1648–1655 (2024) 
oints correspond to the observation in flux units, while the red line
orresponds to the best-fitting model. Residuals are included in units
f ( data − model )/ error . The position of the K α absorption lines
or the gaseous component is indicated for each ion, following the
olour code used in Fig. 1 . 

 RESULTS  A N D  DI SCUSSI ON  

able 2 shows the best-fitting results. We have found good fits to the
bserved sulphur K -edge spectra for all observations. We noted that
or most of the sources, we had obtained upper limits for the rele v ant
arameters, including the dust component. We identified the different
hases of the gaseous ISM as cold (S I ), warm (S II + S III ), hot
S XIV + S XV + S XVI ), and dust (alabandite + pyrrohtite + troilite).
he best-fitting column densities obtained are shown in Fig. 3 . We
ote that the column densities between the different gaseous phases
re in the same range, while the dust column densities tend to be
uch lower than the cold component. 
Fig. 4 shows the column density distribution for each ISM gaseous

hase as a function of the Galactic latitude (top panels) and the
alactic longitude (bottom panels). The cold-warm phases tend to
ecrease with the Galactic latitude (top panels), while the hot phase
oes not appear to show a clear correlation, although we note that,
or many sources, the best-fitting results correspond to upper limits.
atuzz et al. ( 2021 ) found a similar homogeneous distribution for the
arm-hot ISM component in their nitrogen K-edge photoabsorption

egion analysis. It is commonly assumed that the neutral component
f the ISM exponentially decreases along the perpendicular direction
o the Galactic plane, with larger column densities near the Galactic
entre (see e.g. Robin et al. 2003 ; Kalberla & Kerp 2009 ). Ho we ver,
he sulphur depletion into dust may lead to departures from such
istribution. Fig. 5 shows the column density distribution for each
hase as a function of the distance for those sources where available.
here is no clear correlation between both parameters. 
Previous analysis of the ISM using X-ray absorption have shown

hat the gaseous state is dominated by the neutral component with



Sulphur X-ray ISM absorption 1653 

Figure 5. S column densities distribution for each ISM phase as function of 
the distance. 
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Figure 6. Athena and LEM simulation of the S K-edge photoabsorption 
region for a Galactic source (e.g. GX13 + 1). The total exposure time is 
indicated. 
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ass fractions for the different phases in the Galactic disc of
90 per cent , warm ∼ 8 per cent , and hot ∼ 2 per cent of the total 

ontribution (e.g. Yao & Wang 2006 ; Pinto et al. 2013 ; Gatuzz &
hurazo v 2018 ). Giv en the uncertainties in the obtained column
ensities, we cannot accurately compute mass fractions for all 
ources. Moreo v er, we are not considering ionization equilibrium for
he sulphur ionic species because the column densities in the ISMabs
odel are free parameters. Therefore, the hot phase temperature, as 

escribed in previous works, could not be hot enough in order to
roduce highly ionized S. Furthermore, the hot phase could include 
 contribution from an ionized static absorber intrinsic to the source
see for example Gatuzz et al. 2020b ). A complete thermodynamic
nalysis of the ISM component is beyond the scope of this work,
hich focuses on measuring the column densities for the neutral and

onic S species. For the dust component, we have found upper limits
or all sources, with a contribution of < 10 per cent for the cold gas.

.1 Futur e pr ospects 

uture X-ray observatories will allow us to resolve the K α resonance
ines for the different S ionic species. For the neutral S I component,
t is crucial to compute new accurate atomic data, including radiation
nd Auger damping, in order to model not only the gaseous phase
ut also to differentiate it with the modulations and spectral features
nduced by interstellar grains extinction (Costantini et al. 2019 ). 
 or e xample, Fig. 6 shows simulations for a Galactic source (i.e.
X13 + 1) obtained with Athena (Nandra et al. 2013 ) and LEM

Kraft et al. 2022 ). The plot shows the extraordinary capabilities of
he different instruments, where the main resonance absorption lines 
re easily visible, including the S I K resonance lines. Moreo v er, by
imultaneously measuring K α and K β absorption lines for the same 
ons, more accurate constraints on the abundances, broadening, and 
onization state of the ISM absorber will be obtained. It is important to
ote that this simulation includes only the gaseous component. While 
he total dust contribution could also be measured, the distinction 
etween different dust samples is more challenging. A detailed dust 
imulation for Athena was computed by Costantini et al. ( 2019 ). 

 C O N C L U S I O N S  

e have analyzed the sulphur K-edge X-ray absorption region (4.5–
.5 Å) using Chandra high-resolution spectra of 36 LMXBs. We 
tted each source with a simple powerlaw for the continuum 

nd a modified version of the ISMabs model, including extinction 
ross-sections for three samples of interstellar dust analogues (e.g. 
labandite, pyrrhotite, and troilite). We found that the absorption 
eatures identified in the spectra are well modeled with the theo-
etical photoabsorption cross-section, even though individual K α

oublets/triplets cannot be resolved. With this model, we have 
stimated column densities for S I , S II , S III , S V , S VI and S VII

onic species as well as upper limits for the dust component, which
race the multiphase ISM. While the cold-warm column densities 
MNRAS 527, 1648–1655 (2024) 
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end to decrease with the Galactic latitude, we found no correlation
ith distances or Galactic longitude. Finally, our simulations using

esponse files from future X-ray observatories such as Athena
ndicate that a detailed benchmarking of the atomic data will be
ossible with such instruments. 
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