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A B S T R A C T 

Multi-epoch Chandra and XMM–Newton observations of the symbiotic system R Aquarii (R Aqr) spanning 22 yr are analysed 

by means of a reflection model produced by an accretion disc. This methodology helps dissecting the contribution from different 
components in the X-ray spectra of R Aqr: the soft emission from the jet and extended emission, the heavily extinguished plasma 
component of the boundary layer and the reflection contribution, which naturally includes the 6.4 keV Fe fluorescent line. The 
evolution with time of the different components is studied for epochs between September 2000 and December 2022, and it is 
found that the fluxes of the boundary layer and that of the reflecting component increase as the stellar components in R Aqr 
approach periastron passage, a similar behaviour is exhibited by the shocked plasma produced by the precessing jet. Using 

publicly available optical and UV data we are able to study the evolution of the mass-accretion rate Ṁ acc and the wind accretion 

efficiency η during periastron. These exhibit a small degree of variability with median values of Ṁ acc = 7.3 ×10 

−10 M � yr −1 and 

η= 7 ×10 

−3 . We compare our estimations with predictions from a modified Bondi–Hoyle–Lyttleton accretion scenario. 

Key words: accretion, accretion discs – binaries: symbiotic – ISM: individual objects: R Aquarii – ISM: jets and outflows – X- 
rays: binaries – X-rays: stars. 
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 I N T RO D U C T I O N  

 Aquarii (hereinafter R Aqr) is one of the closest symbiotic systems,
ith an estimated distance d ranging from about ∼180 to ∼260 pc

Liimets et al. 2018 ; Alcolea et al. 2023 ), with the farthest value
f 387 + 50 

−110 pc estimated from Gaia parallax measurements (Bailer-
ones et al. 2021 ). Its proximity allows astronomers to characterize
he symbiotic system and its associated nebula with extreme detail.
or decades, optical studies have shown the intricate morphology of

he nebula around R Aqr (see Liimets et al. 2018 , and references
herein) consisting of (at least) three main structures: an outer
ourglass structure encompassing an inner bipolar structure and a
piral-like filament entwined around the latter. It has been argued
ecently by Santamar ́ıa et al. ( 2024 ) that the action of the precessing
et at the core of R Aqr is responsible for the current morphology of
he nebula associated with this symbiotic system. 

The most recent orbit calculations of this symbiotic system predict
n orbital period of 42.4 ± 0.2 yr (see e.g. Alcolea et al. 2023 ),
n eccentricity of 0.45 ± 0.01, an inclination of the orbital plane
ith respect to the line of sight of 110.7 ±1 . 0 ◦, and a measured

emimajor axis of about 47–57 mas (Bujarrabal et al. 2018 ; Alcolea
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t al. 2023 ). The periastron is estimated to have occurred during
019.9 ± 0.1. R Aqr consists of a white dwarf (WD) with a mass
f M WD = 0 . 7 ± 0 . 2 M � and a M-type cool component with a mass
f 1.0 ± 0.2 M �. The cool component is a long-period Mira-type
ariable with a pulsation period of P = 388.1 ± 0.1 d (Gromadzki
 Mikołajewska 2009 ). These parameters translate into a radius for

he M-type star of ∼250 R � using the period–mass relationship (see
assiliadis & Wood 1993 ). 
Sev eral authors hav e estimated the mass accretion rate ( Ṁ acc ) of the
D component using a variety of methodologies and assumptions,
ith values in the ∼ 10 −9 –10 −8 M � yr −1 range (see e.g. Burgarella,
ogel & Paresce 1992 ; Henney & Dyson 1992 ; Ragland et al. 2008 ;
elnikov, Stute & Eisl ̈offel 2018 ; Sacchi et al. 2024 ). Burgarella

t al. ( 1992 ) argued against the presence of an accretion disc around
he WD component in R Aqr and the lack of flickering in the
ptical spectra of this symbiotic system seems to be in line with
hat result (Snaid et al. 2018 ). Ho we ver, based on near-infrared (IR)
bservations, Hinkle et al. ( 2022 ) suggested that an accretion disc
s present and has a size of � 5 au, with estimations of 4 au during
eriastron passage given the elliptical orbit. 
The first detection of X-ray emission from R Aqr was made

ith the Einstein Observatory in 1979 (Jura & Helfand 1984 ),
ollowed by observations from European X-ray Observatory Satellite
XOSA T ( EXOSA T , Viotti et al. 1987 ) and R ̈ontgensatellit ( ROSAT ,
unsch et al. 1998 ).Ho we ver, it was not until the advent of Chandra
© 2024 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. 

http://orcid.org/0009-0008-2354-0049
http://orcid.org/0000-0002-5406-0813
http://orcid.org/0000-0002-7295-5661
http://orcid.org/0000-0002-7759-106X
http://orcid.org/0000-0001-9936-6165
http://orcid.org/0000-0003-1769-9201
http://orcid.org/0000-0002-6752-2909
mailto:d.vasquez@irya.unam.mx
https://creativecommons.org/licenses/by/4.0/


R Aqr during periastron passa g e 2725 

Table 1. Details of the X-ray observations of R Aqr analysed in this paper. 

Instrument Obs. ID. Observation date Epoch Exp. time Useful time Net count rate 
(UTC) (yr) (ks) (ks) (cnt ks −1 ) 

Chandra ACIS-S 651 2000-09-10T04:58:36 2000.69 22.72 22.72 5.8 ±0.5 
Chandra ACIS-S 4546 2003-12-31T15:04:37 2003.99 36.52 36.13 6.4 ±0.4 
Chandra ACIS-S 5438 2005-10-09T19:08:50 2005.78 66.76 66.76 8.9 ±0.4 
Chandra ACIS-S 19015 2017-10-13T13:48:02 2017.79 75.66 75.46 34.5 ±0.7 
Chandra ACIS-S 20809 2017-10-11T08:22:21 2017.78 49.37 48.19 29.9 ±0.8 
Chandra ACIS-S 23108 2020-01-11T23:53:56 2020.03 47.48 46.63 42.3 ±1.0 
Chandra ACIS-S 23325 2021-04-29T21:38:04 2021.33 31.91 30.94 32.8 ±1.0 
Chandra ACIS-S 24341 2021-04-30T18:00:36 2021.34 35.60 35.21 26.6 ±0.8 
Chandra ACIS-S 27322 2022-10-03T18:33:27 2022.75 18.83 18.73 10.9 ±0.8 
Chandra ACIS-S 27333 2022-09-26T11:53:07 2022.74 27.21 26.78 16.8 ±0.8 
Chandra ACIS-S 27467 2022-10-04T06:14:58 2022.76 19.81 19.62 14.9 ±0.9 
Chandra ACIS-S 27468 2022-10-09T17:27:37 2022.78 14.88 14.58 18.0 ±1.1 
XMM–Newton EPIC-pn 0304050101 2005-06-30T07:21:20 2005.50 70.64 35.75 53.3 ±1.3 
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hat the extended emission from the jet and that from the central
ngine were finally resolved (Kellogg, Pedelty & Lyon 2001 ). These 
uthors showed that the spectrum of the central source of R Aqr was
escribed by a combination of soft X-ray emission ( E < 2.0 keV) and
 contribution at higher energies with a peak at 6.4 keV attributed to
he Fe K α fluorescent line. This type of X-ray spectra from symbiotic
ystems is classified as a β/δ-type (Luna et al. 2013 ). In combination
ith subsequent Chandra observations obtained by the end of year 
003, Kellogg et al. ( 2007 ) demonstrated that the X-ray spectra of
he jets from R Aqr were best fit by plasma temperatures of ∼0.12–
.15 keV ( ≈ 1 . 5 × 10 6 K), very likely the result of an adiabatic shock
roduced by the jet velocity of a few times 10 2 km s −1 . More recently,
oal ́a et al. ( 2022 ) presented the analysis of archi v al XMM–Newton
bservations obtained during 2005 and disco v ered the presence of
xtended supersoft X-ray emission ( kT ≈ 0 . 09 keV). This supersoft
mission fills the large-scale structures observed by nebular images 
f R Aqr and it is present even when modelling the emission from the
-ray-emitting clumps from the jets. Toal ́a et al. ( 2022 ) suggested

hat the origin of the extended supersoft X-ray emission is material 
roduced by the ongoing fast jets that has expanded and cooled down.
Chandra observations since 2017 were carried out as part of 

 multimission, multiwavelength campaign to study the evolution 
f R Aqr during periastron passage (PI: M. Karovska; e.g. Huang 
t al. 2023 ; Sacchi et al. 2024 ). By analysing Chandra and Swift
-ray observations around the periastron passage, Sacchi et al. 

 2024 ) reported an increase in the soft X-ray flux while the hard
mission showed a decrease in flux. Several scenarios are proposed 
o explain this behaviour, focusing on changes in the physical 
roperties or geometry of the surrounding medium, possibly as a 
esult of the periastron passage. Sacchi et al. ( 2024 ) adopted Gaussian
omponents to fit the 6.4 keV Fe fluorescent line in addition to power-
aw models to fit the intermediate 2.0–4.0 keV energy range. Since 
he X-ray emission from symbiotic systems are expected to have a 
hock origin (Mukai 2017 ), a more suitable model is warranted. 

In this paper, we present a reanalysis of the available X-ray 
handr a and XMM–Ne wton observations of R Aqr. We include 

he effects of reflection physic models developed by our team (e.g. 
oal ́a et al. 2023 , 2024 ; Toal ́a 2024 ), which help us dissecting the
ontributions from the different components of the X-ray spectra. 
n addition, we also used publicly available optical spectra to 
roduce an unprecedented view of the accretion process in such 
n iconic symbiotic system such as R Aqr. We note that given the
elatively large dispersion in the determination of a distance to R
qr (see abo v e), we will adopt a somewhat conservative distance
alue of d = 200 + 60 
−20 pc, where the error values correspond to the

ifferent distance estimated by other authors. Given that parallax 
istance measurements of symbiotic stars are affected by significant 
ncertainties due to their extension, colours, and orbital motion, we 
iscount the distance estimated by Gaia (Linford et al. 2019 ; Sion
t al. 2019 ). 

This paper is organized as follows. In Section 2 , we describe
he observations used in this work and their preparation. Section 3
escribes the analysis and the results. A discussion is presented in
ection 4 and, finally, our summary and conclusions are presented in
ection 5 . 

 OBSERVATI ONS  A N D  DATA  P R E PA R AT I O N  

.1 X-ray data 

 Aqr is one of the most observed X-ray-emitting symbiotic 
ystems. It has been observed by most major X-ray observatories. 
n this work, we present a joint analysis of Chandra and XMM–
ewton observations to study the impact of reflection physics on the
stimation of the different spectral components of its X-ray emission. 
hese observations are of particular interest because they cover the 

ast 22 yr of evolution of R Aqr since its apastron in � 1998.7 and
ome years after periastron passage in � 2019.9 (Sacchi et al. 2024 ).

R Aqr has been observed with the Advanced CCD Imaging 
pectrometer (ACIS)-S onboard Chandra at 12 different epochs 
etween 2000 and 2022, corresponding to a total observing time 
f 446.75 ks. All observations were retrieved from the Chandra Data
rchive 1 and their details are listed in Table 1 . The Chandra ACIS-S
bservations were processed with the Chandra Interactive Analysis 
f Observations ( CIAO , version 4.14; Fruscione et al. 2006 ). 
An event file per epoch was produced by reprocessing the data

ith the CIAO task chandra repro . After removing periods of
igh background, the observations did not reduce their net exposure 
imes significantly (see Table 1 ). The spectra of R Aqr were extracted
rom a circular aperture with 5 arcsec in radius with the CIAO task
pecextract . The background extraction region was defined by 
nother circular aperture with 15 arcsec in radius in the vicinity
f R Aqr with no contribution from this symbiotic system or the
xtended emission produced by the jets (see Sacchi et al. 2024 , and
eferences therein). The CIAO task specextract simultaneously 
MNRAS 535, 2724–2741 (2024) 
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M

Figure 1. Background-subtracted Chandra ACIS-S and XMM–Newton EPIC-pn spectra of R Aqr. Different epochs of observation are illustrated and labelled 
(see Table 1 for details). The right panel shows a zoom into the 5.5–8.0 keV energy range to illustrate the contribution of the 6.4, 6.7, and 6.79 keV Fe emission 
lines. 
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roduces the redistribution matrix and ancillary response files (RMF
nd ARF, respectively). All background-subtracted Chandra ACIS-S
pectra of R Aqr are presented in Fig. 1 . The spectra were binned
ased on a minimum of 10 counts per bin. 
R Aqr has been observed once by XMM–Newton using the

uropean Photon Imaging Camera (EPIC) on 2005 June 30 (Obs. ID.
304050101) with a total exposure time of 72.52 ks. The observation
ata files were retrieved from the XMM-Newton Science Archive 2 

nd were processed following standard routines with the Science
nalysis Software ( SAS , version 20.0; Gabriel et al. 2004 ) with the

alibration matrices obtained on 2024 June 28. 
The EPIC spectra of R Aqr were extracted from a circular

perture with 1 arcmin in radius using the SAS task evselect .
he background was defined by a similar aperture but from a region
ith no contribution from the extended X-ray emission originally

eported in Toal ́a et al. ( 2022 ). The corresponding RMF and ARF files
ere produced with the rmfgen and arfgen tasks, respectively.
iven its superior effective area with respect to the MOS detectors,

n this paper we will only concentrate in the analysis of the EPIC-pn
pectrum. This is presented in Fig. 1 alongside the Chandra ACIS-
 spectra of R Aqr. This EPIC pn spectrum is required to have a
inimum of 60 counts per bin. The details of the XMM–Newton
PIC pn observations are also presented in Table 1 . 

.2 Optical data 

o complement the X-ray observations, we searched for publicly
vailable contemporary optical data. Optical spectra of R Aqr were
etrieved from the ARAS spectral data base 3 (Teyssier 2019 ), which
rovides spectra from multiple epochs thanks to its international
onitoring programme of symbiotic stars. Only flux-calibrated spec-

ra were retrieved from the ARAS data base. Table 2 lists the details
f the individual spectra analysed in this work (observer, observation
NRAS 535, 2724–2741 (2024) 

 https:// www.cosmos.esa.int/ web/ xmm-newton/ xsa 
 https:// aras-database.github.io/ database/ index.html 

4

5

ocation, spectral resolution, and wav elength range co v ered by each
pectrum). These include spectra obtained between 2017 October 18
nd 2022 December 10. 

The flux-calibrated ARAS spectra were inspected in IRAF (Tody
993 ) to calculate individual reddening c(H β) values for each spec-
rum from the H α/H β line ratio. Ho we ver, we obtained H α/H β � 3
hat might suggest that the recombination Case B might not be
pplicable to R Aqr. This issue is known for S-type symbiotic
ystems where the H α/H β ratio has been found to be reddening-free
Mikolajewska & Kenyon 1992 ; Mik olajewska, Ack er & Stenholm
997 ). Consequently, we decided to deredden the optical spectra
y adopting the hydrogen column density ( N H ) reported towards
he direction of R Aqr. The N H column density tool of HEASARC 

4 

uggests a value of 1.83 ×10 20 cm 

−2 , which adopting R V = 3.1 can
e converted into an extinction A V of 0.1. 
The spectra were then corrected for extinction using the remove
odule from the extinction 5 PYTHON library. The extinction

unction is calculated using the ccm89 module from the same
ibrary, which is based on the e xtinction la w by Cardelli, Clayton &

athis ( 1989 ). In Fig. 2 , we present two examples of flux-calibrated,
xtinction-corrected ARAS spectra that are contemporaneous with
wo of the X-ray epochs of observations, while the rest of them are
resented in Appendix A . 

 ANALYSI S  A N D  RESULTS  

he X-ray spectra presented in Fig. 1 illustrate the X-ray evolution
f R Aqr o v er a time span of 22 yr from October 2000 to September
022, co v ering about half of the orbital period of the system. The left
anel of Fig. 1 shows noticeable variations in the total apparent X-ray
ux of R Aqr in the 0.3–10.0 keV. The earliest observations (2000.69
nd 2003.99) have the faintest observed fluxes, while there is a peak
 https:// heasarc.gsfc.nasa.gov/ cgi-bin/ Tools/ w3nh/ w3nh.pl 
 https:// extinction.readthedocs.io/ en/ latest/ index.html 
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Table 2. Details of the optical spectra of R Aqr obtained from the ARAS spectral data base. F opt and L opt are the estimated optical flux and luminosity of the 
accretion disc, respectively. �λ denotes the complete wavelength range of each spectrum, while �λint is the integration range used to estimate the optical flux 
( F opt ) of the accretion disc. Here, Ṁ acc has been computed including L UV and L opt . 

Observation date JD 2400000 Observer Site R �λ �λint M-type F opt L opt Ṁ acc 

(UTC) (d) ( Å) ( Å) (erg cm 

−2 s −1 ) (L �) (M � yr −1 ) 

2017-10-18T13:45 58045.073 P. Luckas SPO-AU 536 3700–7399 3860–6000 M9 3 . 12 × 10 −10 0.39 + 0 . 23 
−0 . 08 (1 . 2 + 0 . 5 −0 . 3 ) × 10 −9 

2019-11-15T10:32 58802.939 T. Bohlsen ARM-AU 1760 3800–7400 3860–5450 M6 6 . 26 × 10 −11 0.08 + 0 . 05 
−0 . 02 (4 . 5 + 1 . 9 −1 . 1 ) × 10 −10 

2020-01-12T02:02 58860.585 F. Sims DCO-US 1021 3715–7305 3860–5855 M5 9 . 45 × 10 −11 0.12 + 0 . 07 
−0 . 02 (5 . 4 + 2 . 1 −1 . 4 ) × 10 −10 

2020-01-13T02:11 58861.591 F. Sims DCO-US 1021 3715–7305 3860–5597 M5 9 . 03 × 10 −11 0.11 + 0 . 07 
−0 . 02 (5 . 3 + 2 . 0 −1 . 3 ) × 10 −10 

2020-01-14T02:12 58862.592 F. Sims DCO-US 1010 3716–7305 3860–5737 M5 8 . 87 × 10 −11 0.11 + 0 . 07 
−0 . 02 (5 . 2 + 2 . 0 −1 . 3 ) × 10 −10 

2020-01-19T01:59 58867.583 F. Sims DCO-US 1066 3719–7305 3860–5738 M6 7 . 22 × 10 −11 0.09 + 0 . 05 
−0 . 02 (4 . 8 + 1 . 8 −1 . 2 ) × 10 −10 

2020-07-30T08:51 59060.869 F. Sims DCO-US 1066 3719–7305 3860–5450 M6 2 . 76 × 10 −11 0.35 + 0 . 21 
−0 . 07 (1 . 1 + 0 . 4 −0 . 3 ) × 10 −9 

2020-10-13T06:43 59135.780 F. Sims DCO-US 757 3710–7296 3860–6000 M8 1 . 62 × 10 −10 0.20 + 0 . 12 
−0 . 04 (7 . 3 + 2 . 8 −2 . 0 ) × 10 −10 

2020-10-22T05:08 59144.714 F. Sims DCO-US 1057 3716–7304 3860–5930 M8 1 . 48 × 10 −10 0.19 + 0 . 11 
−0 . 04 (6 . 9 + 2 . 7 −1 . 8 ) × 10 −10 

2020-11-26T03:07 59179.630 F. Sims DCO-US 1057 3716–7304 3860–5230 M8 1 . 10 × 10 −10 0.14 + 0 . 08 
−0 . 03 (5 . 8 + 2 . 2 −1 . 5 ) × 10 −10 

2021-11-11T02:54 59529.621 F. Sims DCO-US 1032 3695–7283 3860–5700 M8 1 . 29 × 10 −10 0.16 + 0 . 10 
−0 . 03 (6 . 3 + 2 . 4 −1 . 7 ) × 10 −10 

2022-10-02T06:40 59854.778 F. Sims DCO-US 1067 3718–7307 3860–6000 M9 4 . 51 × 10 −10 0.56 + 0 . 34 
−0 . 11 (1 . 6 + 0 . 6 −0 . 5 ) × 10 −9 

2022-10-23T05:36 59875.734 F. Sims DCO-US 1026 3718–7307 3860–6000 M9 3 . 00 × 10 −10 0.38 + 0 . 23 
−0 . 07 (1 . 1 + 0 . 5 −0 . 3 ) × 10 −9 

2022-10-29T05:29 59881.729 F. Sims DCO-US 1069 3729–7291 3860–6000 M9 2 . 71 × 10 −10 0.34 + 0 . 20 
−0 . 07 (1 . 0 + 0 . 4 −0 . 3 ) × 10 −9 

2022-11-01T04:43 59884.697 F. Sims DCO-US 1070 3728–7290 3860–6000 M9 2 . 56 × 10 −10 0.32 + 0 . 19 
−0 . 06 (1 . 0 + 0 . 4 −0 . 3 ) × 10 −9 

2022-11-09T03:34 59892.649 F. Sims DCO-US 1066 3729–7300 3860–6000 M9 2 . 21 × 10 −10 0.27 + 0 . 16 
−0 . 06 (9 . 0 + 3 . 6 −2 . 5 ) × 10 −10 

2022-11-17T03:58 59900.665 F. Sims DCO-US 1044 3729–730 3860–6000 M9 1 . 82 × 10 −10 0.23 + 0 . 14 
−0 . 05 (7 . 3 + 2 . 9 −2 . 0 ) × 10 −10 

2022-11-20T02:58 59903.624 F. Sims DCO-US 1084 3729–7300 3860–6000 M9 1 . 62 × 10 −10 0.20 + 0 . 12 
−0 . 04 (7 . 9 + 3 . 1 −2 . 1 ) × 10 −10 

2022-11-25T04:39 59908.694 F. Sims DCO-US 1048 3730–7301 3860–6000 M9 1 . 76 × 10 −10 0.22 + 0 . 13 
−0 . 04 (7 . 7 + 3 . 0 −2 . 1 ) × 10 −10 

2022-11-30T04:09 59913.673 F. Sims DCO-US 1048 3727–7300 3860–6000 M9 1 . 83 × 10 −10 0.23 + 0 . 14 
−0 . 05 (7 . 9 + 3 . 1 −2 . 1 ) × 10 −10 

2022-12-10T03:28 59923.645 F. Sims DCO-US 1055 3730–7301 3860–6000 M9 1 . 57 × 10 −10 0.20 + 0 . 12 
−0 . 04 (7 . 2 + 2 . 8 −1 . 9 ) × 10 −10 

Figure 2. Examples of extinction-corrected, flux-calibrated optical spectra of R Aqr (solid purple lines), obtained from the ARAS Spectral Data base on 2020 
January 12 (top) and 2022 October 02 (bottom). The spectra are compared with M-type star models from Fluks et al. ( 1994 ) (black dashed lines) and the 
contribution from the WD with the parameters estimated in Appendix B ( T eff = 25 , 000 K and L = 0.19 L �; red dashed line). A combined spectrum (M-type 
star + WD) is shown with a (green) dashed line. The grey shaded area represents the contribution of the accretion disc to the optical flux. 
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Table 3. Details of the flared disc model obtained with SKIRT . See Fig. 3 for 
further details. 

Parameter Value 

r in 5.4 ×10 −4 au 
r out 5 au 
φ 30 ◦
i 20 ◦
N H , ref 5 ×10 24 cm 

−2 

T 10 4 K 

Figure 3. Representation of the accretion disc model around the WD 

component used in our SKIRT radiative transfer models. The diagram shows 
its orientation with respect to the line of sight. 
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7 Typical radius of WDs are estimated to be about 6000–8000 km. Here, we 
adopt the later value for r in . 
8 We note that Paczynski ( 1977 ) suggested that r ≤ r and the selection 
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 v er epochs ∼2017–2020, followed by an apparent decrease to the
ast observation during 2022. 

The right panel of Fig. 1 shows the variation of the three Fe
mission lines for the 22 yr period studied here. The Fe fluorescent
ine at 6.4 keV is present in all epochs, thus suggesting that reflection
s an una v oidable component. At early epochs, the 5.5–8.0 keV
nergy range is dominated by the 6.4 keV fluorescent line, with the
ontribution from the Fe emission lines at 6.7 and 6.97 keV becoming
ele v ant at epochs later than 2005. In fact, the flux in this energy
ange increases with time suggesting that the flux of the heavily
xtinguished plasma component associated with the boundary layer
ncreased its flux in the later epochs. 

The analysis of the X-ray spectra was performed with the X-
ay Spectral Fitting Package XSPEC (version 12.12.1; Arnaud 1996 ).
ollo wing pre vious analyses of the X-ray observations of R Aqr
Kellogg et al. 2001 , 2007 ; Sacchi et al. 2024 ) and other β/δ-
ype symbiotic stars (e.g. Karovska et al. 2007 ; Zhekov & Tomov
019 ), we adopted two distinct hydrogen column density components
 N H1 and N H2 ) using the Tuebingen–Boulder ISM absorption model
 tbabs ; Wilms, Allen & McCray 2000 ) included in XSPEC . N H1 is
sually found to affect the soft spectral region very likely produced by
he extended emission, while the second and larger extinction N H2 

ffects the emission from the boundary layer and the contribution
rom the reflection component. For the X-ray emission from R
qr, we adopted an emission spectrum from collisionally ionized
iffuse gas, specifically, the apec model included in XSPEC . 6 The
bundances were set to solar values from Lodders, Palme & Gail
 2009 ). 

.1 The accretion disc as a source of reflection 

he ubiquitous presence of the fluorescent Fe emission line at 6.4 keV
n the X-ray spectra of R Aqr suggests a more complex and physically
eaningful reflection-based analysis of the emission than the often

sed Gaussian profile. Indeed, reflection from the accretion disc
round the WD component in symbiotic systems has been used before
o study the impact on the presence of the 6.4 keV Fe emission line
e.g. Ishida et al. 2009 ; Lopes de Oliveira et al. 2018 ; Toal ́a et al.
023 , 2024 ) and a similar scenario will be adopted here for R Aqr. 
Using the best estimates for the stellar components and their orbital

arameters, we can approximate the size of the accretion disc. Recent
stimates of the semimajor axis of the binary orbit predict a =
7–57 mas (Bujarrabal et al. 2018 ; Alcolea et al. 2023 ) which, at
 distance of d = 200 + 60 

−20 pc, translates to a maximum value of
 = 5 . 5 + 1 . 7 

−0 . 6 × 10 −5 pc or a = 11.4 + 3 . 5 
−1 . 1 au. 

Using the approximation for the ef fecti ve Roche lobe radius (see
ggleton 1983 ) 

r L 

a 
= 

0 . 49 q 2 / 3 

0 . 6 q 2 / 3 + ln (1 + q 1 / 3 ) 
, (1) 

here q is the companion to the WD mass ratio, we obtain r L =
.7 + 1 . 4 

−0 . 5 au for a WD mass of M WD = 0.7 M � and a mass for the red
iant companion of 1.0 M � (following the mass ratio of 1.4 and a
otal mass of the binary of 1.7 ± 0.1 M � reported in Alcolea et al.
023 ). We note that Hinkle et al. ( 2022 ) proposed a very similar
adius of 5 au for the accretion disc. 

We have generated reflection models of disc-like geometries using
he SKIRT radiative transfer code (version 9; Camps & Baes 2020 )
hat currently includes the calculations for the radiative transfer of
NRAS 535, 2724–2741 (2024) 

 https:// heasarc.gsfc.nasa.gov/ xanadu/ xspec/ manual/ node134.html 

o
e
9

-ray photons (Vander Meulen et al. 2023 ). We fixed the geometry
f the disc to a flared disc with an opening angle of φ = 30 ◦ and
nner and outer radii of r in = 5.4 ×10 −4 au ( = 0.012 R �) 7 and r out =
 au, respectively. 8 Several values for the averaged column density
f the disc were explored ( N H , ref = 10 24 , 5 ×10 24 , 10 25 , 5 ×10 25 , and
0 26 cm 

−2 ), but the best quality fits to the X-ray data resulted when
sing N H , ref = 5 ×10 24 cm 

−2 . Finally, the accretion disc is assumed
o be ionized with a temperature of T = 10 4 K. 

Bujarrabal et al. ( 2021 ) presented numerical simulations of the
nteraction of a WD accreting material from a mass-loosing asymp-
otic giant branch (AGB) star to model the density distribution of the
 Aqr system and discussed that the inclination angle between the
rbital plane and the line of sight should be i � 30 ◦, and Bujarrabal
t al. ( 2021 ) and Alcolea et al. ( 2023 ) suggested that the best fit to
he orbital parameters is i = 20 ◦. Thus, we fixed the inclination to
 = 20 ◦. The reflection model obtained with SKIRT was converted
o an additive single-parameter table (the normalization parameter
 ref ) using the HEASOFT 9 task ftflx2tab . As a summary, we list

n Table 3 all the parameters of the disc structure to produce the
eflection component which is further illustrated in Fig. 3 . 
out L 

f r out = 5 au in fact agrees with this relationship within the error values 
stimated for r L . 
 https:// heasarc.gsfc.nasa.gov/ docs/ software/ heasoft/ 

https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node134.html
https://heasarc.gsfc.nasa.gov/docs/software/heasoft/
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.2 The best-fit models of the X-ray spectra 

e adopted models in XSPEC of the form: 

babs 1 × ( apec 1 + apec 2 ) + CF × tbabs 3 × ( apec 3 + reflection ) , (2) 

here CF is a co v ering factor that helps alleviating the fact that
he disc and the circumstellar medium around R Aqr are not 
omogeneous. 
We first tried a single simultaneous fit to all X-ray spectra 

nd produced an acceptable fit, but individually fitting each epoch 
mpro v es the fit statistics with reduced χ2 

DoF values between 1.07 and
.63. The details of the different models are presented in Table 4 ,
hich lists the observed ( f X , TOT ) and intrinsic ( F X , TOT ) total fluxes

nd the properties of the different components for each epoch. The 
odels and their components are compared with the background- 

ubtracted spectra in Fig. 4 . 
The 2021.33–2022.78 epochs did not require the presence of the 

upersoft plasma component denoted as kT 1 in our model, while the 
est of the earlier epochs required it to have values between kT 1 =
.02 and 0.047 keV. We attribute this situation to the reduction of
he ef fecti ve area of the Chandra ACIS instruments at soft energies.
o assess the lack of the supersoft component in the later epochs,
e extracted spectra of a background source located 3.93 arcmin 

owards the south-west from R Aqr, at ( α, δ) = (23 h :43 m :35 . s 96,
15 ◦:19 ′ :16 . ′′ 93). We corroborated that this source has a significant

oft flux ( E < 1 . 0 keV) at epochs earlier than 2021 that is not detected
n more recent observations. 

The second soft component (detected in all epochs) resulted in 
lasma temperatures of kT 2 � 0 . 2 keV, similar to the estimates of
revious works (see Sacchi et al. 2024 , and references therein). The
emperature of the plasma in the boundary layer varied between 
T 3 = 4 and 12 keV, with a relatively constant plasma temperature of
T 3 ≈ 6 keV for the 2017.78–2022.78 epochs. We particularly note 
hat the most problematic epoch was 2000.69 because the insufficient 
hoton statistics. The fit to this epoch required fixing kT 1 and kT 3 at
.025 and 8.0 keV, respectively. 
We illustrate in Fig. 5 the variation of the total flux F X , TOT and

hat of the different components ( F X1 , F X2 , F X1 and F ref ) during the
2 yr of evolution of R Aqr. 

.3 Optical emission of the accretion disc 

he extinction-corrected, flux-calibrated ARAS spectra (see Fig. 2 
nd Appendix A ) can be used to estimate the contribution from the
ccretion disc to the optical emission detected from R Aqr. The first
tep is to subtract the contribution from the M-type star and that of
he WD component from the optical spectrum of each epoch. By
tting the absorption feature at λ = 6140 Å with the templates from
luks et al. ( 1994 ), we show that in general M8–M9 star models
atch the observed spectra. In contrast with the rest of the spectra,

hose obtained close to periastron passage (2019 No v ember 15, 2020
anuary 13, 2020 January 14, 2020 January 19, and 2020 August 
0) are best reproduced by M5–M6 star models (see the top panel
n Figs 2 , A1 , and A2 ). Ho we ver, there is still some emission abo v e
> 6100 Å that can not be accounted with the model. We attribute

his formation and destruction of dust in the circumstellar medium 

lose to the M-type star. Fig. 6 presents the V -magnitude light curve
f R Aqr extracted from the AAVSO data base 10 that demonstrates 
hat different optical spectra were obtained at different pulsation 
onfigurations of the M-type star. 
0 https:// www.aavso.org/ 

o  

i  

t  
The contribution from the accretion disc can be attributed to the
xcess of flux in the blueward part of the optical spectra. We estimated
he contribution of the accretion disc to the optical flux ( F opt ) by
ubtracting the M-type star models and that of the WD component
o finally integrate the residuals over the intervals �λint defined 
n Table 2 . The upper limit of the �λint is defined by the exact
avelength where the observed spectrum diverges from the fitted M- 

ype + WD component, while the lower value is defined by a common 
alue in all ARAS spectra. This process includes an interpolation 
etween the M-type star models and the observed spectra using 
ubic interpolation with the interpolate module from the SCIPY 

ibrary in PYTHON . This was done for all ARAS spectra and the
esults are illustrated in Fig. 7 with grey diamonds. 

The resultant flux F opt for each ARAS spectrum was converted to
uminosity ( L opt ), assuming a distance of 200 + 60 

−20 pc to R Aqr. The
isc optical luminosity varied between 0.08 and 0.56 L � for epochs
etween October 2017 and December 2022. F opt and L opt are also
isted in columns 9 and 10 of Table 2 , respectively. 

 DI SCUSSI ON  

.1 The different components of the X-ray spectra 

he analysis presented in the previous section helped us reveal the
volution of the global properties of R Aqr in the X-ray regime
uring half of its ∼22 yr binary period. In addition, it allowed us
o follow in detail the behaviour of the different components. Their
dentification is crucial to interpret correctly the evolution of the 
-ray properties of R Aqr. It is widely accepted that the heavily

xtinguished plasma component (in our model denoted as kT 3 ) is the
ne associated with the boundary layer, the volume between the inner
egion of the accretion disc and the surface of the accreting WD.
iven the superb spatial resolution of Chandra ACIS-S (Kellogg 

t al. 2007 ; Sacchi et al. 2024 ), the second soft kT 2 component has
een directly associated with the presence of clumps in the X-ray-
mitting jet of R Aqr. 

As for the supersoft kT 1 component, there is some debate on its
rigin in β/δ symbiotic systems. Blackbody models have been used 
o fit the super soft ( E = 0.3–0.5 keV) emission from β/δ X-ray-
mitting symbiotic systems arguing that this emission also arises as 
 result of the accretion process. Consequently, the luminosity of the
upersoft component is often used to estimate the mass accretion 
ate (see for example Luna et al. 2018 ; Sacchi et al. 2024 ). In the
ase of β/δ sources, there are ho we ver two arguments against this
ypothesis (see discussion in Toal ́a 2024 ). First, the hydrogen column
ensity component of the soft emission is more consistent with that
xpected from the ISM along the direction of the symbiotic system. A
imilar situation led Mukai et al. ( 2007 ) to suggest that the supersoft
omponent in the X-ray spectrum of CH Cyg should have an extended
rigin (outside the boundary layer re gion), v ery likely related to
he jet seen from this symbiotic system (Galloway & Sokoloski 
004 ; Karovska et al. 2007 ). Secondly, high-resolution spectra of
he supersoft X-ray component exhibit emission lines. For instance, 
n the symbiotic recurrent nova system T CrB, Toal ́a et al. ( 2024 )
emonstrated that the XMM–Ne wton RGS spectra e xhibited emission 
ines in the supersoft range that should not be be modelled by a
lackbody emission model. Consequently, we will support here the 
dea that the supersoft component in the X-ray spectra of R Aqr
omes from extended X-ray emission produced by the variable nature 
f jets in symbiotic systems (see for example the case of V694 Mon
n Lucy et al. 2020 ). In fact, Toal ́a et al. ( 2022 ) demonstrated that
his is the case for R Aqr where the supersoft component is detected
MNRAS 535, 2724–2741 (2024) 

https://www.aavso.org/
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s an extended emission permeating the nebula associated with this 
ymbiotic system. 

There is no doubt that the presence of the 6.4 keV Fe emission line
n symbiotic systems is produced by reflecting material in the vicinity
f the boundary layer (e.g. Eze 2014 ). Nev ertheless, v ery little effort
as been done in the literature in order to produce physically driven
odels that fit this component and the best way to a v oid this is

o include a Gaussian profile to fit the 6.4 keV Fe emission line.
ollowing the methodology by our group, here we have proposed 

hat the reflecting material is the accretion disc. We estimated the
f fecti ve Roche lobe radius of 4.7 + 1 . 4 

−0 . 5 au which resulted to be very
imilar to the estimations of 5 au presented by the analysis of near-IR
ata in Hinkle et al. ( 2022 ). Consequently, our flared disc model was
reated with an outer radius of 5 au. In contrast, the radius of the
-type star is estimated to be about 250 R � ( � 1.2 au) and might not

ll its Roche lobe to create an accretion disc. The formation of the
ccretion disc might alternatively proceed through a Bondi–Hoyle–
yttleton process (Hoyle & Lyttleton 1939 ; Bondi & Hoyle 1944 ) or
ind Roche lobe o v erflo w mechanism (Podsiadlo wski & Mohamed
007 ; de Val-Borro, Karovska & Sasselov 2009 ). 
Although the accretion disc should be the main source of reflection,

iven its larger density (see e.g. Lee, Kim & Lee 2022 ), other
tructures in its vicinity might be able to contribute to the reflection
omponent to a lesser e xtent. F or e xample simulations of accreting
Ds show the formation of large scale ( � 100 au) 3D spiral structures

de Val-Borro et al. 2017 ; Liu et al. 2017 ). Those structures will be
est included in further studies by applying the radiative-transfer 
ode SKIRT to the density structures obtained from hydrodynamical 
imulations. 

.2 Consequences of the spectral analysis 

ased on the models obtained from the multiple Chandra and 
MM–Newton observations of R Aqr, we found that during the 
eriod from 2000.69 to 2022.78, the total intrinsic X-ray flux 
 X , TOT exhibited a certain degree of variability (see Fig. 5 ), with an
stimated median flux of 1.4 ×10 −11 erg s −1 cm 

−2 , and a median
bsolute deviation of 7.8 ×10 −12 erg s −1 cm 

−2 , without a clear
ncreasing nor decreasing trend. Almost exactly the same behaviour 
s observed for the supersoft component F X1 , a characteristic that
emonstrates that it dominates the total intrinsic flux. The non- 
etection of this component beyond 2021.33 has to be attributed 
o the ACIS instrument’s dramatic reduction of ef fecti ve area in the
oft energy range ( < 1.0 keV) rather than to its intrinsic decline.
n the other hand, the second soft component F X2 , exhibits a flux

ncrease from the first to the last epoch of observation ranging about
 orders of magnitude. Given that the kT 2 plasma component can be
irectly associated with X-ray-emitting clumps in the jet, it might be
uggested that the jet activity increased with the system approaching 
eriastron passage (see Sacchi et al. 2024 ). 
We also report a direct correlation between the evolution of the

ux of the boundary layer F X3 and the periastron passage of the
tellar components of R Aqr. Fig. 5 shows that the lo wer F X3 v alues
orrespond approximately to apastron passage (about the year 2000), 
ut it peaks at periastron passage ( ∼2019.9). After this, the flux of
he boundary layer started declining. This pattern might be related 
o the variation of the efficiency of the accretion process as R Aqr
pproaches periastron passage. We note that a similar behaviour 
s exhibited by the reflection component, although not exactly the 
ame. F or e xample the peak of the reflection component does not
orresponds exactly to the periastron passage, but a couple of years
fter it. 
MNRAS 535, 2724–2741 (2024) 
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M

Figure 4. Background-subtracted X-ray spectra of R Arq. Different panels show details of the best-fit models for each epoch. The contribution from the different 
components to each epoch are shown. See details in Table 4 . 
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Figure 5. Evolution with time of the intrinsic X-ray flux in R Aqr. Different 
symbols show the evolution of the total flux ( F X , TOT – diamonds), the 
contribution from the soft components ( F X1 and F X2 – triangles), the 
boundary layer plasma ( F X3 – bullets), and that of the reflection ( F ref 

– squares). The vertical shaded area shows the approximate dates of the 
periastron passage (2019.9 ±0.1), while the horizontal dashed line represents 
the estimated median value of 1.4 ×10 −11 erg cm 

−2 s −1 for F X , TOT . 
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It is important to note here that the 2021 and 2022 Chandra
bservations were obtained with only a few days of difference 
mong them, yet some variation is detected. For example the 
021.33 and 2021.34 observations, obtained within 1 d, exhibit 
ubtle but clear differences (see Table 4 and Fig. 5 ). The same can
e stated about the 2022 observations. This situation shows that 
he X-ray emission from R Aqr is variable within time-scales of
ays. 
Finally, we w ould lik e to remark that the XMM–Newton and

handra observations analysed here are limited to the 0.3–10.0 keV 

ange, but it is well-known that symbiotic systems may emit X- 
ay emission at higher energies, up to 100 keV (e.g. Luna et al.
019 ). Previous analyses of Swift data of symbiotic systems require 
xtremely high plasma temperatures in order to fit the high energetic 
art of their spectra ( kT � 30 keV; Kennea et al. 2009 ). Neverthe-
ess, recent analysis of multi-epoch observations of the symbiotic 
ecurrent nova system T CrB including reflection from an accretion 
isc do not require such high plasma temperatures. According to 
he models presented in Toal ́a et al. ( 2024 ), reflection dominates
he 15–50 keV energy range in T CrB. We note that such spectra
esemble those emitted by an active galactic nucleus in which a 
ompton shoulder is one of the main components (e.g. Kaspi et al.
002 ). Ho we ver, in the case of symbiotic systems this feature is
urely modelled by the combination of the plasma component from 

he boundary layer and the reflection. In Fig. 8 , we present the
redictions for the 3.0–50.0 keV energy range from our best-fit 
odel to the 2017.78 Chandra observations. This model predicts 

hat reflection in R Aqr should dominate the 10.0–50.0 keV energy 
ange but, unfortunately, there are no available X-ray observations in 
his energy range to compare with. Future observations co v ering this
nergy range, such as those provided by NuSTAR , are necessary in
rder to corroborate or impro v e the accurac y of the reflection models
resented here. 
.3 The evolution of Ṁ acc 

ig. 7 illustrates the evolution of the optical flux from the accretion
isc, which is found to be somewhat constant for a time period ∼3 yr
efore and after periastron passage. 
Since X-ray and optical observations are not contemporaneous, 

e apply a Gaussian process (GP; Rasmussen & Williams 2006 )
o generate a non-parametric model, which is e v aluated at the X-
ay epochs. This Bayesian statistical approach fits the data using 
 constant mean function and a covariance matrix. We used the
YTHON GPflow library, 11 with a squared exponential kernel (Wil- 
on & Adams 2013 ), which we consider appropriate for describing
he data correlation. By applying this model, we can sample F opt 

t the epochs of the X-ray observations. These values are listed in
able 4 represented by the parameter L opt , along with their respective
ncertainties derived and propagated from the GP covariance matrix 
nd the uncertainty in the distance. These fluxes are illustrated in
ig. 7 with triangles. 
Previous works have tried to correlate the optical and the X-

ay emission, for example, we note the classic work of Patterson
 Raymond ( 1985 ), where theoretical models of accreting WDs

re compared with observ ations. Ho we ver, those works adopt the
omplete X-ray luminosity in order to estimate accretion mass-loss 
ates, but we advise against that method (see abo v e). The ratio of
he X-ray flux from the boundary layer and the optical flux from
he accretion disc has values of F X3 /F opt ≈0.03, ≈0.07, and � 0.02
rior, during, and after periastron passage (see top panel of Fig. 9 ).
ccording to the theoretical predictions from Patterson & Raymond 

 1985 ), the peak of the F X3 /F opt would suggest a mass accretion rate
n to the WD of Ṁ acc ≈ 10 17 g s −1 ( ≈ 10 −9 M � yr −1 ). 
On the other hand, assuming that the total accretion luminosity L acc 

riginates from a standard thin accretion disc (Shakura & Sunyaev 
973 ; Pringle 1981 ), we can express it as 

 acc = 

1 

2 

GM WD 

R WD 
Ṁ acc , (3) 

ith G as the gravitational constant and R WD the radius of the
D component, where L acc should be the bolometric luminosity 

roduced by the accretion process. That is, L acc should account 
or all the emission produced (at least) in the optical and X-ray
e gime. Moreo v er, giv en the fact that symbiotic systems also emit
onsiderably in the UV (see for example Guerrero et al. 2024 , and
eferences therein) we tried to assess the contribution of the accretion
isc to this wavelength range. 
Unfortunately, there are no contemporary spectroscopic UV ob- 

ervations of R Aqr. Appendix B describes our attempt to estimate an
 veraged contrib ution from the accretion disc into the near -UV range
sing available IUE observations. We calculated a median spectrum 

or all the IUE data available in the Mikulski Archive for Space
elescopes (MAST). 12 A blackbody model fitted to the near-UV 

edian spectrum resulted in T bb = 25 000 K, L WD = 0 . 19 + 0 . 11 
−0 . 04 L �,

nd R WD = 0 . 025 + 0 . 008 
−0 . 003 R � (see details in Appendix B ). After

ubtracting this model to the near-UV spectrum, we estimate an 
xcess of L UV = 0 . 07 + 0 . 04 

−0 . 01 L � which can be attributed to the accretion
isc. We note that although the different IUE near-UV spectra might
uggest a certain degree of variability, the median spectrum presented 
n Fig. B1 seems to be a good representation of the averaged
roperties. 
MNRAS 535, 2724–2741 (2024) 
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M

Figure 6. Light curve (diamonds) in the Johnson V band filter of R Aqr extracted from the AAVSO data base. The dashed vertical lines illustrate the dates 
of acquisition of the ARAS spectra and the X-ray observations. The shaded region marks the periastron passage (2019.9 + 0.1). The figure illustrates that the 
observations obtained at the beginning of 2020 correspond to minimum in the pulsation of the M-type star component of R Aqr. 

Figure 7. Evolution of the optical flux of the accretion disc ( F opt ) estimated 
from the ARAS spectra (diamonds). The line represents the mean function 
while the shaded region indicates the confidence interval derived from the 
covariance matrix of the Gaussian process fit (see Section 4.3 for details). The 
triangles correspond to the epochs of X-ray observations. To a v oid confusion, 
each triangle is used as an arrow head to point to the referred value. 
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boundary layer ( kT 3 ) and that of reflection, respectively. 

F  

s  

p  

e  

(  

s  

c  

f  

d
 

f  

o  

d  

o
v  

(  

e  

o  

c
f  

S  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/3/2724/7899381 by guest on 08 M
arch 2025
We then proceeded to calculate the mass accretion rate us-
ng equation ( 3 ) and adopting L acc = L opt + L UV + L X3 with
 WD = 0.025 R �. With these corrections, we now estimate the
ass accretion rate to have values around Ṁ acc ≈ [0 . 6 − 1] ×

0 −9 M � yr −1 for the epoch interval from 2017.78 to 2022.78. The
xact values are presented in Table 4 as Ṁ acc and are illustrated in
he bottom panel of Fig. 9 . The lowest Ṁ acc value corresponds to the
020.03 epoch reflecting the behaviour of the optical luminosity of
he accretion disc L opt , which is the dominant wavelength. 

It is important to note here that the contribution of X-rays from the
oundary layer ( L X3 ) to the total bolometric luminosity produced by
ccretion ( L acc ) is small compared to the optical and UV fluxes of the
ccretion disc, given that, L X3 ≈ [10 −4 –10 −2 ] L � (see Table 4 ). Thus,
or the specific case of R Aqr, we can approximate Ṁ acc by simply
ccounting for the optical and UV contribution from the accretion
isc. That is, by assuming L acc = L opt + L UV . Consequently, in
NRAS 535, 2724–2741 (2024) 
ig. 10 , we present the Ṁ acc estimations for all epochs of the ARAS
pectra. Again, Fig. 10 shows the results from applying a Gaussian
rocess to the estimated accretion rates and ef ficiencies deri ved from
quation ( 3 ). The solid (blue) line represents the mean function
the most likely v alues gi ven a realization of the model), while the
haded region indicates the confidence interval associated with the
ovariance matrix of the Gaussian process fit. Fig. 10 shows that
rom 2017 to 2023 the mass accretion rate Ṁ acc exhibits a certain
egree of variability, with a median value of 7.3 ×10 −10 M � yr −1 . 
For comparison, we mention that there are different estimations

or the mass accretion rate on to the WD in R Aqr. Depending
n a combination of different parameters, such as M WD , R WD , the
isc temperature and the efficiency of the accreted Mira-type wind
n to the WD, Burgarella et al. ( 1992 ) estimated different Ṁ acc 

alues ranging from 1.8 ×10 −9 to 3.1 ×10 −8 M � yr −1 . Other works
see e.g. Henney & Dyson 1992 ; Ragland et al. 2008 ; Melnikov
t al. 2018 ) assumed that Ṁ acc should be about 10 per cent or an
rder of magnitude lower than the mass-loss rate of the red giant
omponent, which has been estimated to be Ṁ Mtype ≈ 10 −7 M � yr −1 

rom radio wavelengths (Michalitsianos, Kafatos & Hobbs 1980 ;
pergel, Giuliani & Knapp 1983 ; Hollis et al. 1985 ). We note
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Figure 9. Evolution with time of the ratio of the X-ray emission from the 
boundary layer F X3 o v er the optical flux of the accretion disc F opt ( top 
panel ) and the mass accretion rate Ṁ acc ( bottom panel ). The shaded grey area 
represents the periastron passage (2019.9 ±0.1). To a v oid any confusion the 
triangles are oriented as arro wheads, pointing to wards the value obtained for 
each epoch. 
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hat previous mass accretion rate estimates adopted a total lumi- 
osity for the boundary layer and the disc of 10 L �, a value
hat is about 2 orders of magnitude larger than our luminosity 
stimates. 

Fig. 10 also shows the evolution of the mass accretion efficiency 
, which is defined as 

= 

Ṁ acc 

Ṁ Mtype 
. (4) 

he evolution of R Aqr suggest efficiency values from η = 4 . 49 ×
0 −3 up to η = 1 . 55 × 10 −2 , with a median value of 7 ×10 −3 , as
stimated from Ṁ acc values presented in the Table 2 . The minimum 

values are obtained for epochs around the periastron passage of 
 Aqr, b ut we attrib ute this to the coincidence of a pulsation minimum
f the M-type star (see Fig. 6 ). 
In Appendix C , we present an analytical model to study the

ccretion luminosity L acc evolution for a system with the same 
bserved properties of R Aqr. This model incorporates a reformu- 
ated Bondi–Hoyle–Lyttleton accretion mechanism, which will be 
omprehensively detailed and validated against other observations 
nd simulations in Tejeda & Toal ́a ( 2024 ). Our analytical model
uggests that the observations can be reasonably reproduced by a 

-type star with a mass-loss rate of Ṁ Mtype = 10 −7 M � yr −1 and
ind velocities between 25 and 40 km s −1 as illustrated by the

op panel of Fig. C2 (consistent with wind properties of evolved 
tars; see e.g. Ramstedt et al. 2020 ). For these wind parameters, our
odel predicts mass accretion efficiencies between η = 4.77 ×10 −3 

nd 1.64 ×10 −2 , consistent with the observ ationally deri ved v alues.
he bottom panel of this figure shows similar calculations adopting 
if ferent Ṁ Mtype v alues. This seems to suggest that the variable
bserved properties of R Aqr can be attributed to the variable nature
f the wind properties of the Mira-type star; a property that is not
ncorporated in the current analytical predictions. The analytical 
olution predicts that the peak mass accretion rate occurs shortly after
eriastron passage. For example with a wind velocity of 30 km s −1 ,
he maximum is reached 1.8 yr after periastron, around 2021.7 (see
ig. C2 ). 

 SUMMARY  A N D  C O N C L U S I O N S  

e presented the analysis of multi-epoch Chandra ACIS-S and 
MM–Newton EPIC pn X-ray observations of the symbiotic system 

 Aqr. The observations co v er about 22 yr of evolution of this
ymbiotic system, between 2000 and 2022, about half of the orbital
eriod of the system. We corroborated that R Aqr remained a β/δ-
ype X-ray-emitting symbiotic system but with a certain degree of 
ux variation. We analysed the X-ray spectra including a reflection 
odel, instead of the oft-used Gaussian component to fit the 6.4 keV
e emission line. This model allows us to dissect the different
ontributing components to the X-ray spectra: the soft extended 
mission from the jet, the heavily extinguished plasma component of 
he boundary layer, and the contribution from reflection that naturally 
ncludes the 6.4 keV Fe fluorescent line. In addition, we analysed
ublicly available optical and UV data to study the properties of the
ccretion disc. All our estimates were computed adopting a distance 
o R Aqr of d = 200 + 60 

−20 pc. 
Our main findings can be summarized as follows: 

(i) Driven by recent description of the orbital parameters of the 
inary system in R Aqr, we constructed a reflecting structure with a
ared disc geometry with inner and outer radii of r in = 5 ×10 −4 and
 out = 5 au, respectively, and an inclination of 20 ◦ with respect to
he line of sight. The disc is characterized by an averaged column
ensity of N H , ref = 5 ×10 24 and a temperature of T = 10 4 K. The
ize of this disc structure is significantly smaller than the estimated
adius of the M-type component, which lead us to suggest that the
MNRAS 535, 2724–2741 (2024) 



2736 D. A. Vasquez-Torres et al. 

M

a  

w
 

c  

d  

a
a  

e  

o
 

t  

p  

p  

t  

t  

a  

i  

e  

o  

i
 

e  

o  

e  

i  

w  

v
 

d  

T  

t  

f  

o  

e
 

e  

o  

w  

0  

c
 

o  

b  

n  

c  

a  

o
1  

w  

r  

v
 

B  

p  

c  

2  

e  

v

5  

h  

N

A

T  

s  

s  

p  

C  

M  

0  

P  

I  

T  

u  

s  

2  

d  

a  

A  

a  

s  

N

D

T  

d  

s

R

A  

 

A
B  

B
B  

B  

 

B
C
C
d
d  

E
E
F  

 

F  

G
G
G
G  

H
H  

H  

H

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/3/2724/7899381 by guest on 08 M
arch 2025
ccretion process might be due to a Bondi–Ho yle-lik e process or a
ind Roche lobe o v erflow scenario. 
(ii) The intrinsic total flux ( F X , TOT ) and luminosity ( L X , TOT )

omputed for the 0.3–10.0 keV energy range exhibited some
egree of variation, but in general, we found that these varied
round median values for F X , TOT = 1.4 ×10 −11 erg s −1 cm 

−2 

nd L X , TOT = 6.7 ×10 31 erg s −1 . On the other hand, the differ-
nt components exhibit dramatic variations during the 22 yr of
bservations. 
(iii) We found that the flux from the boundary layer ( F X3 ) and

hat of the reflection component ( F ref ) are tightly correlated to the
eriastron passage. They exhibit their minimum values 21 yr before
eriastron passage, a maximum is achieved during periastron, and
hen their fluxes started to decline. We predict that the fluxes of
hese two components will keep on declining for another ∼21 yr
fter periastron (assuming that the period of the symbiotic system is
n fact 42 yr). A similar beha viour, b ut with larger uncertainties, is
xhibited by the second soft component kT 2 attributed to the presence
f hot X-ray-emitting pockets of gas produced by the precessing jet
n R Aqr. 

(iv) The supersoft component ( kT 1 ) dominates the total flux for
pochs before 2021, then it is not detected in the last Chandra
bservations. We attribute this situation to the diminishing of the
f fecti ve area of the Chandra ACIS-S detectors and not to an
ntrinsic disappearance of the supersoft component. This situation
as corroborated by e v aluating the spectra of other sources in the
icinity of R Aqr. 
(v) We modelled publicly available optical spectra from the ARAS

ata base for epochs co v ering the October 2017 to December 2022.
he spectra were analysed to subtract the contribution from the M-

ype and the WD components of R Aqr to estimate the contribution
rom the accretion disc to the optical ( L opt ). We estimate that its
ptical luminosity varied between 0.08 and 0.56 L � during these
pochs. 

(vi) Using available near-UV data from the IUE satellite, we
stimated the properties of the WD component in R Aqr. Our analysis
f the median near-UV spectrum resulted in a blackbody component
ith T bb = 25,000 K, radius R WD = 0.025 + 0 . 008 

−0 . 003 R �, and L WD =
.19 + 0 . 11 

−0 . 04 L �. This helped us estimate that the accretion disc has a
ontribution of L UV = 0.07 + 0 . 04 

−0 . 01 L � in the near-UV. 
(vii) We estimated mass accretion rates Ṁ acc accounting for the

ptical, UV, and X-ray emission produced by the accretion process,
ut we notice that the X-ray emission from the boundary layer does
ot contribute significantly to the total L acc . Thus, Ṁ acc was also
omputed accounting only for the optical and UV emission from the
ccretion disc. We found that Ṁ acc varied around a median value
f 7.3 ×10 −10 M � yr −1 . Adopting a mass-loss rate of Ṁ Mtype = 1 ×
0 −7 M � yr −1 , we were able to estimate the wind accretion efficiency,
hich we defined as η = Ṁ acc / Ṁ Mtype . This efficiency parameter

esulted in values between 4.49 ×10 −3 and 1.55 ×10 −2 with a median
alue of 7 ×10 −3 . 

(viii) Our results align well with predictions from an analytical
ondi–Hoyle–Lyttleton accretion model using the same orbital
arameters. Notably, the observed variability in disc luminosity is
onsistent with the model’s predictions for wind velocities between
5 and 40 km s −1 . Furthermore, the model predicts a mass accretion
fficiency at periastron consistent with those predicted from obser-
ations. 

(ix) We made predictions for the higher energy range ( E > 10–
0 keV) and noticed that the reflection component will dominate the
ard X-ray emission. Future observations such as those provided by
uStar can help assessing the role of the reflection disc in R Aqr. 
NRAS 535, 2724–2741 (2024) 
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PPENDI X  A :  A R A S  SPECTRA  

e present in Figs A1 and A2 the extinction-corrected, flux- 
allibrated ARAS spectra listed in Table 2 . Different panels show
ndividual spectra as well as the profiles of stellar spectra of M-type
tars from Fluks et al. ( 1994 ) what were used to estimate the disc
uminosity in the optical band ( L opt ). All spectra have been corrected
or extinction adopting A V = 0 . 1 mag and the Cardelli et al. ( 1989 )
 xtinction la w. 
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Figure A1. Extinction-corrected ARAS spectra of R Aqr from 2017 October 18 to 2021 No v ember 11 (solid purple line). The spectra are compared with 
M-type star models from Fluks et al. ( 1994 ) (black dashed lines) and the contribution from the WD with the parameters estimated in Appendix B ( T eff = 40 , 000 
K and L = 0.29 L �; red dashed line). A combined spectrum (M-type star + WD) is shown with a (green) dashed line. The grey shaded area represents the 
contribution of the accretion disc to the optical flux. 
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Figure A2. Same as Fig. A1 but for epochs between 2022 October 23 and 2022 December 10. 
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PPEN D IX  B:  U LT R AV I O L E T  LUMINOSITY  O F  

H E  AC C R E T I O N  DISC  

n this section, we present the analysis of UV data in order to
stimate the contribution from the accretion disc to this wavelength. 
or this, we retrieved IUE spectra from R Aqr listed in the MAST
ith exposure times longer than 1000 s and corresponding to the 

ow-dispersion and large aperture. These spectra co v er the 1850–
350 Å wavelength range. 
Fig. B1 presents a median spectrum obtained from combining all 

 vailable near -UV IUE spectra. To correct for reddening, we used
he extinction of the interstellar medium, A V = 0 . 1 mag. 
A blackbody spectrum was fitted to the dereddened median UV 

pectrum. This resulted in a model with a temperature of T BB =
5 000 K and a bolometric luminosity of L WD = 0 . 19 + 0 . 11 

−0 . 04 L � at
 = 200 + 60 

−20 pc. Using the Stefan–Boltzmann law, we estimated the
D’s radius to be R WD = 0 . 025 + 0 . 008 

−0 . 003 R �. This model is compared
n Fig. B1 with the near-UV median spectrum of R Aqr. An excess
s unambiguously detected for λ > 2910 Å. 

Finally, to estimate the contributing flux from the accretion disc to
he UV band, we integrated the area between the median spectrum
nd the black body in the interval 2296 < λUV < 3350 Å. After
onverting the integrated flux, the resulting luminosity is L UV = 

 . 07 + 0 . 04 
−0 . 01 L �. 
MNRAS 535, 2724–2741 (2024) 
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M

Figure B1. IUE spectrum of R Aqr (thick solid line) obtained by calculating 
the median of all available spectra in the MAST (thin lines). The dashed curve 
represents the contribution from a black body model with T bb = 25 000 K, 
L WD = 0.19 L �, and R = 0.025 R �. The spectrum was corrected using an 
extinction of A V = 0.1 mag. The shaded region represents the excess flux 
attributed to the contribution from the accretion disc. 
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PPENDIX  C :  A  B O N D I – H OY L E – LY T T L E TO N  

C C R E T I O N  M O D E L  F O R  R  AQ R  

n this appendix, we construct a simple analytical model to investigate
ind accretion in the R Aqr system. We assume the following orbital
arameters are known: 

 1 = 1 . 0 M �, (C1) 
NRAS 535, 2724–2741 (2024) 

igure C1. This schematic illustration depicts wind accretion on to a WD 

n a binary system, as viewed from the primary M-type star. Black points 
nd arrows track the WD’s position and orbital velocity. Red and blue arrows 
epresent the local wind velocity and the relative velocity between the WD 

nd the wind, respectively. The approximate shape of the bow shock at each 
osition is indicated by blue parabolic curves. The size of the grey circle at 
ach point corresponds to the relative mass accretion rate at that location. The 
olour gradient illustrates the density distribution of the wind of the primary 
-type star. 

Figure C2. Model predictions for the accreiton luminosity. Top panel: four 
cases of � ∞ 

are considered for a mass-loss rate of Ṁ Mtype = 10 −7 M � yr −1 

from the primary. Bottom panel: results are shown for � ∞ 

= 35 km s −1 and 
four different values of the mass loss rate Ṁ Mtype . In both panels, the squares 
represent the values (with errors) obtained from the ARAS spectra, allowing 
for a direct comparison between the analytic model and observations. 
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 WD = 0 . 7 M �, (C2) 

 = 0 . 45 , (C3) 

 = 42 . 4 yr , (C4) 

here M 1 and M WD represent the masses of the M-type primary and
econdary WD star, e is the orbital eccentricity, and P is the orbital
eriod. Applying Kepler’s third law, we derive the semimajor axis
 = 14 . 51 au. Fig. C1 provides a schematic representation of our
ind accretion model. 
Following a similar approach as in Theuns, Boffin & Jorissen

 1996 ) and Saladino et al. ( 2018 ), we employ the Bondi–Hoyle–
yttleton (BHL) model (Hoyle & Lyttleton 1939 ; Bondi & Hoyle
944 ) to estimate the mass accretion rate on to the WD from the
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rimary’s wind as 

˙
 BHL = 4 π

( GM WD ) 2 ρw 

� 3 rel 

, (C5) 

here ρw is the wind density and v rel represents the relative velocity 
etween the WD and the wind. 

The primary star’s stellar wind is modelled using a typical β
 elocity la w: 

 w ( r) = � ∞ 

(
1 − R 1 

r 

)β

ˆ r , (C6) 

here R 1 = 250 R � � 1 . 16 au is the stellar radius, � ∞ 

is the terminal
ind velocity, and r denotes the relative distance between the two 

tars. We adopt β = 2 which best reproduces the wind profile of cool
tars (see Lamers & Cassinelli 1999 ). 

Furthermore, assuming a constant mass loss rate Ṁ Mtype , we apply 
he continuity equation to express the wind density as 

w ( r ) = 

Ṁ Mtype 

4 πr 2 � w 
= 

Ṁ Mtype 

4 πa 2 � ∞ 

(a 

r 

)2 
(

1 − R 1 

r 

)−β

. (C7) 

While, for an elliptic trajectory 

 rel = 

√ 

� 2 w + � 2 WD − 2 � w � r WD , (C8) 

here 

 WD = � 0 

√ 

2 a 

r 
− 1 , (C9) 

 

r 
WD = � 0 

e √ 

1 − e 2 
sin ϕ, (C10) 

nd 

 0 = 

√ 

G ( M 1 + M WD ) /a (C11) 

s the mean orbital velocity of the WD. 
As shown in more detail in Tejeda & Toal ́a ( 2024 ), equations ( C5 )

nd ( C7 ) can be combined to calculate the mass accretion efficiency
s 

= 

Ṁ acc 

Ṁ Mtype 
= 

Ṁ BHL 

Ṁ Mtype 

∣∣∣∣ � w − � 
r 
WD 

� rel 

∣∣∣∣
= 

∣∣∣∣1 − � 
r 
WD 

� w 

∣∣∣∣
(

M WD 

M 1 + M WD 

)2 (a 

r 

)2 
(
� 0 

� rel 

)4 

. (C12) 
2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
his quantity represents the fraction of the primary’s stellar wind 
aptured by the WD star via BHL accretion. For the assumed orbital
arameters of R Aqr, we find that, at pericentre ( ϕ = 0) the mass
ccretion efficiency ranges from η = 0 . 005 to 0.02 for asymptotic
ind velocities between 25 and 40 km s −1 , respectively. 
Assuming that the captured material through wind accretion 

ltimately forms a standard thin accretion disc around the WD, we
an estimate the expected disc luminosity as (Shakura & Sunyaev 
973 ) 

 acc = 

1 

2 

GM WD 

R WD 
Ṁ acc 

� 0 . 44 
( η

0 . 01 

) (
Ṁ Mtype 

10 −7 M � yr −1 

)

×
(

M WD 

0 . 7 M �

) (
R WD 

0 . 025 R �

)−1 

L �. (C13) 

Fig. C2 presents the predicted accretion luminosity for four 
if ferent v alues of the terminal wind velocity ( � ∞ 

= 25, 30, 35,
nd 45 km s −1 ) and a fixed mass loss rate from the M-type star of
˙
 Mtype = 10 −7 M � yr −1 . For comparison, the plot shows the results

f the accretion luminosity estimated for the accretion disc in R Aqr.
The standard BHL model demonstrates broad agreement with the 

bservational data, accurately predicting the order of magnitude 
f disc luminosity. This consistency is observed for the selected 
symptotic wind velocities. Furthermore, for a given � ∞ 

, the model 
ligns with observations when the mass loss rate varies between 
 ×10 −8 and 2 ×10 −7 M �yr −1 (see bottom panel of Fig. C2 ). 
The remaining discrepancies between the observations and our 
odel can likely be attributed to the inherent simplicity of the

ater and the assumption of a smooth β law for the stellar wind.
n reality, the wind environment of M-type stars is expected to be
ore variable and/or inhomogeneous and pulsations are likely to 

ause abrupt variations in local wind properties. 
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