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A B S T R A C T 

We present Very Large Telescope spectroscopy, high-resolution imaging, and time-resolved photometry of KY TrA, the optical 
counterpart to the X-ray binary A 1524-61. We perform a refined astrometry of the field, yielding impro v ed coordinates for 
KY TrA and the field star interloper of similar optical brightness that we locate 0.64 ± 0.04 arcsec SE. From the spectroscopy, 
we refine the radial velocity semi-amplitude of the donor star to K 2 = 501 ± 52 km s −1 by employing the correlation between 

this parameter and the full width at half-maximum of the H α emission line. The r -band light curve shows an ellipsoidal-like 
modulation with a likely orbital period of 0.26 ± 0.01 d (6.24 ± 0.24 h). These numbers imply a mass function f ( M 1 ) = 

3.2 ± 1.0 M �. The KY TrA de-reddened quiescent colour ( r − i ) 0 = 0.27 ± 0.08 is consistent with a donor star of spectral type 
K2 or later, in case of significant accretion disc light contribution to the optical continuum. The colour allows us to place a very 

conserv ati ve upper limit on the companion star mass, M 2 ≤ 0.94 M �, and, in turn, on the binary mass ratio, q = M 2 / M 1 ≤ 0.31. 
By exploiting the correlation between the binary inclination and the depth of the H α line trough, we establish i = 57 ± 13 deg. 
All these values lead to a compact object and donor mass of M 1 = 5 . 8 

+ 3 . 0 
−2 . 4 M � and M 2 = 0.5 ± 0.3 M �, thus confirming the 

black hole nature of the accreting object. In addition, we estimate a distance towards the system of 8.0 ± 0.9 kpc. 

Key words: accretion, accretion discs – binaries: close – stars: black holes – stars: individual: A1524-61 ( = KY TrA) – X-rays: 
binaries. 
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 I N T RO D U C T I O N  

ow-mass X-ray binaries (LMXBs) are binary systems containing 
 black hole or a neutron star accreting matter from a low-mass
oche-lobe filling companion star via an accretion disc. A subgroup 
f LMXBs, dubbed X-ray transients (XRTs), is known for showing 
npredictable episodes of increased bolometric luminosity caused 
y enhanced mass accretion on to the compact object (see e.g. Mc-
lintock & Remillard 2006 ). These outburst episodes are followed 
y long periods of low accretion luminosity called quiescent state 
hen the companion star may be detectable o v er the diminished disc

mission. This provides an opportunity to perform dynamical mass 
easurements by establishing the orbital period P , the radial velocity 

emi-amplitude of the companion star K 2 , the binary inclination i ,
nd the mass ratio q (see Casares & Jonker 2014 , for a re vie w). 

When the companion is not detected, alternative techniques have 
o be considered to derive reliable mass constraints. This is the case
f the XRT A 1524-61, subject of this work, which lacks a dynamical
 E-mail: idaira.yanes@iac.es (IVY); mapt@iac.es (MAPT) 
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tudy due to the faintness of the quiescent optical counterpart and
he presence of an interloper star. 

A 1524-61 was disco v ered on 1974 No v ember 12 with the Ariel
 satellite (Pounds et al. 1974 ). Based on its soft X-ray spectral
roperties and optical/X-ray similarities with A0620-00, this new 

RT was proposed to host a black hole accretor (Murdin et al. 1977 ;
hite, Kaluzienski & Swank 1984 ). Its optical counterpart (KY TrA)
as identified during the disco v ery outburst with a B = 17.5 star

Murdin et al. 1977 ). Further support for the presence of a black hole
n KY TrA came from X-ray spectral properties observed during a
e w lo w-intensity outburst detected by the SIGMA telescope in 1990
ugust (Barret et al. 1992 ). After decades of oblivion, KY TrA was

gain reco v ered in 2004–2010 during quiescence (Zurita, Corral- 
antana & Casares 2015 ). These authors showed through inspection 
f H α and I -band frames that KY TrA is the NW component of
 pair of stars separated by ∼0.4 arcsec 1 having a brightness of
 = 22.3 , I = 21.5 (corrected for light from the interloper star).
 Zurita, Corral-Santana & Casares ( 2015 ) erroneously reported in their 
bstract an offset of ∼1.4 arcsec. The correct units are pixels with 1 pix = 

.252 arcsec. 
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Figure 1. FORS2 120 s I -band acquisition image of the field containing KY 

TrA. The field of view is 40 × 34 arcsec and the plate scale is 0.25 arcsec 
pixel −1 . The position of KY TrA and its interloper is indicated by a black 
cross and the field stars used for the photometry are numbered following 
Table 1 . The target location has been zoomed in to show the clear distinction 
between KY TrA (NW source marked with a red arrow) and its interloper 
(SE). 
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rom photometric constraints on the companion spectral type, Zurita,
orral-Santana & Casares ( 2015 ) suggested an orbital period of ≈8 h,
ith a robust upper limit at 15 h. In addition, they derived K 2 to be
30 ± 74 km s −1 using the H α emission line detected in a single
oor-quality spectrum obtained during quiescence. These numbers
mply a tentative mass function in the range of ∼9–16 M �. 

In this paper we present 0.5 arcsec spatial resolution imaging, time-
eries photometry, and higher quality spectroscopy of the optical
uiescent counterpart to A 1524-61. We impro v e the astrometric
ocations of KY TrA and its interloper, identify the likely orbital
eriod, and resolve the double-peaked morphology of the H α

mission line from the quiescent accretion disc. We exploit the
roperties of the H α emission line to constrain the orbital parameters.
n what follows we detail the observations and data reduction steps
Section 2 ). The data analysis and results are given and discussed in
ection 3 . Finally, in Section 4 we constrain the orbital inclination
nd discuss the implications on the compact object mass. 

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

.1 Spectroscopy 

pectroscopy for KY TrA was acquired on 2016 April 4 and 7 in
ervice mode at ESO’s Paranal observatory (Chile). The observations
ere performed with the FOcal Reducer and low-dispersion Spec-

rograph 2 (FORS2, Appenzeller et al. 1998 ) which was attached
o the Cassegrain focus of the 8.2-m Unit 1 Very Large Telescope.
hree consecutive 820 s spectra were collected each night with the
rism GRIS 600RI and a 0.7 arcsec slit. In a best effort to have both
Y TrA and the interloper on the slit, its position angle PA was set

o −15 and −20 deg during the first and second night, respectively.
he instrument was used with the standard resolution collimator and

he two 2048 × 4096 pixels MIT CCDs binned by a factor of 2.
his instrumental set-up provided a 5015–8330 Å spectral coverage
ith a 1.6 Å pixel −1 dispersion and a nominal slit width limited

esolution of ∼ 3.3 Å full width at half-maximum (FWHM). The
eeing, measured from the spectral trace of a field star centred on the
lit, ranged between 0.5 and 0.7 arcsec during the observations. 

The reduction of the data was performed with standard routines
mplemented in PYRAF. 2 This consisted of de-biasing and flat-fielding
he science and calibration arc-lamp frames. The latter were obtained
t the end of each observing night in order to perform the wavelength
alibration of the data. The pix el-to-wav elength scale was derived
hrough two-piece cubic spline fit to 17 arc lines. The root mean
quare (rms) scatter of the fit was < 0.04 Å. Wavelength zero-
oint deviations were corrected by applying to the spectra zero-
oint shifts calculated using the [O I ] 6300.3 Å sk y line. Giv en
he light contamination of KY TrA by the interloper, the spectral
rofiles were not traced to a v oid potential large departures from
he target location during the extraction. Instead, the aperture was
xed at the position of the target spatial profile at H α and sized for
ach spectrum to maximize the number of pixels containing signal
rom the object while minimizing the interloper contamination. The
xtracted individual spectra have a mean continuum signal-to-noise
atio (SNR) of 3 in the 5800–6300 Å wav elength re gion, reaching
8 at maximum intensity of the H α emission line. The data were

mported to the MOLLY 

3 package where we shifted them to the
NRAS 527, 5949–5955 (2024) 

 https:// github.com/ iraf-community/ pyraf
 MOLLY was written by T. R. Marsh and is available from https://cygnus. 
stro.warwick.ac.uk/ phsaap/ software/ molly/ html/ INDEX.html . 
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4

eliocentric rest frame and performed all subsequent analysis. For
his, the spectra were normalized to the continuum level with three-
not spline fits after masking out the telluric bands and emission lines.

.2 Photometry 

e also performed time-resolved photometry of KY TrA on the
ights of 2019 May 10 and 11, using the Dark Energy Camera
DECam; Flaugher et al. 2015 ) mounted on the prime focus of the
 ́ıctor M. Blanco 4-m Telescope at Cerro Tololo Inter-American
bservatory. DECam has 62 2048 × 4096 pixel CCD chips covering
 field of view of 3 deg 2 with a 0.26 arcsec pixel −1 plate scale. KY
rA was placed on the central chip #28. A total of 73 and five 200 s

mages were obtained in the r and i bands, respectiv ely, co v ering o v er
9 h per night. The seeing ranged between 0.8 and 1.8 arcsec. The

ias subtraction and the flat field correction of the CCD containing
Y TrA were made using PYRAF . Photometry was carried out with

he HiPERCAM 

4 reduction pipeline. Apertures were centred on the
nresolved transient and interloper, and six field stars (Fig. 1 ). After
everal tests, the aperture radius was set to 6 pixels (1.6 arcsec) to
um the flux from KY TrA + interloper and maximize its SNR. Seven
 -band images with seeing larger than 1.5 arcsec provided only photo-
etric upper limits and were rejected. Our photometry was calibrated

sing the Dark Energy Camera Plane Surv e y 2 (DECaPS2; Saydjari
t al. 2023 ). For an independent test we also used the ATLAS All-
ky Reference Catalog (Tonry et al. 2018 ) and obtained consistent
esults. Table 1 shows the r magnitudes for the comparison star used
n the differential photometry (star 1) and the five field stars used as
eference for testing the stability of the light curves (stars 2–6). 

 DATA  ANALYSI S  A N D  RESULTS  

.1 Impro v ed astrometric solution 

Y TrA and its interloper are clearly distinguished in a 120 s I -
and FORS2 acquisition image taken on 2016 April 7 during the
 https:// github.com/ HiPERCAM/ hipercam 

https://github.com/iraf-community/pyraf
https://cygnus.astro.warwick.ac.uk/phsaap/software/molly/html/INDEX.html
https://github.com/HiPERCAM/hipercam
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Table 1. Mean r -band magnitudes and rms 
scatter for the six comparison stars obtained 
from the DECam light curves. 

Star r 

1 18.39 ± 0.01 
2 19.15 ± 0.01 
3 19.88 ± 0.01 
4 19.51 ± 0.01 
5 22.47 ± 0.08 
6 21.93 ± 0.05 
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Figure 2. The average H α emission line profile at the heliocentric rest 
frame is shown in black with associated uncertainties o v erplotted. The blue 
and red lines represent the best-fitting single- and double-Gaussian models, 
respectively. 
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pectroscopic campaign. The image of KY TrA was recorded on 
CD1 under 0.5 arcsec seeing; it has a field of view of 7 × 4 arcmin 2 

nd it is sampled with a 0.252 arcsec pixel −1 plate scale (see Fig. 1 ).
e performed astrometry on this image using Gaia Data Release- 
 stars (Gaia Collaboration 2018 ) employing the Gaia 5 image tool 
o fit the positions of 102 Gaia point sources that are not saturated
 g > 17) in our image and that delivered an astrometric solution
ith rms 0.043 arcsec. We determined the coordinates of KY TrA

o be α (J2000) = 15:28:16.93 and δ (J2000) = −61:52:57.95. 
he coordinates of the interloper are α (J2000) = 15:28:16.97 
nd δ (J2000) = −61:52:58.52. The separation between the two 
omponents is 0.64 ± 0.04 arcsec. These determinations are based 
n the positions derived from point spread function (PSF) fitting (see 
e xt). The y supersede pre vious v alues inferred from the centroid of
he KY TrA + interloper pair measured in H α and I -band images
f lower quality (Zurita, Corral-Santana & Casares 2015 ). As we are
ble to resolve the blend we performed PSF photometry in order to
ompare with the I -band magnitude of KY TrA in Zurita, Corral-
antana & Casares ( 2015 ). The D AOPHO T package (Stetson 1987 )
as used with a Moffat distribution model for 11 stars after removing

heir neighbours. Differential photometry was performed relative to 
tars in the DECaPS2 catalogue, where I -band magnitudes were 
alculated using the transformations reported by Lupton (2005). 6 

e obtained I = 21.3 ± 0.3, where the uncertainty is dominated by
he photometric errors. This is consistent with the value reported by 
urita, Corral-Santana & Casares ( 2015 , I = 21.47 ± 0.09). 

.2 The H α emission line and inferred K 2 and q 

 α emission is the only discerned spectral feature from KY TrA
n the FORS2 data. For the subsequent analysis, the normalized 
ndividual spectra were averaged using inverse variance weights to 
aximize the SNR of the resulting sum, which is shown in Fig. 2 .
ontrary to Zurita, Corral-Santana & Casares ( 2015 ), the double- 
eaked morphology of the emission line is clearly resolved. Thus, we 
an infer the fundamental parameters K 2 and q = M 2 / M 1 , where M 1 

nd M 2 stand for the masses of the compact star and its companion,
espectively. To do this we exploit the H α correlations found in 
asares ( 2015 , 2016 ). Following these works, we fitted both a

ingle and a symmetric double-Gaussian model to the individual and 
veraged spectra contained within ±10 000 km s −1 of the H α line rest
avelength. Before conducting the fits, these models were degraded 

o the 3.3 Å instrumental resolution of our average spectrum. The fits
o the averaged profile are illustrated in Fig. 2 . 

We start by employing the correlation that links the radial velocity 
emi-amplitude of the donor star with the FWHM of the H α emission
 https:// github.com/ Starlink/ starlink/ tree/ master/ applications/ gaia 
 http:// classic.sdss.org/ dr4/ algorithms/ sdssUBVRITransform.html 

s  

a  

i  

a

ine in quiescent XRTs: K 2 = 0.233(13) × FWHM (Casares 2015 ).
rom the single Gaussian fits to the individual profiles we obtain
WHM = 2114 ± 157 km s −1 , where the value and the uncertainty
orrespond to the mean and the standard de viation, respecti vely. Al-
ernatively, a fit to the average profile yields FWHM = 2151 ± 62 km
 

−1 . Given that the spectroscopy only co v ers a small fraction of
he orbit, we decided to adopt the fit to the average profile but
dding quadratically a 10 per cent uncertainty to account for the
ntrinsic FWHM variability that is typically observed in XRTs (see 
asares 2015 ). This leads to FWHM = 2151 ± 224 km s −1 and

hus the FWHM- K 2 correlation yields K 2 = 501 ± 52 km s −1 . This
s consistent within 2 σ with the value 630 ± 74 km s −1 reported
n Zurita, Corral-Santana & Casares ( 2015 ), which was obtained
hrough a single, lower quality spectrum. 

Next, we constrain the mass ratio q using the existing correlation
etween this parameter and the ratio of the double-peak separation 
DP) to FWHM of the H α line. This relation is given by log q =
6.88(0.52) − 23.2(2.0) log 

(
DP 

FWHM 

)
(Casares 2016 ). From the fit 

f the single and double Gaussian to the average spectrum we obtain
P = 1247 ± 23 km s −1 and FWHM = 2151 ± 62 km s −1 . The

alculation of q was done through Monte Carlo randomization, 
here DP/FWHM is treated as being normally distributed around 

heir measured value with standard deviation equal to its uncertainty. 
hus, we obtain q = 0 . 04 + 0 . 05 

−0 . 03 . Ne vertheless, gi ven the limited phase
o v erage, this value could be biased as it is not accounting for possible
ariability of the emission line throughout the orbit. In Section 4.1 ,
e provide a more conserv ati ve constraint on q by restricting the

pectral type of the donor star through colour information. 

.3 Optical light cur v e and search for periodicities 

he DECam r -band light curve extracted from our aperture pho-
ometry (Section 2.2 ) contains the light of both KY TrA and the
nresolved interloper (see Fig. 3 ). From the time-series photometry 
e measure mean magnitudes and rms variability of r = 22.07 ± 0.11

nd i = 21.45 ± 0.07 for the blended light. The field star 6 has
imilar brightness ( r = 21.94 ± 0.05) and its r -band light curve is
lso plotted in Fig. 3 for comparison. The amplitude of the variability
ntrinsic to KY TrA is veiled by the presence of the interloper that
ccording to the photometry presented in Zurita, Corral-Santana & 
MNRAS 527, 5949–5955 (2024) 
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http://classic.sdss.org/dr4/algorithms/sdssUBVRITransform.html
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M

Figure 3. r -band light curve of the unresolved KY TrA + interloper pair 
(green points), KY TrA after correcting for the interloper light contamination 
(black points), and the field stars 6 (red points) and 5 (blue points) which have 
similar brightness to the blended pair of stars and KY TrA, respectively. These 
have been shifted 1.6 and 1.5 mag for display purposes. The photometric 
uncertainties in KY TrA include the error contribution from the interloper 
flux removal and photometric system conversion. 
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Figur e 4. Lomb–Scar gle periodogram from the r -band light curve. The 
95 per cent white noise significance level has been represented by a horizontal 
black dashed line. The vertical dashed line marks the frequency at 7.8 cycle 
d −1 (0.128-d period). 

Figure 5. Top: the r -band light curves of KY TrA (black points) and 
star 5 (blue points) folded on the 0.26 d periodicity. The latter has been 
shifted 1.0 mag for display purposes. Middle: phase-folded light curve after 
performing the 2 σ clipping procedure described in Section 4.2 . Bottom: the 
previous light curve co-added into 33 phase bins. The best-fitting synthetic 
models (solid green line) are included to guide the reader’s eye for the global 
trend. One orbital cycle is repeated for clarity. 
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asares ( 2015 ) has I = 21.78 ± 0.09, R = 22.8 ± 0.1, and V =
3.6 ± 0.1. We converted all these Johnson–Cousins magnitudes to
he SDSS photometric system (Lupton 2005) and use them to remo v e
he contaminating flux from the interloper. After this correction we
stablish mean magnitudes and rms variability for KY TrA of r =
2.7 ± 0.2 and i = 22.0 ± 0.1. Our mean values are fully consistent
ith the magnitudes in Zurita, Corral-Santana & Casares ( 2015 )

 r = 22.8 ± 0.2 , i = 22.0 ± 0.1, where the uncertainties include
tatistical and photometric conversion errors). This confirms the
uiescent state of KY TrA at the time of the DECam observations.
ig. 3 shows the contamination-corrected r -band light curve of KY
rA. For comparison purposes, we also plot the light curve of the
eld star 5 with close brightness and colour ( r = 22.47 ± 0.08 , i =
1.74 ± 0.07) to KY TrA. A clear intrinsic modulation is seen for
Y TrA in the first night, showing two maxima and two minima. The
rst minimum seems to be slightly fainter than the second, a telltale
ign of an ellipsoidal modulation. The modulation is less clear in
he second night, perhaps due to a larger level of flickering activity
Zurita, Casares & Shahbaz 2003 ). 

In order to identify the orbital period of KY TrA, we computed
 Lomb–Scargle periodogram (Lomb 1976 ; Scargle 1982 ) of the r -
and light curve (see Fig. 4 ). The frequency of the highest peak is
ound at 7.8 cycle d −1 (0.128-d period), being abo v e the 95 per cent
hite noise significance level. The second highest peak, at 6.9

ycle d −1 (0.145-d period), is slightly above that level. To check
he robustness of this period measurement, a bootstrap test has
een computed with 1000 periodograms after randomly dropping
0 per cent of the data points each time. In the 90 per cent of the cases
he highest peak is consistent with the 0.128 d periodicity, which is
ikely related with the orbital period given the morphology of the
ight-curve modulation. On the contrary, we do not see any significant
eak in the region of periods suggested by Zurita, Corral-Santana &
asares ( 2015 ) (i.e. 3–6 cycle d −1 , note that we here assume an
llipsoidal variability with two maxima/minima per orbital cycle).
itting a Gaussian model to the preferred peak in the periodogram
ields 0.128 ± 0.005 d, where the uncertainty corresponds to the
tandard deviation. In the case that the modulation is ellipsoidal (as
NRAS 527, 5949–5955 (2024) 
t is in commonly observed in quiescent XRTs), the orbital period
ould be twice this value (0.26 ± 0.01 d = 6.24 ± 0.24 h). In

he top panel of Fig. 5 we phase folded the light curve with the
.26 d period. A zero phase T 0 ( HJD ) = 2458614.628 ± 0.001 d was
hosen so that the deepest minimum is placed at orbital phase 0.5,
orresponding to the superior conjunction of the companion star.
wo minima at different heights are present, supporting the potential
llipsoidal modulation. Additionally, the phase-folded light curve
esulting from considering the 0.145-d peak shows significantly
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Table 2. Observed quiescent ( r − i ) colours 
of KY TrA from the five consecutive pairs of 
r and i images. The mean HJD of each pair is 
also displayed. 

( r − i ) mid-HJD 

0.57 ± 0.13 2458614.56763 
0.76 ± 0.10 2458614.66946 
0.48 ± 0.13 2458614.82634 
0.83 ± 0.15 2458615.65925 
0.42 ± 0.14 2458615.84079 
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ore scatter. Therefore, we hereafter adopt 0.26 ± 0.01 d as the 
rbital period. Ho we ver, we warn that an independent confirmation 
s necessary before accepting this as the definite orbital period of KY
rA. 

 DISCUSSION  

.1 Constraints on the companion spectral type, the mass ratio, 
nd the distance of KY TrA 

he spectral type of the donor star can be restricted by following
he relation between the orbital period and the mean stellar density 
ound for Roche lobe filling stars: ρ̄ ≈ 110 × P 

−2 gr cm 

−3 , where
 is the orbital period in hours (Frank, King & Raine 2002 ). Our
rbital period (0.26 ± 0.01 d) implies a stellar density 2.06 gr cm 

−3 ,
hich is consistent with a K5 V star (Drilling & Landolt 2000 ). 
On the other hand, colour information of KY TrA can help to

stablish an upper limit on the spectral type, as we are disregarding
ny light contribution from a residual accretion disc. We took the 
hotometry from five consecutive pairs of r and i images obtained 
 v er the two nights, and compute the colour ( r − i ) of each set (see
able 2 ). This results in a weighted mean ( r − i ) = 0.63 ± 0.06.
he reddening of KY TrA is quite uncertain. Murdin et al. ( 1977 )
uoted a lower limit E ( B − V ) > 0.5 by comparison with the nearby
ircinus field and observations of comparison stars near KY TrA. A 

ough estimate of the interstellar reddening towards KY TrA can be 
btained from the IRAS and COBE/DIRBE dust maps 7 (Schlegel, 
inkbeiner & Davis 1998 ), recalibrated with the Sloan DSS surv e y
Schlafly & Finkbeiner 2011 ). This yields E ( B − V ) = 0.61 ± 0.02,
n agreement with the lower limit proposed by Murdin et al. ( 1977 ).
orrecting the interstellar extinction by applying A r = 2.285 × E ( B
V ) and A i = 1.698 × E ( B − V ) (Schlafly & Finkbeiner 2011 ) results

n ( r − i ) 0 = 0.27 ± 0.08, which is consistent with a ≈K2 V star
Co v e y et al. 2007 ). This spectral type is slightly earlier than the K5 V
tar inferred from the orbital period–density relation, but this comes 
s no surprise given that we have so far neglected any contribution
rom the accretion disc to the quiescent light and also because donor
tars are found to be undermassive for their spectral type (Kolb, 
ing & Baraffe 2001 ). Our results are in line with the spectral type

onstraint K0-2 (or later) found by Zurita, Corral-Santana & Casares 
 2015 ) using V − R and V − I colours. 

The constraint on the spectral type of the companion star allows us
o set a constraint on the mass ratio. By adopting a very conserv ati ve
8 V star classification, as implied by the upper limit on our de-

eddened ( r − i ) colour, we find M 2 ≤ 0.94 M � (Pecaut & Mamajek
 https:// irsa.ipac.caltech.edu/ applications/ DUST/ 

8

T
9

R

013 ). 8 Since the compact object is expected to be a black hole, M 1 

3 M �, then q ≤ 0.31. 
Finally, from the orbital period and our quiescent magnitude we 

an provide a rough estimate of the distance to KY TrA. For this we
mploy the empirical correlation between P and the absolute r -band
agnitude M r given by equation (8) of Casares ( 2018 ). This leads

o M r = 6.8 ± 0.2, which can be related to the observed magnitude
 = 22.7 ± 0.2, interstellar extinction A r = 1.38, and distance d
hrough the distance modulus equation. These numbers result in d =
.0 ± 0.9 kpc. For comparison, van Paradijs & Verbunt ( 1984 ) quote
 = 4.4 kpc based on the 1974 outburst, while Murdin et al. ( 1977 )
ropose d > 3 kpc and d ≈ 7 kpc after drawing analogies with the
utburst properties of A0620-00. 

.2 The orbital inclination 

he phase-folded r -band light curve of KY TrA (top panel in Fig. 5 )
hows a maximum peak-to-peak amplitude of ∼0.5 mag, which is 
arger than the value expected for low-mass XRTs with an extreme
0 deg inclination (Bochkarev, Karitskaia & Shakura 1979 ). The light
urve is also contaminated by flickering activity, as it is commonly
he case in quiescent XRTs (e.g. Zurita, Casares & Shahbaz 2003 ;
anes-Rizo et al. 2022 ). In addition, the amplitude seems to change
 v er different c ycles as it appears flatter on our second observing
ight (Fig. 3 ). We do not have a clear explanation for such complex
ehaviour, although we speculate with the presence of a running 
uperhump wave that may contaminate the ellipsoidal variability. 
his may enhance or dilute the amplitude of the ellipsoidal light
urve depending on its relative phasing with respect to the orbital
otion (Zurita et al. 2002 ). 
Despite these complexities, as an exercise, we have attempted to 
odel the r -band light curve using the XRBINARY code. 9 For this

urpose, we adopted a Roche-lobe filling companion with T eff = 

440 K as the orbital period–density relation suggests a ∼K5 V
ompanion (see Section 4.1 ). In an effort to a v oid the bias introduced
y outlier data points (see the top panel in Fig. 5 ), we performed a 2 σ
lipping routing: we first fit the ellipsoidal modulation, then remo v e
he data points that deviate more than 2 σ from the fit and perform a
ew fit to the resulting curve. This procedure was iterated two times.
he cleaned phase-folded light curve and the best-fitting model is 
hown in the middle panel of Fig. 5 . The model gives an inclination
f 74 + 8 

−5 deg, but with a fractional contribution of the donor star
o the relative flux of 100 per cent, which is larger than expected
ince no clear evidence for photospheric absorptions is seen in our
pectroscopy. In addition, the equi v alent width (EW) of the H α line
s typically small in systems with a large contribution from the donor
tar because the disc light is diluted. F or e xample, in GS 2000 + 25
here the donor star contribution is about 90 per cent, the EW of the
 α line is 22 ± 7 Å (Casares 2015 ), while we measure 66 ± 6 Å EW

n KY TrA. Thus, we would expect the contribution of the companion
o the r -band light curve to be � 90 per cent in our system. We also
odelled the phase-folded light curve binned with 0.03 phase bins 

nd its best-fitting model is also presented in the bottom panel of
ig. 5 . For this fit we obtained an inclination of 78 + 11 

−6 deg, which
s consistent with the result derived for the non-binning light curve.
n any case, given the large uncertainties, including possibly large 
MNRAS 527, 5949–5955 (2024) 

 https:// www.pas.rochester.edu/ ∼emamajek/ EEM dwarf UBVIJHK colors 
eff.txt
 Software developed by E. L. Robinson, see http:// www.as.utexas.edu/ ∼elr/ 
obinson/XRbinary.pdf for further details. 

https://irsa.ipac.caltech.edu/applications/DUST/
https://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
http://www.as.utexas.edu/~elr/Robinson/XRbinary.pdf
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ystematics, we decide not to adopt the inclination constraints derived
hrough the ellipsoidal modelling. 

Alternatively, we tried to estimate the orbital inclination, i , through
he empirical correlation found by Casares et al. ( 2022 ) between i
nd the depth of the trough, T , of the two peaks of the H α emission
rofile: 

 ( deg ) = 93 . 5(6 . 5) T + 23 . 7(2 . 5) , (1) 

ith T given by 

 = 1 − 2 
1 −

(
DP 
W 

)2 

, (2) 

here W is the FWHM of the symmetric two-Gaussian model fit
o the H α profile. From the symmetric double Gaussian fit reported
n Section 3.2 we obtain W = 972 ± 31 km s −1 . Following Casares
t al. ( 2022 ) we have applied a small + 0.01 systematic shift to the
 value in order to correct for instrumental resolution degradation.
e obtained T = 0.36 ± 0.05. Note that the phase co v erage of

ur spectroscopy is below 50 per cent of the orbit, and this could
ntroduce some bias in the estimation of i from the correlation. In
rder to account for the lack of the orbital modulation in T , we have
easured this variability in two XRTs from Casares et al. ( 2022 ,

ee details in their appendix B) whose orbital periods bracket that
f KY TrA (i.e. A0620-00 and GRO J0422 + 32). We find that the
rbital variability of T has a mean rms of 0.13, which we take as the
ystematic error that we will add quadratically to our T measurement
n KY TrA. Therefore, we establish T = 0.36 ± 0.14, which implies
n orbital inclination of i = 57 ± 13 deg through equation ( 1 ). 

.3 Monte Carlo simulations on binary parameters and stellar 
asses 

n order to constrain the binary parameters and stellar masses in KY
rA we have run a Monte Carlo simulation using as priors all the

nformation assembled in this paper. From the r -band light curve we
nd evidence for a likely orbital period of 0.26 ± 0.01 d while the
 α emission line profile provides K 2 = 501 ± 52 km s −1 . This yields
 mass function f ( M 1 ) = 3.2 ± 1.0 M � (68 per cent confidence level),
hich represents a lower limit to the mass of the compact star. 
On the other hand, the de-reddened ( r − i ) quiescent colour

upports a K2V (or later) donor star but we adopt instead a
onserv ati ve upper limit to the spectral type G8, based on the most
xtreme possible colour. This implies M 2 ≤ 0.94 M � and q ≤ 0.31.
ote that this upper limit on q is very conserv ati ve since XRTs with

ow-mass donor stars show a very narrow distribution of mass ratios
entred at q � 0.06 (Casares 2015 , 2016 ). The largest mass ratio in an
RT with a low-mass companion is actually found in GX339-4, with
 = 0.18 ± 0.05 (Heida et al. 2017 ). Moreo v er, a lower limit on q of
.01 can be adopted considering that no XRT has been found with a
maller mass ratio (see Casares 2016 ). Thereby, we adopt a normal
istribution for q in the range 0.01–0.31. Additionally, we establish
 binary inclination of i = 57 ± 13 deg using the correlation between
his parameter and T (equation 1 ). Employing all these constraints,
he masses of the stellar components can now be obtained from 

 1 = 

f ( M 1 )(1 + q) 2 

sin 3 i 
; M 2 = qM 1 (3) 

 Monte Carlo simulation with 10 5 trials have been computed. Given
he loose constraints on mass ratio we find that a large number of
olutions lead to impossible values that would imply spectral types
arlier than G8. Following Casares et al. ( 2023 ), we decided to run
 new Monte Carlo simulation with the priors M 2 ≤ 0.94 M � and
NRAS 527, 5949–5955 (2024) 
he upper limit to the inclination set by cos i ≥ 0.49 q 2/3 [0.6 q 2/3 +
n (1 + q 1/3 )] −1 . The latter is a geometrical constraint that reflects the
on-detection of X-ray eclipses during outburst (Kaluzienski et al.
975 ; Murdin et al. 1977 ). This results in M 1 = 5 . 8 + 3 . 0 

−2 . 4 M � and
 2 = 0.5 ± 0.3 M � with a 68 per cent confidence level, supporting a

lack hole nature for the compact object. As an independent test, the
lack hole mass can also be estimated applying the relation found
n Casares et al. ( 2022 ) between this parameter, W , and the orbital
eriod following 

 

∗
1 = 3 . 45 × 10 −8 P orb 

(
0 . 63 W + 145 

0 . 84 

)3 

M � , (4) 

ith P orb expressed in days. This yields M 

∗
1 = 6 . 6 ± 0 . 6 M �, which

grees well with the value obtained with equation ( 3 ). 

 C O N C L U S I O N S  

e present a new optical study of the black hole XRT KY TrA
ased on time-resolved FORS2 spectroscopy, 0.5 arcsec resolu-
ion imaging, and DECam photometry. We have obtained refined
strometric coordinates for KY TrA and the line-of-sight field
tar separated only 0.64 ± 0.04 arcsec from the XRT. We de-
ived the orbital parameter K 2 = 501 ± 52 km s −1 by exploiting
n empirical correlation with the FWHM of the H α emission
ine. The r -band light curve, on the other hand, presents vari-
bility consistent with an ellipsoidal modulation. By applying a
omb–Scargle periodogram we obtain a likely orbital period of
.26 ± 0.01 d. These parameters imply a mass function f ( M 1 )
 3.2 ± 1.0 M �. 
In addition, the de-reddened quiescent colour ( r − i ) is con-

istent with a ≈K2 spectral type donor star (or later, in case of
ignificant accretion disc contamination). By adopting the most
xtreme colour we find that the companion must have a spectral
ype later than G8, which translates into upper limits of M 2 ≤
.94 M � and q ≤ 0.31. Furthermore, the correlation between the
epth of the H α line trough and the binary inclination led to i =
7 ± 13 deg. All these constraints together with the non-detection
f X-ray eclipses during outburst yield M 1 = 5 . 8 + 3 . 0 

−2 . 4 M � and M 2 =
.5 ± 0.3 M � for the masses of the compact and companion star,
espectively. Our result confirms the presence of a black hole in
he XRT KY TrA, as it has been long suspected from the X-
ay properties displayed during the 1974 and 1990 outbursts. In
ddition, we propose that KY TrA is located at 8.0 ± 0.9 kpc. More
uture spectroscopic and photometric observations are required to
etter sample the orbit and derive more accurate constraints to
he binary parameters, in particular to the mass ratio and orbita
 inclination. 
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