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An X-ray quiet black hole born with a negligible kick
in a massive binary within the LMC
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July 19, 2022

Stellar-mass black holes are the final remnants of stars born with more than
15 solar masses. Billions are expected to reside in the Local Group, yet only
few are known, mostly detected through X-rays emitted as they accrete mate-
rial from a companion star. Here, we report on VFTS 243: a massive X-ray
faint binary in the Large Magellanic Cloud. With an orbital period of 10.4-d,
it comprises an O-type star of 25 solar masses and an unseen companion of at
least nine solar masses. Our spectral analysis excludes a non-degenerate com-
panion at a 5o confidence level. The minimum companion mass implies that it
is a black hole. No other X-ray quiet black hole is unambiguously known out-
side our Galaxy. The (near-)circular orbit and kinematics of VFTS 243 imply
that the collapse of the progenitor into a black hole was associated with little
or no ejected material or black-hole kick. Identifying such unique binaries
substantially impacts the predicted rates of gravitational-wave detections and

properties of core-collapse supernovae across the Cosmos.

Pairs of stellar-mass black holes in the distant Universe occasionally merge, unleashing
bursts of gravitational waves that can be detected here on Earth. The number of recorded merger
events since their first detection in 2015 is approaching the 100 mark [1], and is expected to grow
by orders of magnitude in the coming years. In this context, there is an overwhelming interna-
tional effort aimed at understanding the evolutionary pathways of the merging black holes and
the massive stars that formed them [2]. A fundamental uncertainty in this endeavour is whether,

and under which conditions, black hole progenitors experience supernova explosions and kicks



during core-collapse. This question has far-reaching consequences: from the observed super-
nova types and their distributions, through the retainment of black holes in globular clusters,
to the survivability of black-hole binaries in the context of gravitational-wave production and
detection rates [3]. Empirical data on the question of kicks are sparse, largely model dependent,
and point in conflicting directions [4, 5, 6].

Constraints on supernova kicks originate primarily in X-ray binaries containing a black
hole. By construction, black hole X-ray binaries consist of a donor star that transfers mass onto
an accreting black hole. In such interacting binaries, strong tidal forces act to circularise the
binary orbit and wash away previous information stored in the eccentricity regarding past kicks.
Weakly interacting (and hence X-ray quiescent) binaries hosting a black hole are therefore
indispensable laboratories to tackle the question of kicks empirically. Such binaries preserve
the black-hole kick signatures in their orbit. Of special interest are massive (O- and early B-
type) binaries hosting black holes (OB+BH), which represent a key evolutionary phase towards
black-hole mergers [7, 8].

The few known X-ray bright OB+BH binaries are thought to constitute the “tip of the ice-
berg”: hundreds of X-ray quiet counterparts are predicted to reside in the Milky Way and the
Magellanic Clouds [9]. And yet, we remain blind to this elusive population of binaries. Only
few low-mass binaries with black-hole companions have been reported in the past [10, 11, 12].
In recent years, multiple claims for massive OB+BH binaries in the Milky Way and the Large
Magellanic Cloud have emerged [13, 14, 15, 16]. However, virtually all of those reports have
been challenged or refuted by follow-up studies [17, 18, 19, 20, 21]. Aside from a few candi-
dates [22, 23] that require confirmation, massive X-ray quiet OB+BH binaries are not known,
let alone outside our Galaxy.

Here, we report on the unambiguous discovery of an extragalactic X-ray quiescent O+BH

binary, VFTS 243 (Fig. 1). Located in the Tarantula nebula in the sub-solar metallicity envi-



Figure 1: Visualisation of the O+BH binary VFTS 243. The background image shows a Vis-
ible and Infrared Survey Telescope for Astronomy (VISTA) image of a segment of the LMC,
marking the region in which VFTS 243 resides. The zoom-in shows an artist’s impression of the
system: a 10.4 d-period O+BH binary with a (near-)circular orbit. The sizes of the star, black
hole, and orbits are not to scale. Background image credit: ESO/M.-R. Cioni/VISTA Magel-
lanic Cloud survey. Acknowledgment: Cambridge Astronomical Survey Unit. Visualisation
credit: Isca Mayo / Sara Pinilla.



ronment (Z =~ 0.5Z;) of the Large Magellanic Cloud (LMC), VFTS 243 is one of 51 O-type
single-lined spectroscopic binaries (SB1s) characterised by the Tarantula Massive Binary Mon-
itoring (TMBM) [24]. These SB1 binaries each comprise a well identified massive O-type star
orbiting a “hidden” companion whose spectral signature has not been detected so far. Using a
state-of-the-art analysis method described below, we could unveil the spectral signatures of non-
degenerate companions in the vast majority of the 51 SB1 binaries (Shenar et al. in prep.), but
not in VFTS 243. VFTS 243 is the sole target in the sample for which a black-hole companion

provides the only solution consistent with the data. We show this below.

Results

We analyse multi-epoch optical spectroscopy acquired with the Fibre Large Array Multi El-
ement Spectrograph (FLAMES) of the European Southern Observatory (ESO) in GIRAFFE
mode. Our data cover about six years of observations and consist of five epochs from the Very
Large Telescope Flames Tarantula Survey (VFTS, [25]) obtained in 2008 and 2009, and an
additional 32 epochs from TMBM obtained between 2012 and 2014. The spectra cover the
wavelength range 3964-4567 Aata resolving power of R = 6400 and sampling of A4 = 0.2 A,
and have a median signal-to-noise ratio (S/N) of 60 per pixel. We also analyse a light curve
obtained by the Optical Gravitational Lensing Experiment (OGLE) [26].

We derive the orbital elements of the binary (see Supplementary Information) and find re-
sults consistent within 10~ with those previously published [24]. VFTS 243 has an orbital pe-
riod of P = 10.4031 + 0.0004d and an eccentricity of ¢ = 0.017 = 0.012 (errors are 68%-
confidence intervals). Its O7 V primary component displays a radial velocity semi-amplitude
of K; = 81.4 + 1.3 kms™!, yielding a binary mass function of f = 0.581 + 0.028 M. Analysis
of the OGLE light curve further reveals weak ellipsoidal variability with a semi-amplitude of

Aellipsoidal = 0.0015 + 0.0003 mag.
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Figure 2: Dynamical spectra of VFTS 243. The upper panels show the dynamical spectra
of the He114471 (left) and He 14542 (right) spectral lines in VFTS 243, phased with the
system’s orbital period of P = 10.4031 d. Color-scales indicate the continuum-normalised flux
F,. The red solid line shows the radial-velocity curve of the O7 V primary. The lower panels
show individual line profiles at all epochs, binned in phase at A¢ = 0.1 for clarity.

While the motion of the O7 V primary is clearly visible in the spectrum, no signature of a
secondary object can be immediately identified in the data, confirming its SB1 status (Fig.2).
We computed stellar atmosphere models using three independent codes appropriate for O-type
stars to constrain the atmospheric properties of the primary star. We derive the effective tem-
perature Te; = 36 £ 1kK, surface gravity logg; = 3.7 £ 0.1 [cgs], bolometric luminosity
logL; = 5.20 + 0.04[Ls], and radius R; = 10.3 £ 0.3 R,. We also detect signatures of CNO-
processed material and a projected rotation velocity of vsini = 181 + 16 kms™!. The latter
value is relatively high compared to single and binary O stars in the Tarantula region.

We estimate the mass of the O7 V component in three different ways (see Methods): using



a spectral-type — mass calibration (Ms,r 1), comparing L, Teg,; to evolution models (M,,,;), and
using the derived surface gravity log g, and radius R (M. ;). All estimates yield consistent
results within their respective 1o errors (see Table 1). The weighted mean is M, = 25.0+2.3 M.
The binary mass function and primary mass yield a minimum mass of the hidden companion
(i.e., at an inclination of i = 90°) of M., = 8.7 £ 0.5 M, with a 99.7% confidence interval
of 7.2 — 10.1 M,. By modelling the probability density of M, as a Gaussian with a mean of
25.0 My and o = 2.3 M, and assuming a random orientation of the orbital plane (amounting
to a probability distribution of the orbital inclination of P(i) = sini), we derive the posterior
of M, via a Monte Carlo simulation. The posterior has a median and 68% confidence interval
of M, = 10.13:‘1) M with a mode of 9.0 M. Similarly, the total mass has a median and 68%
confidence interval of M, = 36.3f§j M, and a mode of 35.0 M,,. The faint ellipsoidal variations
detected in the light curve of VFTS 243 are consistent with our mass estimates, and imply an
orbital inclination in the range 40 — 90° (see Supplementary Information).

A main sequence companion accommodating the constraint on My, » would need to have a
spectral type earlier than ~ B3 V. More exotically and much less likely than a black hole, the
hidden companion may be a massive helium star or a binary in itself. Should any of these sce-
narios be viable, the spectral signature of the companion(s) would have been identified by grid
spectral disentangling. This technique exploits the Doppler motion of the binary components
to extract their individual component spectra [28] (see Methods). Thanks to the significant en-
hancement of the S/N that results from combining the entire dataset, the spectral disentangling
technique allows us to uncover spectral signatures of objects contributing as little as =~ 1% to the
optical flux. It has further been successfully applied in the past to unveil the hidden companion
stars in other binaries erroneously identified as black hole binaries (e.g., LB-1 [18] , HR 6819
[20], 2MO0412 [29]). Fixing the orbital period and eccentricity, we varied the radial-velocity

semi-amplitudes K, K, by minimising the reduced Chi-square statistic )(fe duced (K1, K2) between



Table 1: Derived parameters for VFTS 243. Values related to the primary O7 V component
are marked with ‘1’; those related to the hidden secondary component, with ‘2°. Errors corre-
sponds to 68% confidence (10) intervals (asymmetric errors are rounded off when differences
are small). In addition to the parameters introduced in the text, we also list the argument of
periastron (w), the systemic radial velocity (I'), the colour excess (E_y) and extinction Ay,
the Roche-lobe filling factor R;/Rroche 10be> the terminal velocity v, and clumping-uncorrected
mass-loss rate M VD (where D is the clumping factor), and the nitrogen mass fraction Xy (re-
maining abundances are set to baseline [27]). For M2, M,, and M.y, medians are given
(modes are in the text).

P[d] 10.4031 + 0.0004
T, [JD-2400000] 54870.7 1.5
e 0.017 £0.012
wl[°] 66 + 53

K [kms™'] 814+13
['[kms™'] 260.2 + 0.9
J[Mo] 0.581 + 0.028
Terr1 [KK] 36 +1
log g1 [cgs] 3.7+0.1
Ep_y [mag] 0.45 +0.02
Ay [mag] 1.76 = 0.08
log M VD [Mgyr™'] -6.3+0.3
Voo [km s™!] (adopted) 2100

Xn [%] 0.11 +£0.05
Xn/XNme 16 +7

Ay [mag] 1.70 £ 0.03
log Ly [Lo] 5.20 +0.04
Ry [Ro] 103+0.8
RI/RRoche lobe 0.33+0.03
vsini; [kms™!] 181 + 16
Mgyt 1 [Mo] 259 +3.1
Mev,l [M(D] 26.2 +2.1
Mspec,l [M;] 193+52
M, [M] (weighted mean) 250+2.3
Mmin,2 [MO] 8.7+0.5
M [Mo] 10.1 +2.0
Mo [Mo] 36.33:2
i[°] > 40

age [Myr] 7.4
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Figure 3: )(fe duced (K1, K2) map obtained from disentangling the He 114471 line (Eq. 1). The
dashed line shows the 10 contour. K, is consistent with the value found from the orbital solu-
tion, but K, is not constrained.

the co-added disentangled spectra and each observation. We find that y? is flat with respect
to K, implying that the quality of agreement is independent on K, (Fig.3). Regardless of the
input value of K, the extracted spectrum of the secondary is virtually flat, and does not con-
tain features that can be considered of stellar origin (Fig. 4). Hence, the companion is either an
optically faint non-degenerate star (or binary) or a compact object.

To test whether a faint non-degenerate companion could have avoided detection, we produce
mock data mimicking the phase coverage and data quality (i.e., S/N, resolving power) of the
real data. We consider companions as light as M, ~ 4 M (well below our 5o threshold),
contributing as little as =~ 1% to the total flux. We perform simulations by combining spectral
templates and synthetic noise, as well as by injecting spectral templates and additional noise
into the real data. In all simulated cases, the grid disentangling method is able to retrieve

the signature of the hypothesised companion without ambiguity, whether it is a main-sequence
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Figure 4: Disentangled spectra of VFTS 243. The spectra are obtained for K; = 81.4kms™!
and K, = 3 X K; = 244kms™!. The disentangled spectrum of the secondary is amplified by
a factor of 10, binned at A1 = 1 A and is shifted by —0.1 along the vertical axis for clarity.
Evidently, it is virtually flat (the one absorption feature seen at 4420 A is a diffuse interstellar
band). A TLUSTY template of a = 6.5 M, star (B3 V, Tz = 19kK, logg = 4.0 [cgs], vsini =
300 kms™!) is plotted for comparison, showing that such a star cannot be present in the data.
The results are independent of K.

dwarf, a helium star, or a binary in itself (Fig. 5) . This shows that, if it was present in VFTS 243,
a non-degenerate companion would have been identified. Having rejected all other scenarios,
we are left to conclude that the hidden companion is a stellar-mass black hole. No other X-ray

quiet OB+BH binaries have been unambiguously detected outside our Galaxy so far.

Discussion

With over ten refuted claims of X-ray quiescent black-hole binaries in the last two years, one
may wonder whether VFTS 243 constitutes yet another false alarm. In this context, it is impor-
tant to highlight the differences between VFTS 243 and the bulk of previously reported objects.

First, unlike the majority of previously reported X-ray quiescent OB+BH binaries, whose
analysis relied on interpretation of complex, near-static spectral emission lines, VFTS 243 ex-

hibits a regular O-type star spectrum with no remarkable features. The orbital and spectral
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Figure 5: Results from simulated spectra of mock binaries. Results are shown for: O7 V
+ B1 V (upper left, corresponding to M, = My, = 8.7My), O7 V + B3 V (upper right,
corresponding to M, = 6.5 M, our 50 lowest limit on the minimum mass), O7 V + helium-
star (lower left, My, = 6.5 M), and the triple scenario O7 V + B9 V + B9 V (lower right,
M, =2 X Mgy = 2% 3.2 M). The orbital parameters are identical to those of VFTS 243, and
the simulated data mimic the real data ( S/N, resolving power) of VFTS 243. The disentangled
spectra are compared to the templates used to construct the mock simulations, showing that
any plausible companion abiding to our 50 minimum mass constraint of M, > 6.5 M, would
be readily retrieved. The spectra are disentangled for K, = 300 kms™' (see Supplementary
Information), and binned at A1 = 1 A for clarity (A1 =2 A for the triple scenario).
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analysis, the disentangling of the system, and the interpretation of the results are therefore
straightforward and leave little room for complex scenarios.

Second, a major culprits of previous erroneous OB+BH claims was that the optically bright
primaries in these binaries turned out to be rare, low mass (M < 2 M), bloated stars that had
been stripped of their outer envelopes [30, 18]. This led to a severe overestimation of the mass
of the bright component, and, in turn, to a false report of black holes. Some of these scenarios
further required low orbital inclinations [13, 15], which are less likely from a statistical point of
view. In contrast, our analysis leaves no room for the primary being a low mass bloated stripped
star, and the interpretation of the data does not hinge on an unlikely inclination, but rather points
to inclinations larger than ~ 40°. In fact, even if the primary mass were to be overestimated,
the ellipsoidal variability would require a very massive secondary component (M, > 15 M),
which could only be explained if it were a black hole (see Supplementary Information).

Finally, while X-ray quiescent OB+BH binaries are very rare, uncovering them in a sample
of 51 SB1 massive binaries is not surprising. Recent predictions suggest that roughly 8% of the
51 SBI1 binaries in our sample should host black holes, amounting to four expected OB+BH
targets in the TMBM SB1 sample [9].

Not only is VFTS 243 an OB+BH binary, but it is also an X-ray faint one. Analysis of deep
Chandra observations taken in the context of the Chandra Visionary Program T-ReX yields an
upper limit of log Ly < 32.16 [ergs~!] on the intrinsic X-ray luminosity (Crowther et al. 2022,
submitted). Using the derived system parameters and unclumped wind mass loss rate (cf. Ta-
ble 1), we expect a Bondi-Hoyle wind accretion rate of 1.7 - 107! Mg yr~! [31] . However, a
necessary (yet not sufficient, e.g. [32]) condition for producing copious X-rays is the forma-
tion of an accretion disk [33, 34]. Following [35], we find the matter accreted by the BH to
have about 30-times too little angular momentum to form an accretion disk. The infalling ma-

terial is therefore not expected to radiate sufficiently to exceed the detectability threshold (see
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Supplementary Information).

The relatively rapid rotation and CNO-processed material observed in the O7 V primary
suggests that it has previously accreted mass from the black-hole progenitor. Such a process
tends to circularise the binary orbit before the mass-donor undergoes core-collapse. It is there-
fore likely that the binary orbit had been circular prior to the core-collapse of the black-hole
progenitor. In the future, the system will likely experience a second mass-transfer phase as the
O7 V star expands to fill its Roche lobe. The mass ratio of about 2.5 implies that the binary will
tighten, and the properties of VFTS 243 suggest that it will end its life as a double black-hole
binary within about 5 Myr. With an expected period of the order of a few days, this newly
formed BH+BH binary should merge on a timescale of tens to a few hundreds billion years.

The near-circular orbit of VFTS 243 (e < 0.029; 68%-confidence interval) has important
implications regarding core-collapse physics of black-hole progenitors. Since the rotation pe-
riod is not synchronised with the orbit, tidal circularisation can be neglected, implying that the
current eccentricity has not changed since the black hole formed (see Supplementary Informa-
tion). A mass loss AM during core-collapse would have induced a change in eccentricity of
Ae = e = AM/M,y. Given the current total mass and the upper-limit on the eccentricity, we
derive a maximum mass loss of AM < 1.1 M (68%-confidence interval). Part of this mass is
likely to have been ejected in the form of neutrino emission, estimated to be of the order of
AM, = 0.2 — 0.5 M, [36]. Hence, we can conclude that no more than = 0.5 M, of the envelope
of the star was removed during the core collapse associated with the formation of the black hole
in VFTS 243.

Small mass loss and associated kicks were also proposed for the black-hole progenitor in the
prototypical Galactic high-mass X-ray binary Cyg X-1 [5]. However, the latter analysis invokes
a diverse set of assumptions involving its origin in the Cygnus OB association and its present-

day mass (which has been recently revised [37]). Direct core-collapse of black-hole progenitors
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is currently favoured by models for stars initially more massive than ~ 20 M., [38]. However,
indirect empirical evidence for supernova and/or kicks associated with black holes have also
been put forward [6, 4]. In this context, the properties of VFTS 243 provide direct empirical
evidence for the implosion of a massive star into a black hole, and this at sub-solar metallicity.
Moreover, the =~ 10 M, black hole in VFTS 243 probes a mass regime where supernovae may
be expected to occur [38].

VFTS 243 likely represents a first glimpse of a much larger population of black hole binaries
to be detected in the coming years. Upcoming high-precision astrometry of binary systems from
the ESA Guaia satellite [39] is predicted to reveal hundreds of such objects in our Galaxy [40,
41], while future large-scale spectroscopic surveys (e.g., SDSS/APOGEE, 4MOST), combined
with photometric surveys (OGLE, TESS) [42] will enable astronomers to filter out additional
extragalactic black hole binaries. These upcoming samples should reveal whether the current
properties of VFTS 243 are universally shared among OB+BH binaries. In turn, this will allow
astronomers to learn whether core-collapse physics leading to black-hole formation is unique,
or whether there is a diversity of pathways, possibly involving parameters such as stellar mass,
rotation, and metallicity. Answering these questions is important if we are to properly predict
the properties of newly-formed BH+BH binaries and adequately interpret that vast amount of

detections that will be provided by the next generation of gravitational wave observatories.
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Methods
Data

Our analysis mainly relies on 32 epochs of optical spectra acquired by the TMBM campaign
[24] between Oct 2012 and Mar 2014 using the fiber-fed multi-object Fibre Large Array Multi
Element Spectrograph (FLAMES) mounted on UT2 of the Very Large Telescope (VLT) at
Paranal observatory, Chile. The spectra cover the wavelength range 3964—-4567 Aata resolving
power of R = 6400, with a median S/N of 61. Five additional spectra from the VFTS campaign
[25] with similar properties are also used. We extend this range with VFTS spectra covering
the 4499-5071 Aand 6442-6817 A ranges of similar resolution and S/N. In addition, we make
use of a light curve of VFTS 243 obtained from the Optical Gravitational Lensing Experiment
(OGLE) data reductions III and IV [26], as well as a compilation of photometry covering the
UV-IR range. More details regarding the acquisition, reduction, and sources of these data are

provided in Supplementary Information.

Primary mass

We provide three mass estimates for the primary star in Table 1. (i) Spectral-type - mass
calibration: Mgyt is obtained by computing the mean and standard deviation of the evolu-
tionary masses of 19 apparently-single stars in the VFTS sample with similar spectral types
(i.e., 06.5V - O7.5 V) [43]. The masses of these 19 stars were computed by [43] using
their measured physical properties (e.g., L, Tes, g) as input in the BONNSAI Bayesian tool
(www.astro.uni-bonn.de/stars/bonnsai) [44], which estimates the evolutionary mass
using single-star evolution tracks from [27] and [45]. (ii) Evolutionary mass: M., is obtained
by inputting our derived values of log L; and Tt ; for VFTS 243 in the BONNSALI tool; (ii1)
Spectroscopic mass: My o gi R} is obtained via the surface gravity g, and stellar radius

R, derived from spectroscopy. The stellar parameters and abundances are derived from a spec-
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troscopic analysis. We use the CMFGEN model atmosphere code [46], though we perform
the same analysis with two independent codes to explore systematics. The spectral analysis is
provided in Supplementary Information.

All mass estimates agree within 1o~. The final adopted value of M, is a weighted mean
of M., and Mg,..; (we omit Ms,r;, since it is not independent of M., ;, being a mean of
evolutionary masses). We note that the evolutionary masses are derived assuming single-star
evolution models, while the properties of VFTS 243 suggests that the primary accreted mass
from the black-hole progenitor (see below). The reaction of the star to the mass accretion is
not trivial, but may result in a slightly different mass-luminosity relation compared with single
stars. Another factor we neglect is the impact of rotation and microturbulence pressure on the
derivation of the surface gravity, which should result in a slight underestimation of the true
log g (by = 0.1 dex). Instead of adopting a series of non-trivial assumptions, we consider a very
generous error margin of 5o (i.e., M| = 25 + 12 M) when interpreting our results, and show
that a black-hole secondary cannot be avoided, regardless of the adopted primary mass (see also

light curve discussion).

Spectral disentangling

Faint companions in spectroscopic binaries may be uncovered through various methods, such
as carefully inspecting the spectra, subtracting a model for the primary, or cross-correlating the
spectra with template models for the unseen secondary. Here, we use the method of spectral
disentangling, which makes use of all available data (hence boosting the S/N to effectively
~ 350), and does not rely on pre-defined templates for the primary or secondary. Spectral
disentangling is a method used to separate the component spectra of spectroscopic binaries
while constraining the binary orbital solution. Few methods exist to disentangle spectroscopic

binaries, operating either in Fourier space or wavelength space. Our main method of choice
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is the shift-and-add technique [47]. The shift-and-add technique generally yields comparable
results to other techniques such as Fourier disentangling [18], and in some cases, the shift-and-
add algorithm appears to be more robust [20]. We also compare our results with those obtained
from Fourier disentangling [28], and reach the same conclusions. This method was successfully
used to identify the hidden companions in the black-hole imposters LB-1 and HR 6819 [18, 20]
and in SB1 binaries (Mahy et al. 2022, A&A, submitted; Shenar et al. prep.).

The original shift-and-add algorithm assumes prior knowledge of the RVs of both compo-
nents, RV,; and RV,;, where i € 1,..., N runs over all available epochs of observation. The
computed spectra for the primary and the secondary of the j™" iteration, A; and B;, are com-
puted by shifting-and-subtracting the previous approximations A;_;, Bj_; from all observations,
respectively, and then co-adding the observations using the available RVs. The first iteration
assumes a flat spectrum for the secondary. To accelerate the convergence, we enforce the dis-
entangled spectra to lie below the continuum in continuum regions [48, 49]. Convergence is
reached within tens to hundreds of iterations, depending on the spectral line.

For VFTS 243, the RVs of the secondary are not constrained and the potential presence of
a faint companion might bias the primary RV measurements. In this case, one can perform the
disentangling across the K, K, axes (grid disentangling), where K, K, are the semi-amplitudes
of the RV curves of both components. One may then disentangle specific spectral lines (or sets

of lines), and compute:

epoth

Z Z (Alk+Blk 0:1)° 0
N/l(Nepochs '

i=1 =

X?educed(Kl ’ KZ)

where NV, is the number of wavelength bins in the selected range, NepochS is the number of epochs
(37). A, B;y are the disentangled spectra obtained for K, K, evaluated at A;, and shifted to
the appropriate RVs of the i" epoch, O; is the observed i™ spectrum, and o is the S/N in the

continuum region in the vicinity of the spectral line. The number of degrees of freedom is given

18



by N3(Nepochs — 2), since each pixel in each of the two disentangled spectra is considered a free
variable. The final disentangled spectra are then retrieved for the derived K, K, values. The
spectra are retrieved up to a scaling factor which depends on the light ratio of the stars. The
light ratio has no impact on the disentangling procedure. By minimising y?, one can retrieve the
K, K, values that best reproduce the data, and separate the composite spectra with these values.
As K, cannot be derived here, we adopt K, = 3 X K; = 244 kms~!. The results are described
in the main text and shown in Fig. 4. The disentangled spectrum of the secondary is flat within
the S/N (with the exception of the diffuse interstellar band at ~ 4420 A and cross-contamination
from nebular lines). This conclusion is independent of the choice of K, (see also Supplementary
Information).

The spectra of VFTS 243 suffer from modest nebular contamination, which impacts pri-
marily the strong Balmer lines. We account for the nebular contamination by extending the
shift-and-add algorithm to three components, where the third component is static and is meant
to represent the nebular lines [50]. Not accounting for nebular lines may result in spurious fea-
tures, which become significant in the amplified spectrum of the secondary. However, given
the modest nebular contamination in VFTS 243, the impact of the nebular lines is negligible
in all lines but Hy, and our conclusions remain unchanged regardless of the treatment of neb-
ular lines. Moreover, nebular lines may result in false positives through spurious features in
the disentangled spectrum, but not to a featureless spectrum, as observed for the secondary in

VFTS 243.

Simulations of binaries hosting non-degenerate companions

We perform extensive simulations to reject the presence of non-degenerate companions (Fig. 5),
exploring companion masses as low as our 5o threshold (6.5 M). We consider binaries with

main sequence companions, a binary with a helium-star companion, and a triple scenario in
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which the secondary is a binary in itself. Main sequence companions are modelled with the
TLUSTY [51, 52] model atmosphere grids, while helium stars are modelled using the Potsdam
Wolf-Rayet (PoWR) model atmosphere code [53, 54]. As a final test, one of our team members
(KEB) created “’blind simulations”, which were disentangled without prior knowledge of their
input parameters. In all of the above cases, the companion could be retrieved without ambiguity.

A detailed account of the simulations is provided in Supplementary Information.

Photometric variability

The light curve of VFTS 243 contains evidence of both short- and long-timescale variability,
though the long-term variability does not appear to be of stellar origin and is removed from the
data. A Fourier analysis of the /-band light curve shows a peak at a period of 5.201 days, which
coincides exactly with half the spectroscopic orbital period. The phased light curve shows
a modulation consistent with the presence of ellipsoidal variations, with a semi-amplitude of
Actiipsoida = 0.0015 + 0.0003. The ellipsoidal variability amplitude at fixed period depends
primarily on the density of the tidally distorted O star (hence M, R,) and on the inclination i,
with weaker dependencies on the mass ratio (M,/M;) and atmospheric parameters of the star.
To explore the range of binary parameters that can match the observed amplitude, we calculate
a set of model light curves of binaries satisfying the orbital constraints that comprise a dark
companion and an O star radius of 10.5 R using the PHOEBE tool [55].

All plausible values of M; imply a companion mass M, > 9 My. The lower the value of
M, the more tidally distorted the primary becomes. In this case, the observed low-amplitude
variability can only be matched for increasingly lower inclinations, which in turn imply higher
secondary masses. It is therefore interesting to note that while a lower primary mass reduces
the minimum mass of the secondary, it increases the actual mass of the secondary required to

reproduce the ellipsoidal variability amplitude. For example, if the mass of the primary were
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only 12 M, (instead of the derived 25 M,,), the light curve would require an orbital inclination
smaller than 30° and the secondary would weigh ~ 20 M, making it impossible to hide in the
data unless it were a black hole. The light curve shows that the black-hole interpretation is
inescapable, even in the case of an extreme overestimation of the primary mass below the 5o

threshold explored here.

Radial velocity and proper motion

Next to the vanishing eccentricity, another indication for lack of a supernova kick can be ob-
tained from the relative motion of VFTS 243 with respect to its natal environment. The systemic
velocity of VFTS 243, T = 260.2+0.9 kms™!, is within 1o of the measured mean for the Taran-
tula, (') = 271.6 + 12.2 kms~! [56]. We note that the standard deviation of 12.2 kms~! likely
represents a true dispersion rather than a measurement error (which is typically a factor 10-20
smaller). Estimates on the proper motion can be obtained from Gaia [39]. We computed the
means of the two components of the proper motion vector (RA, DEC) of all stars within 4’ of
VFTS 243 whose parallaxes and proper motions are consistent with the LMC. Since the errors
in this case are dominated by statistical errors, we simply assume that the RV dispersion re-
flects the dispersion in RA and DEC directions as well. We find {(vga) = 396 + 12 kms~! and
(vpgc) = 145 + 12 kms~! for the environment mean. The measured Gaia velocity components
of VFTS 243 are vga = 408 + 8 kms™' and vpgc = 143 + 12 kms~!. Hence, each component
of the 3D velocity vector of VFTS 243 is within 1o of the mean. This gives further support for

the lack of a strong kick associated with the core-collapse of the black-hole progenitor.

Data availability

The VFTS and TMBM spectra are available on the ESO archives (archive.eso.org/cms.html).

The input files of our stellar evolution model (Supplementary Information) are available on
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doi.org/10.5281/zenodo.6514645. The OGLE light curve is available for download
on https://cdsarc.u-strasbg. fr/ftp/vizier.submit/OGLE VFTS243. Any other

processed materials are available from the corresponding author upon reasonable request.

Code availability

The fd3 tool used for Fourier disentangling is available online (sail.zpf.fer.hr/fdbina
ry/). The shift-and-add Python implementation used here is available from the corresponding
author upon reasonable request. We refer the reader to the CMFGEN (kookaburra.phyast.
pitt.edu/hillier/web/CMFGEN.htm), POWR. (www.astro.physik.uni-potsdam.de/
PoWR), FASTWIND (fys.kuleuven.be/ster/research-projects/equation-folder
/codes-folder/fastwind), and PHOEBE (http://phoebe-project.org/) webpages

for access and availability policies.
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Supplementary Information

Data

Spectroscopy: The 32 epochs of spectroscopy that are the backbone of our study were obtained
in the framework of the TMBM campaign. The broader TMBM campaign, the data acquisition
and their reduction are described in [24]. Here, we briefly describe the main elements relevant
for the present paper. The optical light from VFTS 243, along with that of about 100 other
scientific targets in the field of view, was picked up by MEDUSA fibers appropriately positioned
in the focal plate of the instrument and fed into the GIRAFFE spectrograph. In addition, 14
sky fibers were positioned on blank regions across the field-of-view and were used to obtain
a median sky and nebular spectrum at each epoch. The MEDUSA fibers have a 1.2” entrance
diameter. The GIRAFFE data were acquired with the L427.2 (LR02) grating, which covers the
wavelength range 39644567 Aata resolving power of R = 6400.

We also use five additional LRO2 spectra from the VFTS campaign, described in [25],
amounting to a total of 37 spectra. Each TMBM (resp. VFTS) observation consisted of three
900 s exposures (resp. two 1815 s exposures) taken back-to-back. The data were reduced in
a similar way using the ESO Common Pipeline Library (CPL) and calibrations obtained in
the mornings following the night-time observations of each epochs. The raw data were bias-
subtracted, flat-fielded and wavelength calibrated using a standard approach [25, 24]. The indi-
vidual spectra corresponding to science and sky fibers were extracted in SUM mode. The sci-
ence spectra were then sky subtracted using the median sky spectrum. Finally, the spectra were
normalized following a semi-automatic iterative procedure described in [57]. The GIRAFFE
wavelength calibration precision achieved thanks to the reference ThAr calibration frames is of
~ 300 ms™', and is consistent from one epoch to another.

The reduced data have a mean S/N of 61 per pixel. For the spectral analysis, we use the
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disentangled spectrum of the primary (which is very similar to the co-added spectrum) in the
range 3964-4567 A, amounting to a total S/N of ~ 350. We extend this spectrum with VFTS
spectra acquired with the LRO3 and HR15N gratings of FLAMES, covering 4499-5071 A and
6442-6817 A.

Photometry: A light curve of VFTS 243 was obtained from the Optical Gravitational Lensing
Experiment (OGLE) data reductions III and I'V. We refer the reader to [58, 59, 26] for detailed
information on the data acquisition, calibration, and reduction. For the spectral energy distribu-
tion, we used photometry in the F275W, F336W, F555W, F658N, F775W, F110W, and F160W
filters of the Hubble Space Telescope’s (HST) Wide Field Camera 3, UVIS and IR channels
[60], and far UV B1, B5 fluxes measured with the Ultraviolet Imaging Telescope (UIT) [61]. A

compilation is provided in Supplementary Table 1.

Supplementary Table 1: Photometry used in our study. Listed are the bands and their effective
wavelength, measured magnitudes and corresponding photometric system (Vega or AB), epochs
of observation, and references. The measurements have varying errors of the order of 0.01-
0.02 mag, but we adopt a constant error of 0.02 mag due to possible photometric variability (see
Sect. Photometric variability).

Band Measurement (mag) Epoch Reference
UIT B1 (1521 A) 14.04 (AB) 1990-12-05 [61]
UIT B5 (1615 A) 13.96 (AB) 1990-12-05 [61]
F275W (2720 A) 14.44 (Vega) 2013-03-28 [60]
F336W (3360 A) 14.36 (Vega) 2013-03-28 [60]
F555W (5235 A) 15.33 (Vega) 2013-09-26 [60]
F658N (6586 A) 15.00 (Vega) 2012-12-17 [60]
F775W (7610 A) 14.97 (Vega) 2011-10-29 [60]
F110W (1.083 um) 14.85 (Vega) 2013-05-22 [60]
F160W (1.528 um) 14.65 (Vega) 2013-06-03 [60]

Revised orbital analysis

While the orbit of VFTS 243 has been previously constrained [24], we derive it independently

here following a different radial-velocity (RV) measurement technique that is less sensitive to
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the presence of a putative secondary signature. We measure the RVs of the He 144 4026, 4388,
4471 and He 144 4200, 4541 lines by fitting a parabola to the maximum of the cross-correlation
functions (CCF) computed using a template [62]. Initially, we use a suitable synthetic spectrum
from our spectral modelling (see below). We then measure the RVs, and co-add the spectra using
these measurements to create a wavelength-calibrated, co-added, high S/N spectrum as our final
template [48]. This template is then used to re-measure the RVs. To avoid an underestimation of
the error due to auto-correlation of the noise in the co-added template [63], we fit the parabola
to the maximum of the CCF over a range that is significantly wider than the few kms™! range in
which auto-correlation could play a role. We note that the errors obtained when using a synthetic
spectrum are comparable to those obtained when using the co-added template (difference of
means smaller than 1%).

We implement a Markov-chain Monte Carlo (MCMC) simulation using Python’s emcee
package [64] to derive an orbital solution and obtain robust errors on the orbital parameters by

fitting

RV(v) =T + K; (cos(w + V) + ecosw), 2)

where v is the true anomaly. We perform the simulations for RVs measured using only He 1, only

He 1, and all lines. The three sets of results agree within their respective errors, and so we adopt

the results obtained when using all He lines (provided in Table 1 in the main text) and shown

in Supplementary Figs. 1 and 2. The derived orbital elements agree well with those previously

derived [24], but provide robust error estimates, which are critical especially for the eccentricity:
012

e = 0.017*)917 (68% confidence interval). For comparison, we obtain e = 0.011*):% using only

He1RVs, and e = 0.027*)017 using only Hen RVs.
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Radial Velocity Curve
T T T

Supplementary Figure 1: RVs of the O7 V primary star (symbols) measured from He1, i
lines. Errors represent 100 measurement errors. The best-fit RV-curve has been overlaid (plain
line).

Spectral analysis

The projected rotational velocity vsini was derived using the Fourier method introduced by
[65], implemented by the TACOB-BROAD tool [66]. The mean obtained from He 114026, 4388,
4471, 4713, and 4922 is vsini = 181 + 16 kms™', where the error is taken from the Nyquist
frequency of the spectral resolving power, and the measurements have a standard deviation
of 6.7 kms™!. The tool also provides various measures for the macroturbulent velocity vpe.
However, given that the results are highly line-dependent (30 — 190 kms™'), we simply fix
Umac = 60 kms~! judging by the fit quality.

The remaining atmospheric properties reported in our study were derived primarily using
the CMFGEN code [46], which solves the radiative transfer in expanding atmospheres while
relaxing the assumption of local thermodynamic equilibrium (non-LTE). However, we also per-
formed independent analyses with the POWR and FASTWIND codes (see below). We assume
a microturbulent velocity of vy = 10 kms™" and a standard S-law with 8 = 1 for the wind ve-

locity field. To derive the effective temperature 7. and surface gravity log g of VFTS 243, we
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Supplementary Figure 2: Corner plot for the five orbital parameters. Results are obtained
from our Monte Carlo simulations using RVs measured from He 1 and 11 lines combined. Errors
represent the 68% confidence intervals. We note that w = w; — « is provided (in degrees) in
Table 1 in the main text, in agreement with Eq. (2) and the definition in the TMBM campaign

[24].
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performed a y? analysis based on a grid of synthetic spectra computed with CMFGEN covering
from 27.0 kK to 47.0 kK in Tt and from 3.1 to 4.4 in log g, with steps of 1.0 kK and 0.1 dex,
respectively. The abundances (including hydrogen) and luminosity were set to the predictions
used for the Brott models [27]. The terminal wind speed was fixed to v, = 2100 kms™! ([67]
and Hawcroft et al., in prep.). Lacking constraints on clumping from the UV, we assume a
smooth wind (clumping factor D = 1), and provide the unclumped mass-loss rate M VD.

Each model of the grid was first convolved with rotational profiles, mimicking the projected
rotational velocity, then convolved with a radial-tangential profile mimicking the macroturbu-
lence. Finally, to account for the finite instrumental resolution, a third convolution with Gaus-
sian profiles with a full-width half maximum of A4 = 0.7 A (corresponding to R =~ 6 000) was
performed. The effective temperature was constrained from the ionisation balance between the
He 1 and He 11 lines. We used the He 1+11 4026, He 1 4143, He 14388, He 14471, He 1 4200 and
He 1 4542 lines. The surface gravity was obtained from the wings of the Ho, Hy, HB, and Ha
lines. We took care of removing the cores of the Ha and HS lines as they are contaminated by
nebular emission. We note that the nebular emission barely impacts the helium lines. The best
estimates for VFTS 243 are log T.s = 36.0 £ 1.0 kK and log g = 3.7 + 0.1 [cgs]. The fit to the
data is shown in Supplementary Fig. 3.

Once the effective temperature and surface gravity derived, we took the corresponding
model to fit the spectral energy distribution of VFTS 243. We use the extinction law described
by [68] for stars in 30 Dor region, and the distance modulus of the LMC (DM = 18.495 [69]).
We assume a constant error of 0.02 mag on all photometry measurements, which is compara-
ble to the measurement errors (typically 0.01-0.02 mag) and possible photometric variability
(see Sect. Photometric variability). We obtain a stellar luminosity of log(L/Ls) = 5.20 + 0.04.
Finally, we re-compute a set of CMFGEN models by adopting the effective temperature, sur-

face gravity, and stellar luminosity and only allowing the nitrogen content to vary. Focusing on
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Supplementary Figure 3: Best-fitting CMFGEN atmosphere model. The spectral energy dis-
tribution (upper panel) and selected spectral line profiles (lower panel) are shown. The relative
and total extinctions in the V-band Ry and Ay are noted.

the N m quadruplet at ~ 4515 A, we derived a nitrogen number fraction of ey = 8.1 (where
€ = 12 —log(ny/n;), and n;/ny is the number ratio of the respective element relative to hydro-
gen.) , amounting to a mass fraction of Xy = 0.11 £ 0.05% (16 times the baseline value). This
indicates that the primary component is strongly enriched in nitrogen at its surface, implying
the presence of CNO-processed material in its atmosphere. No clear indications for carbon

depletion are seen, but a factor ~ 2 depletion is consistent within errors.

Simulations of binaries hosting non-degenerate companions

Evidently, the disentangled spectrum of the secondary contains no features that can be con-
sidered to be of stellar origin. In Supplementary Fig.4, we illustrate that this conclusion is
obtained regardless of the secondary’s RV amplitude K, chosen for disentangling. To show that

the companion cannot be a faint non-degenerate source, we performed extensive simulations
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Supplementary Figure 4: Comparison between a B3 V template and the disentangled spec-
tra of the secondary. The comparison is shown for three distinct K, values: K, = 500 (top),
244 (middle), and 100 km s~!, illustrating the very weak dependence of the disentangled spectra
on K. The spectra are binned at A1 = 1 A for clarity.

to reject the presence of non-degenerate companions, exploring companion masses as low as
our 50 threshold (6.5 M). We describe the simulations below. For simplicity, and to mimic a
realistic situation in which K is uncertain, we always disentangle the spectra for a fixed value
of K, = 300 kms™!, regardless of the input parameters.

O7 V + B1 V: Our minimum mass is Myn2 = 8.7 M, which corresponds roughly to a B1 V
dwarf [70] moving with K> = K; M;/M, = 230 kms~' for a main sequence companion. Using
the BONNSALI tool with this mass and the estimated single-star age of 3.9 Myr [43] as input,
this corresponds roughly to a secondary with T, = 25kK and R, = 3.6 R,. We estimate
the B-band magnitude of the components using corresponding models available from the non-
LTE plane-parallel model atmosphere code TLUSTY [51, 52], and find M, = —2.1 mag. With
Mp; = —5.1 mag from our model atmosphere of the primary, this amounts to a B-band flux con-
tribution of [, = 5.9% for the secondary. For the spectrum of the primary, we use the disentan-
gled spectrum as template. For the secondary, we use a corresponding TLUSTY spectrum. Fi-

nally, we assume a conservatively large projected rotational velocity of v sini = 300 km s~ for
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the secondary and convolve its spectrum accordingly, making it harder to detect in the spec-
trum. We create 37 mock spectra with the individual S/N values and phasing of the real data.
The companion is easily retrieved.

O7 V + B3 V: We follow the same steps as for the B1 V simulations, but this time for the
So lower threshold of M, = 6.5 M. This corresponds roughly to a B3 V star with K, =
335 kms~!. Such a star is expected to have Tegr = 21kK and R, = 2.7 R, corresponding
to Mg, = —1.3mag and a flux contribution of merely [, = 2.9%. We use a corresponding
TLUSTY model with v, sini = 300 kms™! for the secondary. Despite its low flux contribution,
the companion is readily retrieved.

O7 V + He: Instead of a main sequence star, the companion might be a stripped helium star
[71, 72], although the likelihood for such system is roughly ten times lower than for a black-hole
companion [73]. Here, we consider a He star with a mass as low as M, = 6.5 M, to explore
the most extreme scenario corresponding to a So- lower limit on the companion mass. We adopt
parameters from [74] (T = 80kK, R, = 1.1 R,) with M from [75] and use the POWR code
[53, 54] to compute a corresponding synthetic spectrum. The star is expected to contribute
a mere I, = 3% to the flux in the B band. Nevertheless, we can unambiguously uncover its
signature in the disentangled spectra Supplementary Fig. 5 illustrates further that a helium star
cannot be present in the data.

O7 V + (B9 V+B9 V): Another possibility is that the companion is in itself a binary [76], and
the system is hence a triple. Since the luminosity sharply drops with mass, the most challenging
inner-binary configuration is one in which both components are of equal mass. Fitting a binary
inside a 10.4 d orbit requires substantial fine-tuning. If the system is to remain stable, the inner
period cannot be larger than ~ 2 d. For such a configuration, the Kozai-Lidov timescale is of the
order of 100 d, and further tuning of the mutual inclination would be needed to avoid a merger of

the inner two stars [77]. Nevertheless, we consider two stars with M » = M, = 3.2 M,;, which
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Supplementary Figure 5: Comparison of the disentangled spectra with a helium-star tem-
plate. As Fig.4 in the main text, but comparing the disentangled spectrum of the secondary to
a helium-star template computed with the POWR code. Evidently, the presence of such a star
can be rejected from the data.

corresponds to our lowest 50 threshold. We consider main sequence stars, since any other
scenario can be ruled out from an evolutionary perspective. This configuration corresponds
roughly to O7 V + (B9 V+B9 V). We use approximate TLUSTY models for the companions,
this time with T.x = 15 kK and log g = 4.0 [cgs] (which are at the edge of the grid).
Mass-luminosity calibrations suitable for main-sequence dwarfs [70] imply that each B9 V
component contributes a mere 0.7% to the total flux. We assume that the stars are on a 1.3d
circular orbit, have K, = K,g = 150 kms™! each (which implies K, = 342 kms™! for the
center of mass of the secondary), and assume a projected rotation of 300 kms~! for each. We
disentangle the mock data as if this were a binary with K, = 300 kms~'. While faint, the
Balmer lines immediately reveal the presence of non-degenerate companions. The data are thus
not even consistent with a binary abiding to our 5o lowest M, threshold.
“Blind” testing with non-idealised mock data: As a final test, one of our team members
(KEB) created mock data of four binaries by injecting various template spectra into the original

data, while adding additional random noise to each spectrum. A summary of the simulations
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Supplementary Table 2: Summary of the input parameters of the secondaries (effective temper-
atures T, surface gravities log g, projected rotational velocities v sin i, and light contributions
[,) used to produce the four “blind simulations” by an independent team member (KEB).

Simulation A B C D
Teq [KK] 22 22 25 -
log g [cgs] 40 40 40 -
vsini[kms™'] 300 50 300 -
I3 0.03 0.03 0.06 O

is provided in Supplementary Table 2. The mock data were disentangled without prior knowl-
edge of their properties, with the goal of identifying the OB+BH binary (simulation D). The
results are shown in Supplementary Fig. 6. The presence of a companion in all simulations but

simulation D is readily evident.

Photometric variability

VFTS 243 is regularly observed by the OGLE project [58, 59, 26]. The source has two entries
in the OGLE-IV database, LMC517.01.10094 and LMC553.25.24167, because it is located in
the overlapping parts of two adjacent fields. We analyze the light curve of LM(C553.25.24167,
which is the less noisy of the two, probably because LMC517.01.10094 is located close to the
edge of its field. The /-band light curve contains 1073 photometric points obtained over a 19
year period from 2001 to 2020, with a median magnitude / = 14.92 mag and typical photometric
uncertainty of 0.005 mag.

The light curve contains evidence of both short- and long-timescale variability. The median
I-band magnitude varies smoothly on a several-year timescale, with a peak-to-peak amplitude
of 0.03 mag. The origin of this long-term variability is uncertain, though the lack of associated
periodicity (e.g., as observed in several Be X-ray binaries [78]), and the lack of a similar trend

in the sparser V—-band OGLE light curve, suggest it is not intrinsic to the star. In fact, long-term
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Supplementary Figure 6: Disentangled spectra of four “blind”’ simulations. The simulations
include the injection of synthetic spectra and additional noise in the real data, with companion
flux contributions as low at 3% (see Supplementary Table 2). The OB+BH simulation (D) is
readily evident.

variability is also seen in neighbouring stars in the same OGLE field that are embedded in the
nebula, suggesting that it may be related to nebular contamination. We remove it in our analysis
of the short-timescale variability by detrending the light curve with a running median filter of
width 400 days (Supplementary Fig. 7). Given the different timescale of the long-term variation
compared to the orbital period, as well as its overall low amplitude, the precise treatment of the
long-term variability has no impact on our analysis.

The top panel of Supplementary Fig. 8 shows a Lomb-Scargle periodogram of the /-band
light curve, which contains a peak at a period of 5.201 days. In the absence of other information,

the peak would be only suggestive. However, the fact that it coincides exactly with half the
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Supplementary Figure 7: Detrending of the long-term variability. The variability is observed
mostly in the first epoch of observation during 2000-2007 (OGLE III data). Errors represent
1o measurement errors. The upper panel shows the original light curve, along with the running
median filter with a width of 400 d. The lower panel shows the light curve after detrending. It
is unlikely that the origin of the long-term variation is intrinsic to the star (see text).

spectroscopic orbital period strongly suggests that it is real and related to the binary’s orbital
period. The same peak appears in a periodogram of the light curve of LMC517.01.10094,
providing further evidence that it traces real variability.

We explore this variability further in the bottom panel of Supplementary Fig. 8, where we
show results of fitting a sinusoid to the detrended, normalized light curve. We fix the period to
5.201 days and leave the amplitude and phase free. We conservatively inflate the photometric
uncertainties to ~ 0.0075 mag to yield a reduced y? of 1. The most important conclusion is that
the best-fit sinusoid has a phase in good agreement with the RV ephemeris, strengthening the

case that the observed variability is due to ellipsoidal variations. In Supplementary Fig.9, we

37



0.035 T T T T T

|
|
I
Ry
=1
o
~
[\

0.030 |-

1% FAP
0.025 f=-=-"7m7mTor oo

g 0.020

20015 F

0.010 |-

Y| mmllhﬂh“\l. ].MJJ.J.JI.HWLIJJ.]\ Al“h“\,MJ...‘J‘]‘ﬂluﬂ“au“ \JL“JJ“I im JL.L]L.LI
5 6 7 8

0.005

0.000 ¥
3

period [days]

0.0030 \ 10
o 0.0025 ‘ 8
ge!
B y
= 0.0020 g
3 ° 2
= 0.0015 Llj
g
5 ‘ 4 3
2 0.0010 =
= J
o= 2
“2 0.0005 [

1.50

0.25 0.50 0.75 1.00 1.25
phase offset compared to RVs

0.0000 - . L ! !
0.00

Supplementary Figure 8: Analysis of the OGLE light curve of VFTS 243. Top: Lomb-Scargle
periodogram of the /-band OGLE light curve of VFTS 243. A peak is evident at a period of
5.201 days, exactly half of the orbital period inferred from RVs. Dashed horizontal line marks
a 1% false alarm probability (FAP). Bottom: results of fitting a sinusoid with P = 5.201 days to
the detrended light curve. Lines enclose 68 and 95% of the integrated 2D probability. The best-
fit sinusoid has a phase in excellent agreement with the RV ephemeris (i.e., with peak brightness
occurring at the same time as the RV extrema). This suggests the photometric variability is
ellipsoidal variability due to tidal distortion of the O star. The marginalized 1o constraint on
the variability half-amplitude is Ajiipsoiga = 0.0015 + 0.0003.

show the light curve phased to the ephemeris from the RV analysis. Although the amplitude

of the photometric variation is very small, it is evident in both the binned and non-binned light

curves.
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Supplementary Figure 9: OGLE I-band light curve phased to the ephemeris from RVs.
Errors depict 10 measurement errors. The same data are plotted in bins of A¢ = 0.08 in the
bottom panel (errors are error of the mean). Red line shows the best-fit sinusoid. The variability
amplitude is small compared to the individual photometric errors and is marginally noticeable
in the raw data, but is more evident in the binned data.
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Supplementary Figure 10: Constraints on component masses and from the observed ellip-
soidal variability amplitude. We assume an O star radius of 10.5R,. For each value of M,
and orbital inclination, we calculate the companion mass M, required to reproduce the observed
radial velocities (bottom left). For that value of M,, we calculate the predicted ellipsoidal vari-
ability amplitude (top left). Gray shading shows the observed value. Right panels indicate the
inclination and companion mass needed to match this value for a given M;. Lower values of
M, require a higher companion mass, because they imply a low inclination. The observed el-
lipsoidal variability amplitude rules out non-BH scenarios in which the O star is undermassive:
a low-mass O star would produce larger-amplitude photometric variability than is observed.

The ellipsoidal variability amplitude at fixed period depends primarily on the density of
the tidally distorted O star (hence M;, R;) and on the inclination i, with weaker dependencies
on the mass ratio (M,/M;) and atmospheric parameters of the star. At the low amplitude of
ellipsoidal variation observed here, the parameters M, M, and i are degenerate, that is, different

combinations of M, M,, and i would produce a statistically indistinguishable signal. Hence,
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instead of fitting the light curve, we explore the range of binary parameters that can match the
observed amplitude. We calculate a set of model light curves of binaries satisfying the orbital
constraints that comprise a dark companion and an O star radius of 10.5 R using the PHOEBE
tool [55]. The results are shown in Supplementary Fig. 10.

Supplementary Fig. 10 also shows the range of inclination and companion mass that can
reproduce the observed variability amplitude and mass function for a given M,. Evidently,
while lower primary masses imply a lower minimum mass on the secondary, they result in an
increase of the actual mass of the secondary due to a corresponding decrease in the orbital
inclination needed to reproduce the ellipsoidal variability. Hence, based on the light curve, a
secondary more massive than ~ 9 M, is unavoidable.

We note that the results depend rather sensitively on R;. For example, an increase of R,
within 1o (0.8 Ry) leads, for a given inclination, to M, M, values that are larger by ~ 10— 15%.
Similarly, a decrease of R, yields a decrease of ~ 10% in M, M,. While varying R, is therefore
not negligible quantitatively, it has no bearing on the conclusions of this study, which anyhow

do not fundamentally rely on the light curve of VFTS 243.

X-ray production

The observed T-ReX Chandra X-ray count rate yields a limit to the observed X-ray luminosity
of log Ly < 31.84 [ergs™']. Typical X-ray attenuation corrections for T-ReX early-type stars
are 0.32dex (Crowther et al. 2022, submitted), such that the intrinsic X-ray luminosity for
VFTS 243 is constrained at log Ly < 32.16 [erg s~!]. This amounts to log Ly/L < —6.6, which
lies three orders of magnitude below the candidate high mass X-ray binary VFTS 399, for which
log Lx/L = =3.4[79].

Our spectral analysis substantiates the presence of a black hole secondary beyond reasonable

doubt, and one may therefore wonder whether the interaction of the stellar wind of the O star
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with the black hole would produce X-rays. Copious emission is expected for the case of a black
hole with a wind-fed accretion disk, where the wind matter can be heated to X-ray emitting
temperatures.

Adopting a non-rotating black hole of 9 M, as the unseen companion in VFTS 243, we
calculate a Bondi-Hoyle mass accretion rate of 1.7 - 107! M, yr~! [31, equation 1] when using
the unclumped wind mass loss rate and terminal wind velocity as given in Table 1 in the main
text. To gauge whether an accretion disk can form, we follow [35]. The average specific angular

momentum j,.. of the matter accreted by the BH from the wind of the O star is estimated as

. 1
Jace = EnQorbRicy (3)

Here, 1 is the efficiency of specific angular momentum accretion, for which we use n=1/3, Q.
is the orbital angular velocity, and R, is the accretion radius given by equation 8 of [35]. An
accretion disk is expected when the accreted average specific angular momentum exceeds that

of a particle in the innermost stable circular orbit (ISCO) around the black hole:

Jisco = VGMzuRisco, 4)

where Rsco is the radius of the innermost stable orbit. We find the specific angular momentum
of the accreted wind matter to be ~ 3/100 times smaller than required for disk formation. Even
if the black hole were maximally spinning and the efficiency of angular momentum accretion
were 100% (see Eqgs. 6 and 7 of [35]), an accretion disk is not expected in VFT'S 243.
Considering instead radial in-fall of wind matter onto the BH leads to optically thin thermal
Bremsstrahlung emission escaping from the adiabatically heated wind-matter. The expected X-
ray luminosity in this case is orders of magnitude below that expected for disk accretion [34].
While non-ideal processes such as turbulence, magnetic fields, and non-radial trajectories of
accretion may enhance the X-ray emission, the current non-detection of X-rays from VFTS 243

appears fully consistent with the presence of a BH.

42



We note that the theoretical expectation regarding the absence of a disk strongly depends
on the wind terminal velocity, which cannot be constrained from existing data. In fact, the
presence of accretion disks is not sufficient to ensure the production of copious X-rays. At very
low accretion rates, accretion disks may become advection-dominated and produce very little
X-rays, leading to long periods of quiescence that can last for many years (e.g., GS 2000+25,
[32]). While known examples for this partial quiescence are all transient X-ray sources, a
population of persistently X-ray quiet disk-fed BH-binaries has also been proposed [80]. Still,
VFTS 243 shows no traces of a disk in its optical spectrum, while the known partly-quiescent
BH binaries do so very blatantly (e.g., [63]). It therefore appears likely, both on theoretical
and empirical grounds, that no disk is present in VFTS 243. Future ultraviolet observations of
VFTS 243 will be crucial to obtain a complete picture regarding the wind and disk properties

of VFTS 243.

Synchronisation, circulation, and rotation

Tidal interactions between two components of a short-period binary act to synchronise their
rotation periods with the orbital period and, on a significantly longer timescale, to circularise
the orbit. Given the importance of the small eccentricity to our conclusions, it is essential
to consider the impact of circularisation in VFTS 243. The respective timescales (i.e., the e-
folding times), Tgyn. and 7., strongly depend on the orbital separation and internal structure of
the stars, as well as on a series of non-trivial assumptions [81].

Of particular importance in the computation of these timescales is the structure constant
E,. The computation of this quantity from a stellar model is not straight forward, but various
authors have provided fits to it. In Supplementary Fig. 11, we show the synchronization and
circularisation timescales computed using a 25 M, stellar model computed with the MESA code

[82] (Input files to reproduce our MESA calculations are available at doi.org/10.5281/zeno
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do.6514645). The simulation is made using the same physical assumptions of [27] to model
LMC stars, except that we ignore mass loss through its evolution to match the current mass
estimate. We consider different prescriptions for the structure constant E,, including the one of
[83], who computed a fit to the zero age main sequence models of [81], and those of [84] and
[85], who computed fits appropriate for the main sequence evolution of massive stars. Despite
the order-of-magnitude variation in the resulting timescales, which reflect the uncertainty on the

computation of E,, the circularisation timescale of VFTS 243 is expected to exceed 100 Myr.
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Supplementary Figure 11: Synchronization and circularisation timescales. The computa-
tions are performed for a 25M, model star during the main sequence, with a fixed orbital period
of 10.4031 days and a companion mass of 10.1 M. Timescales are computed using three dif-
ferent fits to the structure constant E, (see text for details). Vertical band indicates the phase
during the evolution where the model has a 7.4 within the observed range of 36 + 1 kK.

A much more reliable method to assess the significance of tidal circularisation is to consider

the ratio of the circularisation and synchronisation timescales, which is independent of Ej.
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Following [81], this ratio can be expressed as:

circ MR2 M MO -3 R -
i :176-(0.1 ‘ 1)( BH )( m ) ( ‘ ) , (5)
Tsynch I] 10.1 MO 363 M@ 103 RO

where I is the moment of inertia of the primary, defined using a unitless number k as I} =
k M; R3. While k = 0.1 is typically assumed for main sequence stars [86, 83], its value can be
significantly lower near the end of the main sequence, which would further increase the ratio
Teire/Tsyne- Equation (5) is written such that the expressions in parentheses are of the order of
unity for VFTS 243, implying that 7. is at least 1-2 orders of magnitude longer than .
Hence, if we can argue that the star has not yet synchronised, we may safely conclude that
circularisation via tides is negligible.

The derived projected rotation velocity of the primary of vsini = 181+16 kms™!, combined
with our estimates on the orbital inclination from the light curve (i = 40 — 90°), implies an
equatorial rotation of ve, in the range ~ 180 — 300 kms™'. Synchronisation would imply a
rotation of 27 R, P~! ~ 50 kms~'. The system is thus far from being synchronised, following
Eq. (5), tidal circularisation can be fully neglected. This means that the near-circular orbit
observed today reflects the orbital eccentricity of the binary immediately after core-collapse.

It is interesting to note that the rotation of the primary lies above the median of (vsini) ~
120 kms™! for primary components of binaries analysed in the Tarantula region [87], consis-
tent with a previous mass-transfer event. However, one may expect mass accretors to reach
critical rotation velocities [88] of ~ 500 — 600 kms~!. In contrast to the theoretical expectation,
post-interaction O-type mass accretors (e.g., in Wolf-Rayet binaries) are commonly observed to
rotate at sub-critical velocities, with typical velocities of 200-300 km s~! [48, 89]. The reasons
for this are yet to be established, but could be related to boosted mass-loss of rapid rotators or

magnetic fields produced during mass-transfer [89].
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Evolutionary path and final fate

It is interesting to consider the possible progenitor masses of the black hole, as well as the
initial properties of VFTS 243 and its final fate. One may obtain constraints on the initial
parameters by working the evolution of the system backwards analytically for various mass-
transfer efficiencies (Supplementary Fig. 12). Given the uncertain mass-transfer efficiency, the
progenitor mass could lie anywhere between ~ 20 M, to = 80 M,,, where the smallest values
are obtained from conservative mass-transfer, and the highest from non-conservative. We can
also conclude that the initial period must have been smaller than ~ 20d.

To fully solve for the initial properties of this binary, while considering the many uncertain-
ties of binary evolution, one would need more detailed knowledge of the abundances, stellar,
and wind parameters, for which high-resolution UV and optical data are required. Here, we
provide a potential solution (not necessarily unique), which reproduces the main properties of
the binary: M,, Teq.1,log Ly, P. We computed a detailed binary evolution model using the Mod-
ules for Experiments in Stellar Astrophysics (MESA) stellar evolution code [82]. We follow the
same set of assumptions as [27] and [9]. Given the uncertainties in treatment of rotation and
the need for more accurate constraints, we assume non-rotating stars for simplicity and a fixed
mass transfer efficiency. Mass transfer efficiency is parameterized in terms of the fraction 5 of
mass ejected from the accretor during Roche lobe overflow, carrying its specific orbital angular
momentum.

We use the curves provided in Supplementary Fig. 12 to identify an adequate initial guess on
the starting conditions for our simulations (zero age main sequence values of M, M,, P, and
B). We assume that the mass of the pre-collapse mass donor at carbon depletion is the final mass
of the black hole, as is supported from our findings for little to no ejecta. With this initial guess,

we check the properties (M, Te1,log Ly, P) of the model at the point of nearest approach in
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Supplementary Figure 12: Relationship between orbital period and donor mass for differ-
ence mass-transfer efficiencies. Each line traces the properties of the black-hole progenitor
mass (Mgyonor) and orbital period P, for different mass-transfer efficiencies, from fully conser-
vative (8 = 0) to fully non-conservative (8 = 1). The curves are to be read from left to right,
backward tracing the evolution from the current-day values (leftmost point). The curves ter-
minate when the initial mass ratio fulfils gini = Mini2/Mini1 < 1/3, since binaries with more
extreme initial mass ratios are expected to merge. The black hole progenitor is assumed to have
lost 1/3 of its mass during the preceding Wolf-Rayet phase, which causes the increase of Mggpor
and shrinkage of P, as the curve advances to the right. Mass transfer terminates at the point
marked by a cross (where all curves meet). Filled circles correspond to mass ratios of unity.
Mass transfer and the initial configuration could lie anywhere to the right of the filled circles in
each respective curves.

the HR diagram to the observed T.¢; and L, after black hole formation. We iterate on the initial

parameters to find a better fitting model by computing numerical partial derivatives of these
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values with respect to the input parameters, and using a Newton-Raphson solver to determine
new initial conditions. We find an adequate solution that reproduces all observables well within
1o (but the period, which would require an excessive resolution) for a mass-transfer efficiency
of 1 — B =0.36. Our solution has My ; = 30.1 Mg, Mini» = 21.9 Mg, and P;,; = 3.71d.

The evolution tracks are shown in a Hertzsprung-Russell diagram (HRD) in Supplementary
Fig. 13. The point of closest approach to the observed T.g 1,log L, yields Tegev1 = 36.5KK,
log Loy = 5.20[Ls], Mppev = 10.0 My, P, = 10.7d, and an age of 7.3 Myr. Interestingly, this
age 1s almost twice the age obtained from single-star evolution tracks with BONNSAI (3.9 Myr).
This is a direct result of rejuvenation of the mass accretor with fresh hydrogen imparted from
the black-hole progenitor, the original donor.

We compute our binary model until carbon ignition in the mass accretor (the now O-
component). Assuming that the mass accretor would experience direct collapse and no kick
(like the mass donor), we find that the binary ends its turbulent life as a BH+BH binary with
masses of 10.0 My + 10.0M,, and a period of 5.46 days. Driven by gravitational wave radiation,
such a system would merge in 117 Gyr, however this depends sensitively upon the masses and
final orbital period of the system. If within the observed errors for the current properties of the
system the mass ratio has a more extreme value, it is possible that stable mass transfer could
harden the orbit sufficiently to result in a binary black hole with a merger delay time smaller

than the age of the universe [90].

Posteriors

The posteriors used to compute M2, M>, and M, are shown in Supplementary Fig. 14. We
note that we do not consider constraints from the light curve when computing the posteriors
(Supplementary Fig. 10). However, these constraints are fully consistent with the posteriors

derived from spectroscopy alone.
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Supplementary Figure 13: Hertzsprung-Russell diagram (HRD) showing a representative
evolutionary scenario for VFTS 243. Dots indicate steps every 0.2 Myrs in the evolution. The
binary starts with M, ; = 30.1 Mg, Mini» = 21.9 My, and Py,; = 3.71d. A brief phase of rapid
case A mass transfer is followed by a longer case A mass transfer phase. The mass transfer
comes to a sudden halt as hydrogen is depleted in the core, but initiates quickly again (case AB)
as the primary leaves the main sequence and expands. Mass transfer stops when the H-shell
burning are removed, and the primary rapidly evolves to the left to become a hot Wolf-Rayet
star, until it collapses to form the black hole observed today (denoted by the orange squares),
roughly 7.1 Myr after the formation of the binary. We observe the system today (measurements
correspond to green cross) shortly thereafter, at an estimated age of 7.3 Myr.

Systematics of spectral analysis

It is notoriously difficult to derive the masses of stars from spectroscopy, since they depend both

on details of data reduction (notably normalisation) as well as on multiple physical mechanisms
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Supplementary Figure 14: posteriors of the minimum secondary mass M,,;,, (left panel),
actual secondary mass M, (middle panel), and total mass of the system M, (right panel).
The posteriors are computed using the mass function by modelling the distribution of M, as
a Gaussian with a mean of 25.0 M, and a standard deviation of o = 2.3 M, and assuming a
random orientation of the orbital plane. Marked are the mode (red), median (purple), and 68%
confidence intervals.

that operate in a highly non-LTE environment. To explore systematics, we performed thorough
comparisons between CMFGEN, PoWR, and the FASTWIND atmospheric model code while
analysing the data of VFTS 243. The results for CMFGEN were detailed in Methods. Here, we

describe results obtained with the other codes.

PoWR

We used publicly available POWR spectra [53, 54] computed for OB-type stars [91] to narrow
down the parameter range. The general code assumptions are similar to those described for
CMFGEN, with the difference that microturbulence pressure is accounted for. We computed
several additional models in the region of interest, and show a representative model (“by-eye
fitting”) in Supplementary Fig. 15. We estimate comparable parameters to those obtained with
CMFGEN: T = 35.0 £ 1.0kK, log g = 3.75 £ 0.10[cgs], and log L = 5.17 £ 0.05. This results
in a spectroscopic mass of 22 + 5 M, in good agreement with the CMFGEN analysis. The line

cores of the Balmer lines are better reproduced for an enhanced (unclumped) mass-loss rate of
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Supplementary Figure 15: Spectral analysis of VFTS 243 using the PoOWR code. Obser-
vations (blue) are compared to best-fitting POWR model (red), showing the SED in the upper
panel, and selected spectral lines in the lower panels.

MAND = -6.0+0.2 [M, yr']. We see clear indications for N enrichment with POWR as well,

with Xy = 0.10 £ 0.05%. A better fit to He144471 is reproduced for vy, = 15 km s71.
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FASTWIND

As alast test, we also explore the stellar parameters using the non-LTE stellar atmosphere mod-
elling code FASTWIND [92, 93, 94]. Several simplifications in the non-LTE calculation allow
for a much more rapid computation of models (minutes as opposed to hours with CMFGEN and
PoWR), which allows for the usage of FASTWIND as an exploratory tool. We employ a fitting
algorithm based on genetic evolution (GA), described in detail in [95, 96, 97]. We constrain
the effective temperature, surface gravity, mass-loss rate, microturbulent velocity and surface
abundances of carbon and nitrogen. We take a number of the same assumptions as are used in
the CMFGEN modelling and optimise the models around the same line list for hydrogen and
helium. We also include C 44069, N m 44379, N m Aquad4515, N 44523, N Atrip4640
and N1v 14058. We find best-fit parameters in agreement with those found using CMFGEN,
T = 36.5 + 0.5kK, logg = 3.5 + 0.1[cgs], logM = —6.2 + 0.2[Myyr~'], ey = 8.2 £ 0.2 and
e€c = 7.7 £ 0.3. The spectroscopic mass derived using FASTWIND is 13 M, which is at the
lower end of our 5o uncertainty interval. However, we note that FASTWIND is known to re-
sult in log g values that are systematically 0.12 dex lower than CMFGEN [98]. Moreover, the
surface gravity is likely underestimated due to the rotational centrifugal force term and micro-
turbulence pressure (amounting to = 0.1 dex together). The results are shown in Supplementary
Fig. 16.

While the strong nitrogen abundance is confirmed, the carbon abundance is found to be
roughly at baseline (ec = 7.75, [27]), albeit with large errors which can accommodate a factor
two decrease. The small discrepancies seen in helium + Balmer lines imply that the star may be
slightly enriched in helium, but they could also point towards different microturbulent velocities
or wind parameters. Future high-resolution optical and UV data is necessary to robustly derive

the abundances and wind parameters of this star.
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Supplementary Figure 16: Spectral analysis of VFTS 243 using the FASTWIND code.
Shown are sets of statistically equivalent models (green) and best-fitting model (red) obtained
from analysis of VFTS 243 with FASTWIND via genetic algorithms , compared to the data
(black data points).
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