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Evidence suggests that, when compact objects such as black holes and neutron
stars form, they may receive a ‘natal kick’, during which the stellar remnant gains
momentum. Observational evidence for neutron star kicks is substantial'?, yet is

limited for black hole natal kicks, and some proposed black hole formation scenarios
resultin very small kicks®™. Here we report that the canonical black hole low-mass
X-ray binary (LMXB) V404 Cygni is part of awide hierarchical triple with a tertiary
companion at least 3,500 astronomical units (Au) away from the inner binary. Given
the orbital configuration, the black hole probably received a sub-5 km s™kick to have
avoided unbinding the tertiary. This discovery lends support to the idea that at least
some black holes form with nearly no natal kick. Furthermore, the tertiary in this
system lends credence to evolutionary models of LMXBs involving a hierarchical
triple structure®. Remarkably, the tertiary is evolved, indicating that the system
formed 3-5 billion years ago and that the black hole has removed at least half a solar
mass of matter fromits evolved secondary companion. During the event in which
theblack hole formed, it is required that at least half of the mass of the black hole
progenitor collapsed into the black hole; it may even have undergone a complete
implosion, enabling the tertiary to remain loosely bound.

Black holes are the stellar remnants of the most massive stars.
Gravitational-wave astronomy has raised key questions about the for-
mation of these objects, including the role of natal kicks” and dynamical
interactions®®®. There are several proposed formation pathways for
these stellar remnants, including some channels in which there is an
implosion with no associated natal kicks or supernovae**'°'?, The best
constraints on black hole kick physics come from the galactic orbits
of X-ray binaries®, astrometric microlensing™ and orbital dynamics®.
These constraints have largely ruled out the need for kicks >100 km s™
except for in a handful of systems with exceptional orbits'>,
Wereportthe discovery that the black hole X-ray binary V404 Cygni,
the first LMXB widely accepted to host a black hole (with a black hole
mass of 9'9:2 M_ (ref. 17)), is part of a wide hierarchical triple. Our ser-
endipitous discovery originated from examining an optical image of
V404 Cygni on the Aladin Lite tool, illustrated in Fig. 1a, and noting
that there is a nearby star just 1.43 arcsec from V404 Cygni with Gaia
proper motions matching those of V404 Cygni, as seen in Fig. 1b. We
investigated the proper motions of nearby sources and, in Fig. 2a, show
that suchachance agreement in proper motions is unlikely. In Fig. 2c,
we quantify the probability of such an alignment occurring by chance,
which we find is about 10”7 (Methods). While searching the literature
on V404 Cygni, we found several works that commented on the nearby
star, with most simply assuming thatit was aninterloper'®*°. One nota-
ble exception was Maitra et al.”, who speculated “in passing whether
the blended star is truly unrelated to the V404 system” owing to the
similar estimated distance and extinction of the blended star.

V404 Cygniwas noted as having a peculiar velocity in a previous work?
and this was attributed to a kick. As part of our astrometric analysis,
weinvestigated nearby stars and found that the velocity of V404 Cygni
is typical of stars in the vicinity (Methods).

Given the 1.43-arcsec separation and estimated distance of
2.39 + 0.15 kpc (ref. 22), we find that the wide tertiary companion is
at least 3,500 AU away from the inner binary, which corresponds to
aKeplerian velocity of just a few kilometres per second. Asillustrated
in Fig. 1a,c, this separation is approximately 90 times larger than the
distance of Pluto to the Sun and 25,000 times larger than that of the
inner V404 Cygni binary, which has a separation of just 0.14 AU, less
than half the distance between the Sun and Mercury.

To further confirmthis association, we analysed archival Very Large
Telescope (VLT) X-shooter spectroscopic observations (which targeted
V404 Cygnibut contained aspatially resolved trace of the tertiary) and
obtained further follow-up Gemini Multi-Object Spectrographs (GMOS)
spectroscopy of the source (Methods). We conducted aradial velocity
analysis and found excellent agreement with the reported systemic
velocity of V404 Cygni. As seen in the histogram of radial velocities
of nearby stars shown in Fig. 2c, this is unlikely to have occurred by
chance, further solidifying the association of the two components.

We fit the spectroscopic observations with model atmospheres,
focusing on the region around the Ha and HB absorption lines in the
GMOS spectra (Methods), and the region around the calcium triplet
lines in the X-shooter observations, shown in Fig. 3d. As well as fit-
ting the spectroscopic observations with model atmospheres, we
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Fig.1|Astrometric configuration of V404 Cygni.a, Pan-STARRS image

of V404 Cygniand its companion, shown using the Aladin interface, with
V404 Cygniand thetertiarylabelled inred and the separation of1.43 arcsec
indicated inmagenta. We discovered the tertiary while viewing the source on
Aladinandinspecting the Gaia astrometry on theinterface, finding strong

also fit the broadband spectral energy distribution (SED), carefully
extracting photometry by modelling the point spread function (PSF)
in epochal Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS) images of the source owing to the blending of the ter-
tiary and V404 Cygni (Methods). Furthermore, we use archival Hubble
Space Telescope observations to obtain a measurement in the
near-ultraviolet at 330 nm and archival observations with the NIRC2
instrument of the Keck observatory to measure the near-infrared flux
atapproximately 2 microns. By jointly fitting the spectraand SED, we
obtained constraints onthe temperature, metallicity and radius, with
values reported in Fig. 3c.

Onenotableresultin our modelling of the SED and spectrais that we
find that the tertiary in V404 Cygni has started to evolve off of the main
sequence and isabout twiceits initial radius. By fitting the tertiary with
MIST isochrones shown in Fig. 3a, we find that this constrains the age
of the system to about 3-5 Gyr and the mass of the tertiary to around
1.2 solar masses (our full parameter estimates can be found in Fig. 3c).

The secondary of V404 Cygni, like the donors seen in some other
black hole LMXBs, exhibits enhanced lithium abundance, and this has
beenattributed to formation asaresult of accretion processes onto the
black hole orin the supernova that formedit?. Given our constrainton
the age of the system, we can rule out that this lithium abundanceis a
result of recent formation; however, we inspected our X-shooter and
GMOS spectra and concluded that, at this time, there is insufficient
signal to noise and resolution to determine whether the tertiary has
enhanced lithium.

To learn about the physical constraints imposed on the formation
oftheblack hole, we simulated the dynamics of the triple witharange
of configurations, accounting for the black hole kick, mass lost during
theblack hole formation and theinitial orbital periods of the secondary

15 mas

1.5 mas 0.15 mas

agreementin the measured proper motions of these two sources. b, Plot of the
positions and proper motion vectors of all starsin the field, with V404 Cygni
anditstertiaryindicated inred.c,Zoom-inonthe inner binary of V404 Cygni,
showing the 2.5 x 10* ratio of the semimajor axes of the inner and outer orbits in
thetriple.

and the tertiary, to investigate which black hole formation scenarios
could retain the loosely bound tertiary.

As seenin Fig. 4a, the only way the inner binary could have experi-
encedalargekick and retained the tertiaryisifthe tertiary started ata
shortorbital period and was sentinto a highly eccentric orbit reaching
>3,500 AU at apastron owing to akick to theinner binary. This scenario
is unlikely, as we would need to fine-tune the kick to the inner system
to be large but just barely below the escape velocity of the system
(Methods). We find that scenariosinwhich the tertiary started inawide
orbit, and theinner binary received asmall kick of just a few kilometres
per second, are thus strongly favoured.

When considering the inner binary, we simulated two scenarios.
In one case, we allowed the secondary to startin awide orbit between
100 Auand 300 Au. This scenariois viable for reproducing the current
system, as we find that von Zeipel-Lidov-Kozai cycles could readily
cause the secondary to migrate intoits current 6.4-day orbit (Methods).
Asillustrated by the red histograms in Fig. 4b, we find that, in this sce-
nario, the black hole kick was probably smaller than 3 km s™ and that
the mass lost in the black hole formation could have been up to about
10 solar masses, or about half the mass of the inner binary.

Alternatively, we consider a scenario in which the secondary had
an orbital period between 1and 6 days at black hole formation (its
current orbitis 6.4 days). These simulations areillustrated as the blue
histograms in Fig. 4b. In this case, the barycentre of the inner binary
receives a substantial Blaauw kick?* as a result of mass loss, eveniif the
black holeitself does not receive akick. This results from matter being
ejected symmetrically in the rest frame of the black hole progenitor,
ejectingitfromthebinary with anetasymmetric velocity equal to the
orbital velocity of the black hole in the barycentric frame. At orbital
periods on the order of days, the black hole orbits with a velocity of
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Fig.2|Probabilistic analysis of astrometric alignment. a, Plotillustrating
the proper motions of all Gaia stars brighter than 18th magnitude within
Sarcmin of V404 Cygniand the strong agreement between V404 Cygniand its
tertiary (showninred). b, Histogram of Gaia-measured radial velocities of stars
inthe vicinity of V404 Cygni, with the systemic velocity of V404 Cygnishown as

afew tens of kilometres per second and, thus, as seen in Fig. 4b, this
scenario strongly constrains any possible mass loss during the black
hole formation, because evenifthe black hole does not receive akick,
the inner binary does as a consequence of the mass loss, ejecting the
tertiary. One curiosity of this scenariois that, in fine-tuned cases, one
can achieve slightly larger black hole kicks while keeping the tertiary
bound, because the velocity imparted on the barycentre of the inner
binary by mass loss can absorb the effect of the kick oriented in the
opposite direction, resulting in arelatively low net kick to the inner
binary, allowing the retention of the tertiary. Overall, this scenario still
favours small kick velocities of less than 5 km s™ and does not allow
for more than about asolar mass to be ejected. Thus, if the secondary
started inatight orbit of afew days, the most probable black hole for-
mation scenario is one in which there was a near-complete implosion
of the progenitor star, with negligible mass loss.

In either scenario, a black hole formation event in which there is a
complete implosion and no kick always results in the survival of the
system. We cannotrule out masslossinthe systembut we find itimprob-
able that more than half the mass of the black hole progenitor was
suddenly ejected during its formation.

We consider it unlikely that the system formed dynamicallyinadense
environment such as aglobular cluster or the Galactic Centre and was
ejected, as the escape velocities of these environments exceed the
orbital velocity of the tertiary by an order of magnitude (the young
age of the tertiary also disfavours an origin in a globular cluster). We
alsofind it unlikely that the system captured the tertiaryin the field as
aresult of the low cross-section of such aninteraction occurring. One
possibility is that dynamical capture occurred when the system was
part of an open cluster that has since evaporated®. We note that the
tertiary may have widened its orbit over several billion years as aresult
of a dynamical scattering into a wide orbit?. Although the effects of
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Separation (arcsec)

theblackverticallineand the measured radial velocity of the tertiary shown as
thegrey vertical line. c, Plotillustrating the chance alignment probability as a
function of separation for stars brighter than 18th magnitude (showninred)
and 20th magnitude (shownin blue). This probability accounts for both the
agreementin proper motions as well asradial velocity.

these two scenarios on kick constraints are difficult to quantify owing
tothe large number of degrees of freedom, they could potentially allow
for larger black hole kicks on formation.

The presence of atertiary companionin one of the most well-known
LMXBs supports theoretical work that has suggested that hierarchi-
cal triples may be key to forming black hole LMXBs. Forming black
hole LMXBs through purely binary evolution has been theoretically
challenging because of the large mass ratios involved, resulting in a
common envelope event that proceeds to a merger rather than a suc-
cessful ejection of the envelope. Thus, theoretical modelling of the
formation of such systems has explored the possibility that wide ter-
tiary companions helped the donor migrate into atight orbit after the
formation of the black hole®. This is achieved through a gravitational
interaction of the tertiary with the inner orbit, known as a von Zeipel-
Lidov-Kozaicycle, in which theinner orbit cycles between aninclined
andaneccentric orbit. We note that models such as those presented in
ref. 6 predict tertiary companions in orbits at roughly 10* Au, which is
consistent withwhat we observein V404 Cygni. One plausible evolution-
ary scenario for V404 Cygniis that theinnerbinary beganits life witha
separation of about 10> Auand, over time, Kozai-Lidov cycles drove this
toashorter orbitasaresult of tidal dissipation and magnetic breaking
draining orbital angular momentum from the inner binary during the
highly eccentric phase. Finally, the inner binary hardened to an orbit of
<6.5 days, toolong for Roche-lobe overflow, whereas the secondary was
onthe main sequence, but as the secondary evolved, it overflowed its
Rochelobe. Thisis essentially the giant sub-channel described inref. 6.

We note that searches for wide binary companions are, in general,
highly incomplete. To be detected by Gaia, a companion must be:
(1) brighter than G = 20.7 and (2) separated from the inner binary by at
leastabout1arcsec (depending on the flux ratio). For V404 Cygni, this
corresponds to detection limits of M 2 0.9 M, for main-sequence stars
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Fig.3|Stellar characterization of V404 Cygni tertiary. a, MIST stellar
isochrones, with the colour bar indicating the age of stars evolving according
totheseisochrones. Theblack star witherror barsindicates the position of the
tertiary, which overlaps with tracksinthe range1.2-1.3 solar masses at ages of
around 3-5Gyr. b, SED of the tertiary in V404 Cygni (black diamonds), with the
bluest point coming from Hubble Space Telescope ACS observations, the
reddest point from Keck NIRC2 observations and the remaining photometric

andseparationss 2 2,500 AU. The separation distribution of solar-type
tertiaries peaks at 10-100 AU, with companions at 100-2,500 AU out-
numbering those at >2,500 AU by a factor of two??, Although the
separation distribution of tertiaries to massive stars is uncertain, this
suggests that companions too close to be detected by Gaia may be
common and could have evaded detection so far.Indeed, several black
hole LMXBs are thought to have unresolved companions, which have,
so far, beeninterpreted as chance alignments® >, Proper motions for
these companions have not yet been measured.

V404 Cygniis nearer and brighter inthe optical thanmost other black
hole LMXB:s. If the system were approximately 50% more distant, the
companion would be blended with the inner binary and Gaia would
not have been able to measure its proper motion. If the companion
were 210% more massive, it would already be afaint white dwarf below
the detection limit of Gaia. If it were 240% less massive, it would be
amain-sequence star below the Gaia detection limit; if it were 220%
less massive, it would be too faint for Gaia to have measured a precise
proper motion and establish the association with high confidence.
These considerations all suggest that harder-to-detect tertiaries may
wellbe hiding around other known black holes. It is possible that most
black hole LMXBsformed throughtriple evolution, and deeper searches
around other black holes hold promise to detect them.

Evidence suggeststhat the spin axis ofthe black holein V404 Cygni
is misaligned from the orbital plane owing to the rapidly changing
orientation of the jets in the system, and this has been attributed to
anatal kick®’. However, the presence of the tertiary largely rules out
anatal kick. An alternative possibility is that the von Zeipel-Lidov-
Kozaicyclesinduced this misalignment, as theinner orbit would have
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evolved through arange of inclinations and may have hardened at an
inclination misaligned with the original orbit***. If the current spin of
theblack holein the system was primarily inherited from the progenitor
star, this could naturally lead to a misalignment of this spin axis with
the current orbital plane. However, the evolved 1.2-solar-mass tertiary
implies that the black hole has removed at least 0.5 solar masses from
the 0.7-solar-mass secondary—which was originally more massive than
the tertiary, as it evolved first.

The tertiary companion of V404 Cygni has provided favourable
evidence for the formation of at least some LMXBs in hierarchical tri-
ples. Moreover, the wide orbit of this object has provided one of the
strongest empirical constraints on natal kicks® in the formation of
ablack hole by indicating that the black hole in V404 Cygni probably
formed with a kick of less than 5 km s, demonstrating that at least
some stellar-mass black holes form without substantial natal kicks.
We conclude by noting that our simulations strongly suggest that the
secondary of V404 Cygnieither started in awider orbit, and migrated
inasaresult of von Zeipel-Lidov-Kozaiinteractions, or—if the second-
ary originated in a tight orbit—the 9-M_ black hole formed without
ejectingmore than asolar mass of matter—anear-complete implosion.
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a, lllustration of the range of possible kick velocities to the inner binary that
couldresultinabound tertiary ataseparation greater than 3,500 Au.In
general, large kicks are only allowed if the tertiary originated ata very short
orbital period, ascenario thatis unlikely to retain the tertiary (Methods).
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Methods

Astrometric association

We investigated the robustness of the astrometric association of the
tertiary with theinner binary by analysing asample of all Gaia sources
within30 arcmin of V404 Cygni. In Gaia DR3, there are 80,739 sources
inthis region of the sky. This corresponds to asource density of 0.0079
sources per square arcsecond. As an initial check, we parsed these
80,739 sources for objects with proper motion values that fall within
1sigma of V404 Cygni’s values and found only 21 such sources. When
we account for the error bars of not just V404 Cygni’s measured proper
motions but also of all other sources, we find that 1,256 sources have
1sigmaconfidenceintervals that overlap the 1sigmaconfidenceinter-
val of V404 Cygni. However, the mean magnitude in this sample is Gaia
G of20.5 and thus it is dominated by sources with large uncertainties
in proper motions, meaning that the well-measured proper motion
of V404 Cygni is consistent with more than 1,000 poorly measured
proper motions in this region.

To construct the curve shownin Fig. 2c, which we define as the prob-
ability of finding a source within a given separation radius that has
proper motions in right ascension and declination consistent within
1sigma, as well as aradial velocity consistent to within1 sigma, we take
thelist of 80,739 Gaia sources within 30 arcmin and further downselect
t039,577 sources with a Gaia G magnitude greater than 20 (to construct
the blue curve) and 10,798 sources with a Gaia G magnitude greater
than 18 (to construct the red curve). We follow the procedure outlined
inref. 36 to determine whether two sources have consistent proper
motions, accounting for possible orbital motioninfluencing the astro-
metric solution, requiring that the scalar proper motion difference,

2 2
Ap= [(”;,1 _”;,2) + (”5,1 _”5,2) }
motion difference resulting fromorbital motion, Ay, plus the uncer-

,is less than the possible proper

1/2
taintyinthe difference, g, , - i[(a;w o Jaw2+ (o3, + oﬁm)Aﬂ;} :
We find that, for stars with Gaia G > 18 (the tertiary of V404 Cygni is
17.9), there are only three sources within 30 arcmin that have proper
motions consistent with V404 Cygni (this number ranges from 2 to 4
sources, asthe number of sources consistent with the proper motions
of V404 Cygni depends on the assumed separation, as this is used to
compute possible variance in proper motions owing to the orbital
motion).Inany case, this leads to small chance alignment probabilities.
Extended Data Table1lists the Gaia astrometric solution of V404 Cygni
and its tertiary.

We also consider the radial velocity of the sources in computing
the chance alignments. To do this, we selected all Gaia sources within
30 arcmin of V404 Cygni with a Gaia radial velocity error less than
5km s™ (thisis comparable with our measured uncertainty on the radial
velocity of the tertiary). We used these sources to construct the histo-
gram in Fig. 2b. From this distribution, we computed that there is an
approximately 8.1% probability of a source with a well-measured radial
velocity being consistent with that of V404 Cygnito within1sigmaand
weincorporated thisinformationin our chance alignment probabilities
illustrated in Fig. 2c.

To translate these numbers into formal chance alignment prob-
abilities, we ask what is the probability that such a source would fall
within a circle of some radius (represented by the x axis in Fig. 2¢)
around V404 Cygni. We use the vertical black line to denote the loca-
tion of the actual tertiary, which is 1.43 arcsec away from V404 Cygni.
A 1.43-arcsec region represents just 1/1584429th of the 30-arcmin
region we queried for sources and thus the probability of any indi-
vidual source falling by chance into such a region is 6.3 x107. Thus, if
we consider the three sources with Gaia G > 18 that have proper motions
consistent with V404 Cygni, accounting for possible orbital motion at
al.43-arcsecseparation, the probability of one of those sources falling
within1.43 arcsec of V404 Cygniis1.89 x 107, and when we account for

the probability of the radial velocity agreeing to within 1 sigma, this
becomes approximately 107,

During analysis of the astrometry of V404 Cygni and its tertiary,
we used the astrometry of nearby stars to investigate the peculiar
velocity reported in ref. 22. Using stars within 1° of V404 Cygni,
with similar distances (parallax values between 1/3 and 1/2) and
radial velocity errors of less than 5kms™, we constructed the
Toomre diagram shown in Extended Data Fig. 1 and found that the
Gaia astrometry and radial velocities of nearby stars are largely
consistent with that of V404 Cygni. The local sample of stars shows
v, values of —4 +17 km s™, consistent with V404 Cygni’s v, value
of 5kms™.

Constraining kicks and mass loss

To constrain the possible natal kicks the black hole could have received
while still retaining the tertiary, we treated the system as a triple
with component masses of M, = 8.5 M, as the post-supernova black
hole mass, M, =1.5 M, as the initial mass of the inner donor star and
M;=1.2 M as the initial mass of the tertiary.

We consider four free parametersin our simulations: the initial orbital
period of the tertiary, the orbital period of the secondary at black hole
formation, the amount of mass ejected in the supernova and the kick
that the black hole received. We marginalized over the kick angle and
the orientation of theinner binary with respect to the orbit of the outer
tertiary and, inall cases, we assumed initially circular orbits and we used
anisotropic distribution to describe the inclinations and kick angles.
Inall cases, we assume that the initial orbits are circular. To determine
whether the post-kick orbits remain bound, we follow the procedure
outlinedinref. 37, which we outline here. We define a non-dimensional
characteristic mass:

M+ M,
M{+M,’

m=

@®

in which M, and M, are the initial masses in the system and M/ is the
post-supernovamass of component that underwent mass loss. We also
compute a dimensionless ratio of the magnitude of the kick velocity
to orbital velocity:

Ukick

D= ,
Vorb
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in which v, is the relative orbital velocity of the two components
computed using Kepler’s laws (in the case of the inner binary, the two
components are the black hole progenitor and the secondary, and in
the case of the outer orbit, the components are the tertiary and the
centre of mass of the inner binary).

Followingref. 37, this yields a post-supernovaenergy in the new cen-
tre of mass frame given by:

_ GM{M,

E= 2a

[2 - Fn‘(l +20cosgcosh + 172)} 3)

inwhich ¢ and @represent the polar and azimuthal kick angles, respec-
tively. As observed in ref. 37, for the final system to remain bound, F’
must be negative, and the final semimajor axis is given by

. GMIM,

a=-— 4)

In each simulation, we first use the black hole kick and level of mass
loss and consider the impact this has on the barycentric velocity, v,
of the inner orbit. We then use this v, as the input to a calculation to
check whether the outer tertiary willremain bound to the inner binary.
We compute v, using the expression givenin ref. 37:
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inwhich AM, is the masslostin the supernovaand uis the reduced mass
of the pre-supernovabinary, defined as u = MATLM/\jz'

In constructing the histograms shown in Fig. 4b, we consider two
cases: one in which the inner companion was in an orbit between
1and 6 days when the black hole formed (we use a uniform distribu-
tion of orbital periods between these two values) and another casein
whichitstarted out at an orbital separation between 100 and 300 AU
(we also always enforce that the secondary must start out at ashorter
orbital period than the tertiary, although in a fine-tuned scenario,
we could imagine a dynamical exchange of these two components).
Inboth cases, theinitial orbital period of the tertiary isdrawn froma
uniform distribution between the orbital period of the secondary and
70,000 years. We use 100 AU as alower bound to ensure that the von
Zeipel-Lidov-Kozai timescales were short enough that the secondary
would have migrated into its current orbit over the few billion years
age of V404 Cygni. We enforce the 300 AU upper bound because, if
the orbit were much wider, it would be dynamically unstable. Inboth
scenarios, we drew from uniform distributions for the black hole
kick and mass loss during black hole formation, with the black hole
kick being drawn from a uniform distribution between 0 km s and
300 km s and the mass loss being drawn from a uniform distribu-
tion ranging from O M, to 20 M,,. We consider ‘surviving’ solutions
to be ones in which the secondary remains bound in an orbit with a
semimajor axis less than the final semimajor axis of the tertiary and
the tertiary remains bound with a final semimajor axis greater than
3,500 Au.

To construct Fig. 4a, whichrepresents the range of possible kicks the
inner binary could have experienced while retaining the tertiary as a
function of theinitial orbital period of the tertiary, we iterate over ini-
tial orbital periods of the tertiary and simply apply a range of systemic
velocities to the inner binary, without assuming any mass loss, and
investigate which solutions retain the tertiaryinabound orbit greater
than 3,500 Au. We find that solutions in which the tertiary started ina
tight orbit and is kicked to its current orbit have alow survival rate, as
illustrated in Extended Data Fig. 2.

Spectroscopic observations

We searched the European Southern Observatory (ESO) archive for
observations of V404 Cygni in which the companion may have seren-
dipitously falleninside theslit. Thisyielded a VLT/X-shooter spectrum
obtained on16July 2015 (programme 295.D-5027; PI: Rahoui), between
the main outburst and mini-outburst®®, when the black hole was in
quiescence. To our knowledge, these data have not been published
elsewhere. As seen in Extended Data Fig. 3a, two separate traces are
clearly visibleinthe raw spectra, separated by about 1.4 arcsec, withone
5-10 times brighter than the other. Because V404 Cygni has no other
comparably bright neighbours, there s little doubt that the fainter of
the two traces corresponds to the companion. The seeing was about
1.3 arcsec (full width at half maximum, FWHM), meaning that the centre
ofthe companion’s traceis separated from V404 Cygniby 2.5 times the
‘0’ of the seeing disk. Given that the companion is 5-10 times fainter than
V404 Cygniinthe VIS data, with its relative flux contribution increas-
ing towards redder wavelengths, the companion was probably only
partiallyin the slit. The datawere taken with the 1.2-arcsecslit, yielding
atypical resolution of 6,500 in the VIS band.

The mid-exposure time is HJD 2457219.692, when the ephemeris
of ref. 38 predicts a radial velocity of —49.9 km s™ for the donor.
Twelve separate 148-s exposures were obtained sequentially in
nod-and-shuffle mode, for a total exposure time of 1,776 s in the VIS
band. After inspecting the 12 exposures, werejected onein which the
companion was unusually faint, presumably because it fell farther

outside theslit. Wereduced and combined the other11, for an effective
exposure time of 1,628 s in the VIS band. We reduced the data using
the ESO Reflex pipeline® with standard calibrations. This performs
bias subtraction, flat fielding, wavelength calibration using after-
noon ThAr arcs and order merging. We set the extraction window
for the two sources manually using the ‘localize-slit-position” and
‘localize-slit-height’ parameters. To minimize contamination from
V404 Cygni, we extracted only approximately 50% of the companion’s
trace on the far side of V404 Cygni. The fact that the extracted spec-
trum of the companion shows no emissionin Ha, in which V404 Cygni
shows a strong double-peaked emission line (see Extended Data
Fig.3b,c), suggests that there is little contamination.

We used the ‘A’ and ‘B’ telluric bands to perform aflexure correction
in the wavelength solution, obtaining a-12 km s™ correction with the
Aband and a-11.0 km s™ correction with the B band, and adopted a
correction of —-11.5 km s™, with a systematic uncertainty of -1 kms™.
After applying these corrections, we converted the X-shooter spectrum
toairwavelengths and applied the Barycentric correction of 8.6 kms™
in the file headers.

We also obtained an extra spectroscopic observation using GMOS
on the 8.1-m Gemini North telescope on Mauna Kea, to determine
whether there was any radial velocity variability within the tertiary
(programme GN-2023B-DD-105). We used the 0.5-arcsec slit and the
R831_G5302 grating, which provides a resolution of approximately
4,400. Our spectrum covered a wavelength range from 4,576 A to
6,925 A. Although being slightly lower resolution than the X-shooter
data, the spectrum provided a substantially higher signal-to-noise
ratio at bluer wavelengths. Weillustrate the region around HS and Ha
in Extended Data Fig. 4a,b.

We aligned the position angle of the slit perpendicular to the angle
between V404 Cygniand the tertiary, effectively masking V404 Cygni.
The observation was obtained in good seeing (FWHM = 0.7 arcsec),
meaning that V404 Cygni was nearly four times the ‘0’ of the seeing
disk from the nearest edge of the slit, and contamination is expected
to be negligible. We used a 900-s exposure, yielding a signal-to-noise
ratio of about 30 per pixel at 6,600 A, about 10 per pixel at 5,600 A and
about 5 per pixel at 5,000 A. We obtained a CuAr arc on-sky immediately
after the science exposure.

We reduced the GMOS data using Pypelt, which required manual
construction of anew template for the R831 grating. Pypelt performs
bias and flat-field correction, cosmic-ray removal, wavelength cali-
bration, sky subtraction, extraction of 1D spectra and heliocentric
radial velocity corrections. Like the X-shooter data, we checked the
wavelength solution using the telluric bands and in this case found
that no correction was needed.

Radial velocity measurements

We used the X-shooter spectrato measure the radial velocities of both
components, as well as perform atmospheric fits in conjunction with
modelling the SED. To measure radial velocities, we used the ultran-
est kernel density estimator to fit an atmospheric model constructed
using the PHOENIX stellar atmosphere library*®. We selected aregion
between 8,480 A and 8,700 A for the fit, as this wavelength range con-
tains the calcium triplet lines, which provide a strong radial velocity
signal in the X-shooter spectrum. We allowed the radial velocity to be
afree parameter and fixed the other parameters in this atmospheric
modelto an effective temperature of .= 6,100 K, logg = 3.95 cgs and
[Fe/H] =0 based on our joint atmospheric + SED fit. Our fit yielded a
radial velocity measurement of 4.5 + 2.5 + 1km s™ for the tertiary, in
excellent agreement withthe —2.0 + 0.4 km s systemic velocity of the
inner binary reported inref. 38.

We also conducted a radial velocity analysis of the GMOS spec-
tra, fitting the region between 6,400 A and 6,700 A to capture the
Ha absorption line and nearby features and the region between
4,750 A and 5,000 A for the HpB absorption feature. We find that



this analysis yields a radial velocity of —4.1+1.9 km s, consist-
ent with that of the X-shooter data and of the systemic velocity of
V404 Cygni. We note that the orbital motion of the tertiary is on the
order of a few kilometres per second and may also introduce some
difference between the systemic velocities of the two components at
this level.

SED

To model the SED of the tertiary in V404 Cygni, we used a combina-
tion of observations obtained with the Pan-STARRS*, the Advanced
Camera for Surveys (ACS)*? aboard the Hubble Space Telescope and
the near-infrared camera (NIRC2) on the W. M. Keck Observatory*.

Because of the overlapping PSF of V404 Cygni’s inner binary and
the tertiary in the Pan-STARRS images, we performed our own PSF
photometry of the source by constructing aroutine using the photutils
package to iteratively run over the epochal Pan-STARRS images. We
used a small cut-out region, illustrated in Extended Data Fig. 5b, for
our analysis, constructing a PSF model using the nearby bright stars
near the top and bottom of this cut-out. After constructing the PSF
model, we use photutils to identify bright sources in each image and
fit for the position of the PSF, as seen in Extended Data Fig. 5¢, and
found that this yielded good-quality photometry, leaving only small
residuals, as seenin Extended Data Fig. 5d. We note that initially when
we performed this analysis on the stacked Pan-STARRS images, we
were unable to eliminate substantial residuals and discovered after
inspecting the epochal images that there was a nearby focal plane
artefact, inthe shape of a heart, which may have been contaminating
some of the stacked images. One example of this artefact is shownin
Extended Data Fig. 5a and we found thatits position regularly changed
at different pointings, sometimes contaminating V404 Cygni or our
comparison stars, leading to a variable PSF model over the stacked
images. To quantify the uncertainties in the apparent magnitude of
the V404 Cygni tertiary, we computed the standard deviation of the
estimated apparent magnitude across all epochal Pan-STARRS images
for which we were able to perform photometry (in each filter). As well
asusing the photometric scatter across epochal images to estimate the
measurement error, we compared the inferred apparent magnitude
using the star just to the north of the triple and the one just to the
south of the triple, to quantify the systematic error in each filter. We
note that we used the Pan-STARRSI reference catalogue of apparent
magnitudes for our two comparison stars as a basis for calibrating
the photometry.

We used an archival Hubble Space Telescope observation (pro-
posal ID: 9686; PI: Hynes) to extract flux in the ACS/HRC F330W
filter. These observations consist of two 600-s exposures. As can
be seen in Extended Data Fig. 6a, the tertiary is visible and well
resolved from V404 Cygni in these images. We used the ACS-
tools Python package to compute the flux of the tertiary, using a
0.2-arcsec aperture and applying the appropriate corrections to the
flux to account for the portion of the PSF not encompassed by this
aperture.

We performed infrared photometry using a single archival NIRC2
image of V404 Cygni, shown in Extended Data Fig. 6b. We used a
0.5-arcsec aperture to extract flux for the tertiary, as well as acom-
parisonstar just to the north of the tertiary. We used the 2MASS refer-
ence magnitude of this reference star to calibrate our flux, although
weelected to apply asystematic error of 10% to our photometry owing
to the difference in filters in the 2MASS system (2MASS K,) and the K,
filter used in the NIRC2 observation. We elected not to perform more
in-depth photometry onthe full archive of hundreds ofimages because
we found that this photometric measurement had little overallimpact
onour results.

Joint SED, spectroscopic and isochrone analysis

We performed an analysis in which we fit the SED with model atmos-
pheres, synthesizing fluxes using the pyphot tool. As well as the SED
measurement, the only other measurement weincluded in this analy-
sis was the estimated radio parallax of 0.418 + 0.024 to constrain the
distance (and appropriately account for the uncertainty in distance
in estimating the radius) and the reddening value of E(g—r) =1.27
reported inref. 44. As with the analysis of the spectra, we used the
ultranest kernel density estimate to perform this fit. We fit for four
free parameters, the distance, effective temperature, metallicity and
radius of the star. This analysis of the SED alone yielded the following
parameters: T.;= 6,080 + 86 K,r=1.882+ 0.047 R, d =2.42 + 0.14 kpc
and[Fe/H] =-0.21 £ 0.28. We note that these estimates depend strongly
on the assumed reddening but are broadly consistent with what we
estimate from the spectra.

Data availability

All data used in this publication are available on public telescope
archives.

Code availability

Onrequest, the firstauthor will provide code (primarily in Python) used
to conduct simulations and compute chance alignment probabilities,
aswell as code used to construct figures.
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Extended DataFig.1| Toomre diagram of V404 Cygni and nearby stars. Toomre diagramillustrating the galactic orbital velocity of V404 Cygnirelative to stars
withinadegree of V404 Cygni. We find that the velocity of V404 Cygniis largely consistent with nearby stars.
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Extended DataFig.2|Kick simulation probabilities of retaining tertiaryin
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without unbindingit. b, The probability of retaining abound tertiary at greater

than 3,500 Auas afunction of theinitial orbital period of the tertiary. These
probabilities are diminished for tertiaries that originatein tight orbitsasa

result of the large amount of fine-tuning required to send the tertiary tosuch a
wide orbit without unbindingit.
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Extended DataFig. 3 | X-shooter spectrum of V404 Cygni and the tertiary.
a,Aregioninthearchival X-shooter spectrum of V404 Cygni, with the traces
associated with the inner binary of V404 Cygniand the tertiary both labelled.
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Extended DataFig.4|GMOS-Nspectrum of tertiary. a, The Gemini GMOS-N spectrum of the HB absorption feature in the tertiary (black) and our best-fit
spectralmodel toit (red). b, The Gemini GMOS-N spectrum of the Ha absorption feature in the tertiary (black) and our best-fit spectral model to it (red).
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a)

Extended DataFig.5|Pan-STARRS images of V404 Cygniand the tertiary. basis of our photometry. b, Anepochal Pan-STARRS r-band image of

a,Anexample of aheart-shaped artefact that contaminates many of the V404 Cygni. We used epochal images such as this to extract fluxes for our SED
Pan-STARRS images of V404 Cygni. We believe that this artefact degraded the analysis. ¢, Animageillustrating the PSF model we applied to the image to
quality of the stacked Pan-STARRS images by occasionally occluding either extract photometry for V404 Cygni’stertiary.d, A cut-outillustrating the
V404 Cygni or comparison stars, resulting in a non-uniform PSF across the residuals after we extract PSF photometry, with the PSF model constructed

stacked images. This is why we ultimately decided to use epochalimages as the using the bottom star in the image (hence the zero residuals around this star).



Extended DataFig. 6 | High-resolution Hubble Space Telescope and Keck
adaptive opticsimages 0f V404 Cygni and the tertiary. a, AHubble Space
Telescope ACS/HRC F330W image of V404 Cygni, with both objectslabelled.

We used thisarchivalimage to extract fluxin the F330W filter, which was
includedin our analysis of the SED of the object. b, AKeck NIRC2 adaptive optics
image obtainedinthe K, filter, used in our analysis of the SED of the object.
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Extended Data Table 1| Gaia astrometry of V404 Cygni and the tertiary

Object RA (epoch 2016) Dec (epoch 2016) w HURA HUDec
V404 Cygni  306.0159085525 33.8671768648 0.3024 £ 0.0783 —5.1775£0.0785 —7.7776 £ 0.0922
Tertiary 306.0159299085 33.8675732739 0.1423 £ 0.1161 —5.1500 £0.1564 —7.7647 £0.1316

We note that the Gaia parallax measurement is much less precise than the radio parallax of w = 0.418 + 0.024 reported in ref. 22. The proper motions are consistent with what was measured
in the radio.
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