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Abstract: Observations of binary stars containing an accreting black hole or neutron star often
show x-ray emission extending to high energies (>10 kilo-electron volts), which is ascribed to an
accretion disk corona of energetic particles akin to those seen in the solar corona. Despite their
ubiquity, the physical conditions in accretion disk coronae remain poorly constrained. Using
simultaneous infrared, optical, x-ray, and radio observations of the Galactic black hole system
V404 Cygni, showing a rapid synchrotron cooling event in its 2015 outburst, we present a
precise 33.1+0.9 gauss magnetic field measurement in the corona of the Galactic black hole
system V404 Cygni. This first high-precision measurement of the magnetic field in such a
system is substantially lower than previous estimates for such systems, providing constraints on
physical models of accretion physics in black hole and neutron star binary systems.

One Sentence Summary: We measure a magnetic field of 33.1+0.9 gauss in the accretion disk
corona of V404 Cygni - substantially lower than previous estimates and assumptions.

Main Text: Observations of accreting black hole systems reveal the existence of an accretion
disk coronae (ADC) around the compact object — an energetic electron cloud primarily
responsible for non-thermal emission. ADCs are thought to play a role in compact object
accretion flows and energetics, especially in black hole binary systems that show relativistic jet
outflows. Theoretical models predict that the thick geometry of an ADC leads to the magnetic
field configuration required to power jet outflows, and spectral models show that the jet base is
identical to the corona in these systems (/-3). However, we have few constraints on the
detailed physical conditions in the jet-launching coronae.

The transient source V404 Cygni (Nova Cygni 1989) was discovered in 1989 (4), and
subsequent observations revealed a black hole of 9 to 10 solar masses (Mo) in a 6.5-day binary
orbit (5) with a 0.7 Me companion star of spectral type K III; the system is located at a distance
of 2.39 kpc (6). V404 Cyg produced an x-ray outburst starting on 15 June 2015 (7, 8) which
lasted ~2 weeks. The outburst exhibited behavior including (1) complicated x-ray emission
unlike the typical hard/soft states in black hole binaries, including occasional bright flares (9,
10); (ii) long-term correlations in the optical and x-ray lightcurves, attributed to thermal x-ray
reprocessing (/1); (ii1) fast red optical flares lasting < 1 second, indicating optically thin
synchrotron emission from compact regions probably located in a relativistic jet outflow (/2);
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(iv) variable polarization flares indicative of shocks propagating through a relativistic jet
outflow (/3) and (v) x-ray/radio correlations consistent with jet activity (/4).

We present in Fig. 1 multiwavelength observations taken on 25 June 2015, 1 day after the jet-
induced polarization flare observations (/3) - in Fig. 1. These include near-infrared observations
with the Canarias Infrared Camera Experiment (CIRCE) on the 10.4-meter Gran Telescopio
Canarias (/5), three-band optical observations with ULTRAfast CAMera (ULTRACAM) (12,
16) on the 4.2-meter William Herschel Telescope, x-ray observations from the Nuclear
Spectroscopic Telescope Array (NuSTAR) satellite (/7, 18), and three-band gigahertz radio
observations with the Arcminute Microkelvin Imager (AMI) telescope (/9). We dereddened the
optical/infrared (OIR) data using an extinction estimate of Ay, = 4.0 mag (6, 20). The radio,
OIR, and x-ray bands exhibit quasi-independent behaviors. The infrared lightcurve resembles
the optical lightcurves, including slow modulations of a few minutes with occasional fast flares
[which match the jet-related fast flares seen the following day (/2)]. The OIR flux levels are
>50x higher than the quiescent flux from V404 Cygni as recorded in the Two Micron All Sky
Survey (2MASS) catalog (21), indicating that the mass donor star contributes little light on this
date, so the emission is dominated by outburst-related processes. The radio emission rises
smoothly to 150 millijanskys (mJy) — an increase by a factor of ~10 over ~1 hr, also indicating
jet activity (/4). The complex x-ray lightcurve shows two episodes of enhanced x-ray activity
coincident with slow modulations in the OIR lightcurves, as noted in previous studies of this
outburst (9, 11). However, other slow OIR modulations exhibit no strong x-ray activity,
indicating that the origin of the slow modulations must be more complex than a simple x-ray
reprocessing scenario.

We focused on a selected time interval just before 57198.23 Modified Julian Date (MJD), at t~68
minutes in Fig.1, when there was a sudden flux decay in all bands from infrared to x-ray. This
decay came at the end of a ~30-min episode of bright, slowly-varying OIR emission accompanied by
several rapid x-ray flares. In 4 days of ULTRACAM observations of V404 Cygni around this
outburst, this is the only such decay event, so it clearly differs from the rest of the observations [/2,
their figure 12]. We show this selected time interval in Fig. 2, with the OIR lightcurves
normalized to pre-event fluxes. We modeled the flux profiles with an exponential decay function
(Fig.2 and table S1). The characteristic timescale (7) puts an upper limit on the size of the
emitting region of R < 1.25 ¢t via causality and time-of-flight arguments (20). This approach
provides a firm upper limit to the ADC size; hence, considerably smaller values are possible.

To see whether a thermal blackbody could be the origin of the flux during this event, we took the
observed color temperature from the ratio of g’ and r' bands and calculated an expected thermal
emission region size. The required thermal emission region is too large (more than a factor of 2)
to match the observed variability timescale, and we can reject the thermally dominated emission
hypothesis with a confidence >5c (fig. S1). This effectively eliminates blackbody emission
processes [including X-ray reprocessing on the accretion disk or companion star (/7)] as
possible origins for the primary OIR emission during the event, and indicates that a nonthermal
emission process (such as synchrotron or Compton scattering) must be the dominant source of
the OIR flux. There is a small OIR flare at the top of the lightcurve just before the cooling event,
which slightly lags the peak of the x-ray emission; this may be a low-amplitude x-ray
reprocessing signature or an internal shock in a relativistic jet outflow (fig.S2).

The best fitting power-law function for 7(v) (table S1) is T o v~249£0-93 \where v is the

observed radiation frequency and 7 represents the decay timescale in each band during the cooling
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event in Fig. 2 (20). This result is consistent with the relation T « v~ Y2 characteristic of
synchrotron cooling processes, which is more than five orders of magnitude in frequency (fig.
3). We eliminated Compton cooling as the origin of the cooling curve in the OIR band on the
basis of magnetic to photon energy densities (20). Although we could not strictly eliminate
Compton cooling for the x-rays, whereas we note that while thermal or Compton processes
could possibly emulate this v~%/2 frequency scaling, there is no a priori reason to expect them
to do so, especially over such a large frequency range. This seems to confirm our conclusion
that synchrotron processes dominate this event. Although x-ray measurements are consistent
with our best fitting cooling curve within uncertainties, we observed flattening in the x-ray
regime. Therefore, we cannot reject a possible contribution from Comptonization processes in
the x-ray band (20).

We calculated individual synchrotron cooling magnetic field measurements from these
timescales (table S1), obtaining a best-fitting mean magnetic field (By) of 33.1+0.9 G, with
reduced y2 = 0.8. The individual magnetic field values are all consistent with the mean value
within their ~1c uncertainties (which are all 2 to 26%). Because a simple single-zone magnetic
field model successfully fits all bands simultaneously, over 5 decades in energy for a time-
coincident event, the dominant emission mechanism is consistent with a single population of
electrons in a common magnetic field. The derived magnetic field has fractional uncertainties
25x smaller than those in GX 339-04 (22). There is no apparent variation in the magnetic field
strength during the event, from a decay timescale of <2 seconds in x-rays to >100s in the OIR.
We estimated a maximum fractional change in the magnetic field of AB/By < 15% (20). We
could use this constraint to investigate possible expansion of the synchrotron-emitting region
(because of expansion in a relativistic jet outflow). Magnetic field conservation arguments for
adiabatically expanding synchrotron plasmoids generally lead to the conditions, B « R™%,
where 1 < a < 2 and R is the radius of the synchrotron source (23). For the limiting case & = 1, any
fractional variation in the emitting region size is thus limited to AR /R < 15%. This upper limit
suggests a stationary and stable region as the origin of the radiation: a stationary cloud of high-
energy electrons confined to a small region. That is the expected disk corona structure for
accreting black hole binaries, unlike discrete ejections expanding and moving at relativistic
velocity (24).

Minimum energy requirements for synchrotron sources have been used to estimate equipartition
magnetic field strengths in extragalactic and Galactic accreting black hole systems. Although
there are some well-known caveats to this approach (25), recent studies have demonstrated
evidence for charged-particle energies being in equilibrium with the magnetic field energy in a
jet system (26). Applying these arguments to the V404 Cygni cooling event, we derive (20) an
equipartition magnetic field strength B, of:

Beq = 651 k*/7(F,/1]y)*7(v/10% Hz)7(7/2 sec) ®7 Gauss, Equation 1

where F, is the flux of the source at radiation frequency(v) and k is defined to be the energy
ratio of all charged particles to low-mass charged particles (electrons and positrons) in the
system. We expect the k factor to be >1 for environments with relativistic bulk motions in which
the mechanical energy of high-mass charged particles (protons or ions) dominates over the
energy of low-mass charged particles. Because there is no clear evidence of bulk motions
during the decay of the OIR flux, we assume k ~1. The derived equipartition field strength of
~650 G thus differs by a factor of twenty from the measured value of 33 G, indicating that
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during this event V404 Cygni was not in an equipartition energy configuration. We can then
derive the energetics in the system: the magnetic field energy Ug = Vug ~ 4.0 x 10%* (7/

2 sec)? ergs, electron kinetic energy U, = Vu, ~ 1.1 x 103° (E,/1Jy)(v/10*° Hz)/? ergs,
and the total energy Uyor = Ug + U, ~ 1.1 X 1037 ergs (20). Here, V represents the emitting
volume, and ug and u,, are the magnetic field and electron energy densities respectively. During our
observations, the OIR luminosities reach ~10°" ergs/s, indicating that the overall energy stored
in the corona is comparable to about 100 seconds of the system's radiated energy, which is
consistent with the rapid variations observed during this outburst being tied to and powered by
variations in the accretion luminosity.

We present the overall spectral energy distribution (SED) at the start of the synchrotron cooling
event in Fig.4, along with the corresponding electron energies and densities separately in fig.
S3. The SED shown in the OIR regime is the excess flux with respect to the post-decay level
[since thermal processes might be dominant in the remaining flux (20)]. The electron Lorentz
factors y range from y~10 for the radio to y~10° for the OIR bands and y~10° for the x-ray
emission, covering the range from mildly relativistic to fully relativistic electrons. The overall
distribution at the start of the event is the product of the history of relativistic electron injection
into the coronal region at various times during the preceding activity in V404 Cygni, convolved
with the relevant energy-dependent cooling timescales. We have no direct insight into the
magnetic field properties during this time, nor into the acceleration mechanism populating the
corona with relativistic electrons. However, if we assume that the cooling timescales (and thus
magnetic field strengths) resemble those measured in the cooling event itself, we can infer
possible scenarios. In particular, the x-ray cooling timescales (and associated x-ray emitting
lifetimes of the electrons) would be very short (~2 seconds), so that the x-ray lightcurve
variability would imply multiple electron acceleration/injection episodes over this period, each
lasting several minutes and with substantial substructure. The observed correlation of the OIR
flux with these events shows that the OIR variability is smoother — as expected for longer —
timescale synchrotron cooling of lower-energy electrons. The observed correlations are not
necessarily one-to-one between the OIR and x-rays, possibly implying a variable electron energy
spectrum at the acceleration site.

Given the complex lightcurve history, multiple spectral breaks in the flux distribution (and
inferred electron energy distribution) at the start of the fading event would arise naturally, as
observed in Fig. 4 and fig. S3. For example, the x-ray spectral/energy distribution does not connect
smoothly with the OIR region. Again, this is consistent with the much shorter synchrotron
timescale for the x-ray emitting electrons (and thus shorter effective memory of the system),
compared with the typical time between injection episodes of 10 to 100s, which are
comparable with or shorter than the expected OIR synchrotron cooling timescales. There is
another spectral break between the OIR and radio emission, as commonly seen in black hole binaries, and
usually interpreted as increasing self-absorbed synchrotron emission from a radio photosphere with
radius ~10'? to 10" cm (20) containing low-energy electrons. The corresponding light-crossing
times are hundreds of seconds, and the presence of a radio photosphere is possibly tied to a
large-scale jet feature. This matches both the observed smoothness of the radio lightcurve and
the expected synchrotron opacity at these electron energies/densities for the measured field
strength. The OIR emission is expected to be optically thin, and thus on the other side of this
opacity-induced break.
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Our magnetic field measurement provides constraints on jet launching or emission models,
especially because it is much lower than previous estimates for other sources: ~10°-10” G for
Cyg X-1 (27), ~5x10* G for XTE J1550-564 (28), and 1.5(x0.8)x10* G for GX 339-04 (21). A
lower field requires an electron energy distribution with higher Lorentz factors (by a factor of 30
or more). Assuming equipartition configuration, it also implies a larger size for the emitting
region (R « Be_q7/ 6) (Eq. 1) and lower particle density (n, « Besq/ 2) (20). Previous studies have
followed a scaling relation between inferred magnetic field and spectral break frequency v, in
the SED of B~v L™/ (28, 29). If we associate the OIR peak in Fig. 4 with this break and scale
from GX 339-04, we would expect B~2 X 10° G for V404 Cygni — which is too high by a factor
of ~6000 — indicating that the scaling relation may not hold as broadly or simply as previously
thought. However, the decay event here only reveals the physical conditions in the jet-launching
corona at the time when electron injection/acceleration stops. We have no direct information
regarding the process that accelerates the electron population in the first place. A non-expanding
emission region that is physically distinct from the acceleration region in V404 Cygni (and not
previously seen in the other sources) could also explain the scaling difference, albeit while
requiring that jet base structure varies between sources.
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Fig. 1. Multi-wavelength light curves of V404 Cygni on MJD 57198 during the 2015
outburst. (A to D) Observational light curves are shown for (A) three radio frequencies,
the infrared Ks band, (C) the »’ g’ and u’ optical bands, and (D) 3 to 79 keV x-rays. The
optical and infrared bands show slow modulations punctuated by fast red flares. The two

90

(B)

optical bumps at ~54 and ~63 minutes coincide with bright x-ray flares, whereas the bumps at
~42 and ~58 minutes shows very little (if any) X- ray activity, indicating that models invoking
simple X-ray reprocessing cannot reproduce the multi-wavelength light curve. The cooling

event is at ~68 minutes.
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Fig. 2. Simultaneous cooling event decay curves with best-fit exponential models. (A t o

F ) Black lines represent the data, and red lines indicate the best-fit exponential decay profile for
the six different energy bands: (A) infrared Ks band; (B), (C), (D), optical »’,g’,u’ bands; and
(E) and (F), x-ray 3-10 keV and 10-79 keV. The measured timescales for each are given in

table S1.
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Fig. 3. Cooling timescales as a function of observed radiation frequencies from near-
infrared to x-rays. The solid red line shows the best-fitting single-zone magnetic field
strength of 33.1 G, with dashed lines at +0.9 G uncertainty. The model is fitted over 5 orders
of ma§n1tude in frequency; it has a reduced x2—= 0.8 and a power-law dependence of

T~v 0491003 "which is consistent with the v=1/2 expected for synchrotron cooling.
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Fig. 4. Spectral energy distribution of the excess emission before the decay event. Fluxes
plotted are for the radio (red circles), optical & infrared (blue squares), and x-ray (black
crosses) observations (20). We present approximate spectral slopes (dashed lines connecting
different energy regimes) as a rough guide to the slopes of apparent spectral breaks.
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