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ABSTRACT

The microquasar V404 Cygni underwent a series of outbursts in 2015, June 15-31,
during which its flux in hard X-rays (20-40 keV) reached about 40 times the Crab
Nebula flux. Because of the exceptional interest of the flaring activity from this source,
observations at several wavelengths were conducted. The MAGIC telescopes, triggered
by the INTEGRAL alerts, followed-up the flaring source for several nights during the
period June 18-27, for more than 10 hours. One hour of observation was conducted
simultaneously to a giant 22 GHz radio flare and a hint of signal at GeV energies seen
by Fermi-LAT. The MAGIC observations did not show significant emission in any of
the analysed time intervals. The derived flux upper limit, in the energy range 200-1250
GeV, is 4.8x107!2 ph cm ™2 s~!. We estimate the gamma-ray opacity during the flaring
period, which along with our non-detection, points to an inefficient acceleration in the
V404 Cyg jets if VHE emitter is located further than 1x 10!° ¢cm from the compact
object.
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1 INTRODUCTION

The microquasar V404 Cygni (V404 Cyg), located at a par-
allax distance of 2.39+0.14 kpc (Miller-Jones et al. 2009), is
a binary system of an accreting stellar-mass black hole from
a companion star. The black hole mass estimation ranges
from about 8 to 15 Mg, while the companion star mass
is 0.7f8:§ M@ (Casares & Charles 1994; Khargharia et al.
2010; Shahbaz et al. 1994). The system inclination angle is
67° f? (Shahbaz et al. 1994; Khargharia et al. 2010) and the
system orbital period is 6.5 days (Casares & Charles 1994).
This low-mass X-ray binary (LMXB) showed at least four
periods of outbursting activity: the one that led to its discov-
ery in 1989 detected by the Ginga X-ray satellite (Makino
et al. 1989), two previous ones in 1938 and 1956 observed in
optical and later associated with V404 Cyg (Richter 1989),
and the latest in 2015.

In June 2015, the system underwent an exceptional flar-
ing episode. From the 15th to the end of June the bursting
activity was registered by several hard X-ray satellites, like
Swift and INTEGRAL (Barthelmy et al. 2015; Ferrigno et
al. 2015). It reached a flux about 40 times larger than the
Crab Nebula one in the 2040 keV energy band (Rodriguez
et al. 2015). The alerts from these instruments triggered
follow-up observations from many other instruments from
radio (Trushkin et al. 2015b; Mooley et al. 2015) to very
high energies (Archer et al. 2016). Recently Siegert et al.
(2016) claimed the detection of the 511 keV gamma signal
from electron-positron annihilation in the June V404 Cyg
outburst. In agreement with the models, the variability of
the annihilation component suggests that it is produced in
the hot plasma situated in the inner parts of the accretion
disk (the so-called corona). On the other hand, the pos-
sible excess seen in the Fermi-LAT (Loh et al. 2016), in
temporal coincidence with a giant radio flare (Trushkin et
al. 2015b) suggests that the HE emission, in the MeV-GeV
energy range, originates inside the relativistic jet. Further-

* Corresponding authors: E. Moretti, email:
moretti@Qmpp.mpg.de, A. Ferndndez-Barral, email: afernan-
dez@Qifae.es

more the observations of an orphan flare in the near Infrared
(Tanaka et al. 2016) and the fast variability of the optical
polarisation (Lipunov et al. 2016; Shahbaz et al. 2016) in-
dicate the presence of a jet. Tanaka et al. (2016) derive the
jet parameters, like the magnetic field, and constrain the
emission zone.

Very high energy (VHE; E2 50 GeV) gamma-ray emis-
sion from microquasars has been theoretically predicted in
association with the jets where relativistic particles are ac-
celerated. VHE radiation could be produced via leptonic
(e.g., Bosch-Ramon et al. 2006) or hadronic processes (e.g.,
Romero et al. 2003). IC process on photons from the com-
panion star was proposed as the most likely scenario in the
case of two microquasars detected in the HE regime: the
high-mass X-ray binaries CygnusX-1 (Zanin et al. 2016;
Zdziarski et al. 2016) and CygnusX-3 (Tavani et al. 2009;
Abdo et al. 2009). In the case of the possible HE detection
of the high-mass X-ray binary SS433 (Bordas et al. 2015)
the proposed emission mechanism is hadronic via proton-
proton collisions. On the other hand LMXBs, composed of
cold and old stars, do not provide a proper photon field
target for this process to take place. In LMXBs the domi-
nant processes in the leptonic scenario are syncrotron and
syncrotron self-Compton emissions from an extended dissi-
pation region in the jet (Zhang et al. 2015). Differently from
HMXBs where the dense matter environments favours emis-
sion from neutral pion decay (Bosch-Ramon & Khangulyan
2009), in LMXBs the donor star presents weak winds. There-
fore in the hadronic scenario, photo-pion production could
be considered as the emission mechanism instead (Levinson
et al. 2001). In the innermost dissipation region of the jet,
photon-pions are produced at the A resonance by the in-
teraction of accelerated protons and external X-ray photons
entering the jet. Given the lack of targets provided by the
low-mass companion star in LMXB (like V404 Cyg), gamma
rays, are expected to be produced inside the relativistic jets
and in particular where they are most compact, like at their
base. According to models, gamma rays are created by the
interaction of the particles in the jet with the radiation and
magnetic fields in the jet itself (see e.g., Bosch-Ramon et al.
2006; Vila & Romero 2008; Vieyro & Romero 2012).

© 2017 The Authors
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Figure 1. INTEGRAL light curve (red points) in the energy range 20-40 keV with the definition of the flaring interval. The time
intervals with the highest flaring activity (gray bands) used in the analysis of MAGIC data are defined following the Bayesian Block

method. The arrow refers to the peak of the FermiLAT hint of signal.
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Figure 2. Distribution of the square of the angular distance from
the position of the source. In the 7 hours accumulated there is no
evidence of signal from V404 Cyg in the MAGIC data.

Table 1. Time intervals selected by the Bayesian Block algo-
rithm. The start and stop times are in MJD.

Start Stop
57191.337  57192.725
57193.665  57195.700
57196.765  57197.389
57199.116  57200.212
57200.628  57200.695

Triggered by the INTEGRAL alerts, MAGIC observed
V404 Cyg for several nights between June 18th and 27th
2015, collecting more than 10 hours. In Section 2, we present
the observations and the instrument overview. The analy-
sis of the night wise observations and the focused analysis
following the INTEGRAL light curve are presented in Sec-
tion 3. Finally, we discuss the possible physical implication
of the results of the MAGIC observations in Section 4.
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2 OBSERVATIONS & DATA ANALYSIS

MAGIC is a stereoscopic system of two 17m diameter Imag-
ing Atmospheric Cherenkov Telescopes (IACT). It is located
at 2200 m a.s.l. in El Roque de los Muchachos Observatory,
in La Palma, Spain. The performance of the telescopes is
described in Aleksi¢ et al. (2016): the trigger threshold is
~ 50 GeV below 30° zenith and the integral sensitivity is
0.66+0.03% of the Crab Nebula flux above 220 GeV in 50
hours of observations.

Most of the MAGIC observations were triggered by the
INTEGRAL alerts sent via Gamma-ray Coordinate Network
(GCN). The first alert was received at 00:08:39 UT on the
18th of June. MAGIC observations continued until the 27th
of June when the INTEGRAL alerts ceased. On the night
between the 22nd and 23rd of June, the observations were
not triggered by any alert, but scheduled a priori accord-
ing to a multiwavelength campaign on the V404 Cyg sys-
tem. The rest of the observations followed a GCN alert pro-
cessed by the MAGIC Gamma-Ray Burst procedure. This
procedure allows an automatic and fast re-pointing of the
telescopes to the burst position in ~ 20 s. Most of the ob-
servations were performed during the strongest hard X-ray
flares. In total, MAGIC observed the microquasar for 8 non-
consecutive nights collecting more than 10 hours of data,
some coinciding with observations at other energies.

The data were analyzed using the MAGIC software,
MARS (Zanin et al. 2013), version 2-16-0. Standard event
cuts are used to improve the signal to background ratio in
the MAGIC data as described in Aleksi¢ et al. (2016). The
selections applied to estimate the significance of the source
are based on hadronness, ® and on the size of the shower
images. The hadronness is a variable to quantify how likely is
that a given event was produced by a hadronic atmospheric
shower, while the ® is the angular distance of each event
from the position of the source in the camera plane.



4 M. L. Ahnen et. al.

Table 2. MAGIC observation periods of V404 Cyg. For each night the observation interval and duration is reported together with the
detection significance for that night. In the last column the integral flux upper limits for energies between 200 and 1250 GeV are reported.
The last row reports the same quantities for the periods selected with the Bayesian block algorithm.

Observation date Observation MJD Effective time Detection Flux UL
(June 2015) [h] significance  (200<E<1250GeV)

[o] [ph/(cm? s)]

18th 57191.006-57191.146 2.99 -0.43 5.1x10712
19th 57191.960-57192.055 1.9 -0.6 1.00x 1011
21st 57193.997-57194.025 0.66 1.57 4.35x10711
29nd 57195.021-57195.049 57195.103-57195.134 1.33 0.09 1.67x10°!1
23rd 57196.003-57196.124 2.74 -0.45 3.7x10712
26th 57199.158-57199.204 1.03 -1.41 6.6x10712
27th 57200.085-57200.115 57200.144-57200.202 1.97 -0.57 1.23x107 !
Selected See Table 1 6.88 -0.42 4.8x10712

3 RESULTS

To avoid an iterative search over different time bins, we as-
sumed that the TeV flares were simultaneous to the X-ray
ones. We defined the time intervals where we search for sig-
nal in the MAGIC data, to match those of the flares in the
INTEGRAL light curve. We analysed the INTEGRAL-IBIS
data (20-40 keV) publicly available with the osa software
version 10.2!, obtaining the light curve shown in Figure 1.

The time selection for the MAGIC analysis was per-
formed running a Bayesian block (Scargle et al. 2013) anal-
ysis on the INTEGRAL light curve (see Figure 1). The
Bayesian block analysis is meant to identify structures in
a time series and to divide these features in adaptive time
bins called blocks. To partition the light curve, the algo-
rithm (Jackson et al. 2015) maximises a quantity that de-
scribes how well a constant flux represents the data in a
given block. Once the blocks are defined we grouped them
into intervals that describe each flaring period. The analysis
did not single out periods with distinctively high levels of
source activity. The Bayesian blocks used to determine the
limits of the periods of activity are listed in Table 1. This
analysis selected in total about 7 h out of the 10 h observed.

We searched for VHE gamma-ray emission stacking the
MAGIC data of the selected time intervals (~ 7 hours). We
found no significant emission in the ~ 7 hour sample (see Fig-
ure 2). We found no significant emission also in any of the
sub-samples considered (See Table 2). We then computed in-
tegral (see Table 2) and differential upper limits (see Figure
3) for the observations assuming a power law spectral shape
of index -2.6. The Li & Ma (Li & Ma 1983) method was
used to estimate the detection significance while the Rolke
method (Rolke et al. 2005) was used for the computation
of the upper limits (UL). The upper limits were computed
using a Poisson distribution for the background, requiring
a 95% confidence level and considering a 30% systematic
uncertainty.

Loh et al. (2016) found in the Fermi-LAT data evi-

! http://www.isdc.unige.ch/integral /analysis

dences for a detection above 4 ¢ of a source centered 0.65
deg —which is within 95% of the PSF— away from V404
Cyg and temporally coincident with the brightest radio and
hard X-ray flare of this source. The Fermi-LAT signal is
found in the 0.1-100 GeV energy interval and it peaks at
MJD 57199.214+0.12. MAGIC observation during this pe-
riod starts at MJD 57199.15 and lasts up to MJD 57199.20,
which is within the interval of the Fermi-LAT excess. For
this data set we recomputed the differential upper limits us-
ing a power law with index -3.5 (see green UL in Figure 3)
according to the LAT analysis presented in Loh et al. (2016).
The MAGIC upper limits are two order of magnitude higher
than the extrapolation of the Ferms-LAT spectrum (see Fig-
ure 3).

4 DISCUSSION

MAGIC observed V404 Cyg for several nights during an out-
bursting period for a total amount of about 10 hours. The
analysis of the data resulted in a non-detection and both
differential and integral upper limits have been computed.
The luminosity upper limits calculated for the full observa-
tion period, considering the source at a distance of 2.4 kpc,
is ~2x 1033 erg s, in contrast with the extreme luminosity
emitted in the X-ray band (~2x 103 erg s~!, Rodriguez et
al. 2015) and other wavelengths.

The emission of microquasars at VHE is still under de-
bate. Processes similar to those taking place in AGN occur
also in microquasars, but at a quite different scale. Similarly
to quasars, microquasars develop jets, possibly relativistic,
at least in their X-ray hard state (Fender et al. 2004). If the
acceleration that takes place in the jets is efficient enough,
VHE photon fluxes could reach 10~'3 — 10~!2 ph cm2 5!
(for an object at about 5 kpc) (Bosch-Ramon et al. 2006;
Zhang et al. 2015; Khiali et al. 2015) making them detectable
by this or next generation of IACT.

During the June 2015 outburst of V404 Cyg, there are
convincing evidences of jet emission given by the optical ob-
servations (Tanaka et al. 2016; Lipunov et al. 2016; Shahbaz
et al. 2016). In particular on the 26th of June, a hint of de-
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Figure 3. Multiwavelength spectral energy distribution of V404 Cyg during the June 2015 flaring period. In red, MAGIC ULs are given
for the combined Bayesian block time bins (~7 hours) for which a power-law function with photon index 2.6 was assumed. In green,
MAGIC ULs for observations on June 26th, simultaneously taken with the Fermi-LAT hint (Loh et al. 2016). In this case, a photon
index of 3.5 was applied following Fermi-LAT results. All the MAGIC upper limits are calculated for a 95% confidence level, considering
also a 30% systematic uncertainty. The extrapolation of the Ferms-LAT spectrum is shown in blue with 1 ¢ contour (gray dashed lines).
In the X-ray regime, INTEGRAL (20-40 keV, Rodriguez et al. 2015) and Swift-XRT (0.2-10 keV, Tanaka et al. 2016) data are depicted.
At lower energies, Kanata-HONIR optical and NIR data are shown, taken from Tanaka et al. (2016). Finally, RATAN-600 radio data,
from Trushkin et al. (2015a), are presented for different days during the flaring period.

tection (~4 o) in the FermiLAT data has been reported
by Loh et al. (2016). Moreover, the presence of a giant ra-
dio flare (Trushkin et al. 2015b), an increase of the hardness
ratio in the X-ray band (Loh et al. 2016) and optical fast
variability (Gandhi et al. 2016) indicate that the jet envi-
ronment dramatically changed on that day.

MAGIC conducted an extensive campaign dedicated to
this source, which includes 1 hour of simultaneous observa-
tions with the Fermi-LAT excess. No signal was detected in
any of the time intervals considered. We set an energy flux
upper limit from a selected dataset of about ~ 7 hours of
~29%x10712 erg cm~2 s7!. The upper limit is about 2 or-
ders of magnitude smaller than the flux released in the GeV
regime ~ 4.2 x 10719 erg cm~2 s~! (Loh et al. 2016). Tanaka
et al. (2016) modeled the spectrum of the jet emission in the
case of V404 Cyg, obtaining a total radiated flux of F =
1.015x 1077 erg cm™2 s~!. We compare the flux upper limit
obtained from our data with the total radiated flux from this
model: the resulting efficiency for VHE gamma emission is
lower than 0.003%.

Models predict TeV emission from this type of systems
under efficient particle acceleration on the jets (Atoyan &
Aharonian 1999; Zhang et al. 2015) or strong hadronic jet
component (Vila & Romero 2008). If produced, VHE gamma
rays may annihilate via pair creation in the vicinity of the
emitting region. For gamma rays in an energy range between
200 GeV — 1.25 TeV, the largest cross section occurs with
NIR photons. For a low-mass microquasar, like V404 Cyg,
the contribution of the NIR photon field from the compan-
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ion star (with a bolometric luminosity of ~ 1032 erg s71)
is very low. During the period of flaring activity, disk and
jet contributions are expected to dominate. During the out-
burst activity of June 2015, the magnitude of the K-band
reached m=10.4 (Shaw et al. 2015), leading to a luminosity
on the NIR regime of Lyjg = Vu_o47d?107"/25 = 4.1 x 1034
erg s—!, where v is the frequency for the 2.2 um K-band,
Om—o = 670 Jy is the K-band reference flux and d = 2.4 kpc
is the distance to the source. The detected NIR radiation
from V404 Cyg during this flaring period, was expected to
be dominated by optically-thick synchrotron emission from
the jet or to be originated inside the accretion flow, given the
lack of evidence of polarization (Tanaka et al. 2016). Conse-
quently, stronger gamma-ray absorption is expected at the
base of the jets. The gamma-ray opacity due to NIR radia-
tion inside V404 Cyg can be estimated as Tyy ~ Gyy-nyjg -7,
given by Aharonian et al. (2005). The cross-section of the
interaction is defined by ¢}y, whose value is ~ 1 x 1073 cm?.
The NIR photon density is calculated as nyjg = Lyir/ nrice:
r is the radius of the jet where NIR photons are expected to
be emitted; ¢ is the speed of light and & ~ 1 x 10712 erg is the
energy of the target photon field. Assuming the aforemen-
tioned luminosity of Lyzg =4.1 x 103* erg s™!, the gamma-ray
opacity at a typical radius r ~ 1 x 1019 ¢cm may be relevant
enough to avoid VHE emission above 200 GeV. Moreover,
if IC on X-rays at the base of the jets (r < 1x 100 cm) is
produced, this could already prevent electrons to reach the
TeV regime, unless the particle acceleration rate in V404 Cyg
is close to the maximum achievable including specific mag-
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netic field conditions (see e.g. Khangulyan et al. 2008). On
the other hand, VHE photon absorption becomes negligible
for r>1x 10! cm. Thus, if the VHE emission is produced in
the same region as HE radiation (r > 1 x 10! ¢cm, to avoid
HE photon absorption in the X-ray photon field), then it
would not be significantly affected by pair production at-
tenuation (oyy < 1). Therefore a VHE emitter at r > 1 x 101
cm, along to the non-detection by MAGIC, suggests either
a low particle acceleration rate inside the V404 Cyg jets or
not enough energetics of the VHE emitter.
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