Multi-wavelength observation of MAXI J1820+070
with MAGIC, VERITAS and H.E.S.S.
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MAXI J1820+070 is a new low-mass microquasar hosting a black hole recently discovered in
X-rays by the MAXI instrument. It is the counterpart of ASASSN-18ey, discovered in optical
a few days before by ASAS-SN. This source underwent a major outburst in 2018, during which
it completed the typical "q-shaped" path in the hardness-intensity diagram. MAGIC, VERITAS
and H.E.S.S. gamma-ray telescopes observed the sky position of MAXI J1820+070 for a total
of more than 90 hours in 2018. In addition, some observations were carried out using MAGIC
Central Pixel - a dedicated central pixel capable of detecting fast optical signals (10 kHz sampling
rate, peak sensitivity in the U-band). This contribution presents the methods used to search for
transient optical and very high energy gamma-ray emission from MAXI J1820+070, as well as
the latest results in these energy ranges.
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1. Introduction
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Low-mass microquasars (LMMQs) are X-ray binary systems consisting of a compact object
(CO) and a companion star with a mass below ∼ 10M . The former can be either a black hole
or a neutron star, and accretes material from the companion, which has exceeded its Roche lobe,
through an accretion disk. The combined action of the accretion process, the CO rotation and the
magnetic field leads to the formation of bipolar jets launched from the CO. These jets are powerful
sites for acceleration of high-energy particles, which in turn emit broadband non-thermal radiation
from radio to X- or gamma-rays. The reader is referred to [1] for a classical review on microquasars.
Some LMMQs are transient sources, which go over periodic outbursts that increase their luminosity by several orders of magnitude and which may last from a few weeks to several months.
Those LMMQs hosting a black hole (BH) can be mainly classified into two different categories
according to their X-ray spectra: the hard state (HS) and the soft state (SS) (e.g. [2, 3]). In the
HS, most of the X-ray luminosity has a non-thermal origin identified by a dominant power-law
component in the spectrum. This non-thermal emission likely originates from inverse Compton
(IC) scattering of low energy photons in the accretion disk by electrons in a hot corona surrounding the BH. Nevertheless, a scenario in which the synchrotron emission from the jets contributes
significantly to the X-ray luminosity cannot be ruled out [2]. The SS has an associated X-ray emission dominated by the thermal radiation from the hot inner regions of the accretion disk. In this
state, the jets are much weaker or non-existent at all. In a typical outburst for a LMMQ with a BH,
the source normally completes the HS–SS–HS cycle, going through short-lived intermediate states
(IM) during the transitions.
MAXI J1820+070 is a microquasar discovered in X-rays by the Monitor of All-sky X-ray
Image (MAXI) [4] in March 2018, a few days after its optical detection by the All-Sky Automated
Survey for Supernovae (ASAS-SN) [5]. Soon after its discovery, the source reached a flux in the
15 − 50 keV energy range of ∼ 4 times that of the Crab nebula in the same energy band, measured
by the Swift’s Burst Alert Telescope (BAT), and underwent a HS–SS transition in July, reported
by the Neutron Star Interior Composition Explorer (NICER) [6]. The exceptionally high X-ray
flux led to follow-up observations and multiwavelength campaigns joined by many instruments in
a broad wavelength range, from radio to gamma-rays. The distance to MAXI J1820+070 was set
to ∼ 3.5 kpc from Gaia data [7, 8]. The mass of the compact object and the companion star are
estimated to be ∼ 5M [9] and . 1M [5], respectively, classifying MAXI J1820+070 as a LMMQ.
Since its discovery, MAXI J1820+070 stayed in the HS for almost 4 months, and subsequently
exhibited a rapid X-ray spectral softening in July 2018, entering the SS. In September 2018, X-ray
spectral hardening was observed, and the source eventually returned to the HS shortly before going
into quiescence and setting an end to the outburst. The evolution of the hardness ratio (HR) of hard
to soft X-ray photons can be observed in the top panel of Figure 1, where the fast decrease and
increase of the HR correspond to the HS–SS and the SS–HS transitions, respectively. A hardnessintensity diagram (HID) is also shown in Fig. 2
In this work, we report the observational results obtained in the Very High Energy (VHE)
gamma-ray range by the three current-generation Cherenkov telescope arrays: the High Energy
Stereoscopic System (H.E.S.S.), the Major Atmospheric Gamma Imaging Cherenkov Telescopes
(MAGIC), and the Very Energetic Radiation Imaging Telescope Array System (VERITAS). Optical
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data from the central pixel of the MAGIC-II telescope are also shown. Observations are described
in Section 2, data analysis and results are detailed in Sect. 3, and a discussion is given in Sect. 4.

2. VHE Instruments and Observations

Table 1: H.E.S.S., MAGIC and VERITAS VHE Observation conditions.

Instrument
H.E.S.S.
MAGIC
VERITAS

Wobble offset [deg]
0.7
0.4
0.5

Zenith [deg]
30 - 60
20 - 60
20 - 60

Median zenith [deg]
33
32
32

The bottom panel in Fig. 1 shows the Swift/BAT X-ray flux in the range 15–50 keV [13] from
March to October 2018 to illustrate different states of MAXI J1820+070 during its 2018 outburst
period. The days in which H.E.S.S., MAGIC or VERITAS observations were conducted are shown
as vertical lines. These days are also depicted together with the MAXI/GSC HID in Fig. 2. The
source was observed at VHE by H.E.S.S., MAGIC and VERITAS between March and June 2018,
during the HS of the source. MAGIC and H.E.S.S. also observed it in July 2018, when the HS–
SS transition took place [14], and in September-October 2018, during the SS–HS transition [15].
The total exposure time after standard data quality selection cuts is 61.6 h (26.9 h H.E.S.S., 22.5 h
MAGIC, 12.2 h VERITAS). All the observations were performed in wobble mode [16] and during
dark time, with the Moon below the horizon. A summary of VHE observation conditions is shown
in Table 1. Optical observations with MAGIC’s Central Pixel in M2 were also taken in ON mode
(wobble offset = 0◦ ). Estimation of optical background was done using optical observations taken
before and after MAXI J1820+070 optical observation.

3. Data analysis and results
3.1 VHE gamma rays
The MAGIC data analysis followed the standard procedure described in [10]. The discrimination between showers triggered by gamma-rays and hadrons is done through a random forest
2
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Observations of MAXI J1820+070 were carried out by H.E.S.S., MAGIC and VERITAS.
H.E.S.S. is an array of five telescopes located in the Khomas Highland, Namibia (23◦ S, 16◦ E,
1800 m above the sea level). Four of these telescopes have a 12-m diameter dish and a 5◦ field
of view (FoV), and the fifth telescope has a 28-m diameter dish and a 3.2◦ FoV. MAGIC is a
system of two 17-m diameter telescopes, with a 3.5◦ FoV, located at the Roque de los Muchachos
Observatory in La Palma, Spain (29◦ N, 18◦ W, 2200 m above the sea level). It has a sensitivity of
∼ 0.7% of the Crab nebula flux in 50h above 180 GeV [10]. Additionally, the Central Pixel of the
MAGIC-II telescope was modified to allow simultaneous observations in both VHE and optical.
This instrument is able to detect isolated 1-ms optical flashes as faint as ∼ 13.4 mag in the blue
wavelength [11]. VERITAS consists of four 12-m diameter telescopes with a 3.5◦ FoV in Southern
Arizona, USA (32◦ N, 111◦ W, 1270 m above the sea level), and is sensitive to 1% of the Crab
Nebula flux within 25 hours [12].
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Figure 1: MAXI J1820+070 data at different energy ranges. From top to bottom: MAXI/GSC hardness
ratio of the 4–10 to 2–4 keV fluxes1 on which the states after [17] are superimposed (named here Hard State,
Intermediate, and Soft State); Fermi-LAT2 integral flux upper limits above 100 MeV with a 99% confidence
level and a power-law index of -2.5; Swift/BAT3 light curve in the 15–50 keV range showing the nights in
which the source was observed by H.E.S.S., MAGIC or VERITAS. For reference, MJD58200 corresponds
to 23/03/2018.

method [18], which is also used to reconstruct the gamma-ray arrival direction. The angular distance θ between the source position and the reconstructed gamma-ray direction is used to separate
signal from background events, as the former are concentrated at small θ whereas the latter do not
show any dependence on the angular distance. The H.E.S.S. analysis relies on a likelihood reconstruction technique based on a semi-analytical model [19] providing gamma-rays/hadrons discriminating variables. It combines different configurations of telescopes [20]. Like in MAGIC analysis,
the θ angular distance is used to cope with the background remaining after gamma-rays/hadrons
discrimination. The VERITAS data analysis was performed following the standard analysis procedure [21]. The analysis used box cuts optimized for a source with a soft spectrum [12].
The separate analyses performed by MAGIC, H.E.S.S and VERITAS yield no significant VHE
emission from MAXI J1820+070. The integral flux upper limits (ULs) for the whole data set at
the 99% confidence level obtained by each of the collaborations are shown in Table 2. In order to
compute these ULs, the gamma-ray spectrum has been assumed to follow a power-law with spectral
1 Public

data downloaded from http://maxi.riken.jp/pubdata/v6l/J1820+071
data at https://fermi.gsfc.nasa.gov/ssc/data/access/lat
3 Public data at https://swift.gsfc.nasa.gov/results/transients/weak/MAXIJ1820p070
2 Public
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Figure 2: Hardness-intensity diagram obtained from MAXI/GSC X-ray observations in the 2–4 and 4–
10 keV bands. The nights in which H.E.S.S., MAGIC or VERITAS observations were carried out have a
triangle, a circle, and a square, respectively, around the MAXI point.
Table 2: H.E.S.S., MAGIC and VERITAS integral flux upper limits for E > 182 GeV with an assumed
spectral index of -2.5 and a confidence level of 99%. The effective observation time for each collaboration
is also shown.

Instrument
H.E.S.S.
MAGIC
VERITAS

Effective time [h]
26.9
22.5
12.2

UL [cm−2 s−1 ]
1.1 × 10−12
4.7 × 10−12
2.5 × 10−12

index -2.5, and a common energy threshold of 182 GeV has been considered. No significant signal
was detected at lower gamma-ray energies by Fermi-LAT. The middle panel of Fig. 1 shows the
Fermi-LAT ULs above 100 MeV with a 99% confidence level and an assumed power-law index of
-2.5, computed on 5-days time bins.
3.2 Optical
MAGIC installed an alternative readout system in the central PMT of the MAGIC II camera,
the Central Pixel, to perform simultaneous optical observations [11]. With this upgrade, MAGIC
can observe short (1 ms–1 s) optical pulses. We searched for non-periodic optical pulses from
MAXI J1820+070 that are brighter than 13 mag and last for less than 100 ms. To convert the
4
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Table 3: MAGIC optical observation surviving quality cuts and the corresponding results during different
states of the source.

Epoch
HS
IM (HS-SS)
IM (SS-HS)

Effective time [h]
4.5
1
0.3

Optical activity [count/h]
18.2
5
0

4. Discussion
MAXI J1820+070 drew a significant multi-wavelength attention due to its exceptionally high
X-ray flux. The detection of enhanced optical activity in the HS by the Central Pixel installed
in MAGIC suggests that the optical flux could originate from jet emission, which is likely to be
suppressed in the IM and SS. However, the source is not detected in gamma-rays above 100 MeV,
highlighting the unclear relation between X- and gamma-ray emission [22]. X-rays in microquasars
mainly come from thermal disk emission and IC scattering with the corona, while gamma-rays are
likely originated via IC scattering with the jet [23]. Due to the different physical origins of the
X- and gamma-ray luminosities, there are many environmental parameters affecting the relation
between them. Some of the most influential ones are the magnetic field intensity, which regulates
synchrotron losses in the jet, the orbital separation of the microquasar, and the fraction of jet energy
dedicated to accelerate non-thermal particles. The upper limits at VHE presented in this work
will provide valuable data to constrain some of these parameters and limit the possible physical
scenarios.
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Central Pixel output voltage to the corresponding optical absolute magnitude, we used the empirical
expression mentioned in [11]. In order to improve sensitivity, an averaging filter of integration
length of 1 ms was applied to de-noise the signal from the central pixel data (taken at the standard
sampling rate of 10 kHz). At each point, the uncertainty is estimated as the standard deviation of
each 1 ms window. The main source of irreducible optical background are faint meteors passing
through the field of view of the central pixel, producing signals lasting about 5 to 20 ms. This
background rate is low (frequency between 10−3 –10−5 Hz, decreasing with brightness).
A summary of MAGIC’s optical observation and results is shown in Table 3. For the HS
period, 2 epochs of optical observation were carried out, approximately 3 months apart. The optical
activity remained consistently high in both epochs (23 count/1.5 h in March and 59 count/3 h in
June). Shortly after, during the transition period that took place in early July, the activity dropped
significantly (5 count/1 h), near the background level. No optical activity was detected when the
source re-entered the HS state in September. The absence of optical events could be either due to
the intrinsic source activity, or due to low statistics. For details of high optical activity during the
HS, see [17].
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