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Take home points
MAXI J1820+070, one of the brightest black hole transient ever observed, 
showed four outbursts in 2018 and 2019: a double outburst and two hard-
state-only (reflares) 


Observations of type-C QPOs below 1 Hz during large parts of the outburst


Source remains during large parts of its outburst in a configuration close to 
the one typically seen at the beginning of an outburst, when the accretion 
efficiency is still low


Presence of disc wind in the hard state (detected in the optical and IR; 
Muñoz-Darias et al. 2019) can be an explanation why MAXI J1820+070 
remained in a state of low accretion efficiency as it hampered the formation of 
a stable accretion regime
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Low mass black hole X-ray 
binary

Central object is a 
stellar mass (3-20 M⊙) 
black hole

Accretes matter from its 
low mass companion star 
(Ms ≲ 1 M⊙, type A,F,G,K,M) 
through a disc (Roche-
lobe overflow)

X-ray emitting region 
close to event horizon RS


∼200 sources  
~∼50 black holes
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4.3 Emission states of black hole binaries 33

Fig. 4.11. Sample spectra of BHBs in the hard state. The energy spectra are char-
acterized by a relatively flat power–law component that dominates the spectrum
above 1 keV. A second characteristic of the hard state is the elevated continuum
power in the PDS. This state is associated with the presence of a steady type of
radio jet (see text). The selected X–ray sources are the same BHBs shown in Fig-
ure 4.8. The individual spectral components include the power–law (dashed line)
and, if detected, the accretion disk (dotted line) and a reflection component (long
dashes).

it was determined that the inner disk radius and temperature for the MCD model
were >

∼100 Rg and ≈ 0.024 keV, respectively (McClintock et al. 2001b). Somewhat
higher temperatures (≈ 0.035–0.052 keV) have been inferred from observations using
BeppoSAX (Frontera et al. 2003).

While it seems clear that the blackbody radiation appears truncated at a large
radius (∼100 Rg) in the hard state, the physical state of the hot material within this
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4.3 Emission states of black hole binaries 29

Fig. 4.8. Sample X–ray spectra of BHBs in the X–ray state for which the dominant
component is thermal emission from the accretion disk. The energy spectra (left)
are decomposed into a thermal component, which dominates below ∼10 keV (solid
line), and a faint power–law component (dashed line); GRS 1915+105 is modeled
with a cutoff power–law (see text). For two of the BHBs, an Fe line component is
included in the model (dotted line). The corresponding power spectra are shown
in the panels on the right.

(§4.2.2). This effect is reported in a study of LMC X–3 (Kubota et al. 2001) and
is illustrated in Figure 4.10. The measured disk flux and apparent temperature
successfully track the relation L ∝ T 4 (solid line) expected for a constant inner disk
radius. The figure also shows gross deviations from this relation associated with the
VH state of GRO J1655–40, a topic that is addressed below in §4.3.7.

Because of the successes of the simple MCD model, the inner disk radius has
been used to provide a type of spectroscopic parallax. In principle, the inner disk
radius can be deduced for those sources for which the distance and disk inclination
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30 Black Hole Binaries

Fig. 4.9. Left panels: Sample X–ray spectra of BHCs in the TD X–ray state. In the
panels on the left, the energy spectra are shown deconvolved into a thermal com-
ponent due to the accretion disk (solid line) and a power–law component (dashed
line). The corresponding power spectra are shown in the right half of the figure.

are well constrained from the disk normalization parameter, (Rin/D)2 cosθ, where
Rin is the inner disk radius in kilometers, D is the distance to the source in units
of 10 kpc, and θ is the inclination angle of the system (e.g., Arnaud & Dorman
2002). However, the MCD model is Newtonian, and the effects of GR and radiative
transfer need to be considered. GR predicts a transition from azimuthal to radial
accretion flow near RISCO, which depends only on mass and spin and ranges from
1− 6Rg for a prograde disk (§4.1.5). Therefore, for a system with a known distance
and inclination, in principle it may be possible to estimate the spin parameter via
an X–ray measurement of the inner radius and an optical determination of the mass.
In lieu of a fully relativistic MHD model for the accretion disk, one could attempt
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power in the PDS. This state is associated with the presence of a steady type of
radio jet (see text). The selected X–ray sources are the same BHBs shown in Fig-
ure 4.8. The individual spectral components include the power–law (dashed line)
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dashes).
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Fig. 4.8. Sample X–ray spectra of BHBs in the X–ray state for which the dominant
component is thermal emission from the accretion disk. The energy spectra (left)
are decomposed into a thermal component, which dominates below ∼10 keV (solid
line), and a faint power–law component (dashed line); GRS 1915+105 is modeled
with a cutoff power–law (see text). For two of the BHBs, an Fe line component is
included in the model (dotted line). The corresponding power spectra are shown
in the panels on the right.

(§4.2.2). This effect is reported in a study of LMC X–3 (Kubota et al. 2001) and
is illustrated in Figure 4.10. The measured disk flux and apparent temperature
successfully track the relation L ∝ T 4 (solid line) expected for a constant inner disk
radius. The figure also shows gross deviations from this relation associated with the
VH state of GRO J1655–40, a topic that is addressed below in §4.3.7.

Because of the successes of the simple MCD model, the inner disk radius has
been used to provide a type of spectroscopic parallax. In principle, the inner disk
radius can be deduced for those sources for which the distance and disk inclination
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Fig. 4.9. Left panels: Sample X–ray spectra of BHCs in the TD X–ray state. In the
panels on the left, the energy spectra are shown deconvolved into a thermal com-
ponent due to the accretion disk (solid line) and a power–law component (dashed
line). The corresponding power spectra are shown in the right half of the figure.

are well constrained from the disk normalization parameter, (Rin/D)2 cosθ, where
Rin is the inner disk radius in kilometers, D is the distance to the source in units
of 10 kpc, and θ is the inclination angle of the system (e.g., Arnaud & Dorman
2002). However, the MCD model is Newtonian, and the effects of GR and radiative
transfer need to be considered. GR predicts a transition from azimuthal to radial
accretion flow near RISCO, which depends only on mass and spin and ranges from
1− 6Rg for a prograde disk (§4.1.5). Therefore, for a system with a known distance
and inclination, in principle it may be possible to estimate the spin parameter via
an X–ray measurement of the inner radius and an optical determination of the mass.
In lieu of a fully relativistic MHD model for the accretion disk, one could attempt
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Fig. 4.11. Sample spectra of BHBs in the hard state. The energy spectra are char-
acterized by a relatively flat power–law component that dominates the spectrum
above 1 keV. A second characteristic of the hard state is the elevated continuum
power in the PDS. This state is associated with the presence of a steady type of
radio jet (see text). The selected X–ray sources are the same BHBs shown in Fig-
ure 4.8. The individual spectral components include the power–law (dashed line)
and, if detected, the accretion disk (dotted line) and a reflection component (long
dashes).

it was determined that the inner disk radius and temperature for the MCD model
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higher temperatures (≈ 0.035–0.052 keV) have been inferred from observations using
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Fig. 4.8. Sample X–ray spectra of BHBs in the X–ray state for which the dominant
component is thermal emission from the accretion disk. The energy spectra (left)
are decomposed into a thermal component, which dominates below ∼10 keV (solid
line), and a faint power–law component (dashed line); GRS 1915+105 is modeled
with a cutoff power–law (see text). For two of the BHBs, an Fe line component is
included in the model (dotted line). The corresponding power spectra are shown
in the panels on the right.

(§4.2.2). This effect is reported in a study of LMC X–3 (Kubota et al. 2001) and
is illustrated in Figure 4.10. The measured disk flux and apparent temperature
successfully track the relation L ∝ T 4 (solid line) expected for a constant inner disk
radius. The figure also shows gross deviations from this relation associated with the
VH state of GRO J1655–40, a topic that is addressed below in §4.3.7.

Because of the successes of the simple MCD model, the inner disk radius has
been used to provide a type of spectroscopic parallax. In principle, the inner disk
radius can be deduced for those sources for which the distance and disk inclination

4.3 Emission states of black hole binaries 29

Fig. 4.8. Sample X–ray spectra of BHBs in the X–ray state for which the dominant
component is thermal emission from the accretion disk. The energy spectra (left)
are decomposed into a thermal component, which dominates below ∼10 keV (solid
line), and a faint power–law component (dashed line); GRS 1915+105 is modeled
with a cutoff power–law (see text). For two of the BHBs, an Fe line component is
included in the model (dotted line). The corresponding power spectra are shown
in the panels on the right.

(§4.2.2). This effect is reported in a study of LMC X–3 (Kubota et al. 2001) and
is illustrated in Figure 4.10. The measured disk flux and apparent temperature
successfully track the relation L ∝ T 4 (solid line) expected for a constant inner disk
radius. The figure also shows gross deviations from this relation associated with the
VH state of GRO J1655–40, a topic that is addressed below in §4.3.7.

Because of the successes of the simple MCD model, the inner disk radius has
been used to provide a type of spectroscopic parallax. In principle, the inner disk
radius can be deduced for those sources for which the distance and disk inclination

30 Black Hole Binaries

Fig. 4.9. Left panels: Sample X–ray spectra of BHCs in the TD X–ray state. In the
panels on the left, the energy spectra are shown deconvolved into a thermal com-
ponent due to the accretion disk (solid line) and a power–law component (dashed
line). The corresponding power spectra are shown in the right half of the figure.

are well constrained from the disk normalization parameter, (Rin/D)2 cosθ, where
Rin is the inner disk radius in kilometers, D is the distance to the source in units
of 10 kpc, and θ is the inclination angle of the system (e.g., Arnaud & Dorman
2002). However, the MCD model is Newtonian, and the effects of GR and radiative
transfer need to be considered. GR predicts a transition from azimuthal to radial
accretion flow near RISCO, which depends only on mass and spin and ranges from
1− 6Rg for a prograde disk (§4.1.5). Therefore, for a system with a known distance
and inclination, in principle it may be possible to estimate the spin parameter via
an X–ray measurement of the inner radius and an optical determination of the mass.
In lieu of a fully relativistic MHD model for the accretion disk, one could attempt
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about 40% of sources remain in hard state Tetarenko et al. 2016, ApJS, 222, 15
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Outflows

Wide range of accretion rates possible


Accretion geometry & outflows change with accretion rate


Details of wind-launching mechanism, photoionisation instabilities 
and over-ionisation of the ejecta (e.g. Chakravorty et al. 2013; 
Bianchi et al. 2017; Gatuzz et al. 2019)

Accretion Regimes

Soft  
State

Near/super 
Eddington

Hard 
State

Quiescence

Wide range of  accretion rates possible 
Accretion geometry + outflows change with accretion rate

LMXBs:

Near/super 
Eddington

Soft 
state

Hard 
state

Quiescence

Most easily studied Common but 
difficult to studyRelatively rare

highly 
ionised (hot) 
wind
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Observing (hot) disc winds

Observables 


line species


line shift


line width


line depth

Observing Disk Winds

Observables 
line species 
line shift 
line width 
line depth

Physical information 
velocity of  the plasma 
ionization state 
(column) density 
launch radius

Mass content wind 
Launching mechanism

Miller+2006 (GRO J1655)

Intro: Connection accretion & outflows    

◇ Jets: new discoveries 

◇Outflows @ extremes of  accretion  

◇Nebulae around X-ray binaries 

How are outflows launched? 

How much mass is lost in outflows? 

How do outflows impact the environment?

X-ray Binary Outflows

∢

Physical information


velocity of the plasma


ionisation state


(column) density


launch radius

Detected through blue-shifted absorption lines

Díaz Trigo & Boirin 2016; Ponti et al. 2016
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Low ionisation disc winds
Low ionisation (cold) disc winds observed in optical/infrared observations 
of luminous and violent outbursts of V404 Cyg (Muñoz-Darias et al. 2016; 
Muñoz-Darias et al. 2017; Rahoui et al. 2017; Mata Sánchez et al. 2018; 
see also Casares et al. 1991) and V4641 Sgr (Chaty et al. 2003; 
Lindstrøm et al. 2005; Muñoz-Darias et al. 2018). J. Sánchez-Sierras and T. Muñoz-Darias: Near-infrared winds in MAXI J1820+070

absorption troughs in the blue wing, with a blue-edge velocity
of �1200 km s�1 (i.e. consistent with that determined in several
optical P Cyg profiles during the hard state; MD19). Figure 3
(top panels) shows how these troughs, that take the shape of
emission line shoulders, are an evolution of those seen in the
hard state in the very same NIR transitions. Likewise, when
comparing Pa� and Pa� with Br�, which shows a rather stan-
dard double-peaked profile, the blue wings of the Paschen lines
appear to be absorbed for velocities lower than 1200 km s�1. This
is precisely the blue-edge velocity of the P Cyg profiles and
absorption troughs observed in the hard state (Fig. 3, bottom
left panel). All these observables strongly suggest that during
the soft state, the Paschen NIR emission lines are still sensitive
to the presence of the accretion disc wind observed during the
hard state.

Epochs 6 and 7 were taken on two consecutive nights 22 days
later, towards the end of the soft-to-hard transition during the
hard-intermediate state. MD19 (bottom panel in Fig. 1) reported
the P Cyg profile detected in He i–5876, which was partic-
ularly conspicuous in Epoch 6, with a blue-edge velocity of
⇠1800 km s�1. In the NIR, we no longer detect the blue absorp-
tion troughs observed in epochs 3, 4, and 5 (but see below).

3.3. Wind detection during the 2019 low-luminosity hard
state

An additional epoch (low-luminosity hard state), that was not
included in MD19, was taken during a brief re-brightening phase
while the system was returning to quiescence (epoch 8; see
Table 1 and Fig. 1). He i–5876 is skewed towards the red and
again displays a weak but clearly detected P Cyg profile with a
blue-edge velocity of ⇠1800 km s�1. The core of the absorption
component reaches ⇠2% below the continuum level, consistent
with the P Cyg profiles that were detected during the initial
hard state. H↵ and He i–10830 are also skewed towards the red,
probably as a result of the same outflowing material that was
detected in He i–5876. The Paschen lines do not display absorp-
tion troughs, but instead show (as in epochs 6 and 7) blue wings
that extend (rather precisely) up to ⇠1800 km s�1 (bottom right
panel in Fig. 3). This suggests that they might still be sensitive
to the outflow. However, a symmetrically broad red wing such
as that observed in H↵ (and He i–10830) in epoch 3 might be
expected in this case.

4. Discussion

We have presented NIR spectroscopic observations sampling the
entire 2018–2019 outburst of the BH transient J1820. Our eight-
epoch data set reveals the presence of blue-shifted absorption
troughs and conspicuous broad emission line wings in some of
the most prominent NIR emission lines. The kinetic properties
of these features are very similar to those indicated by the P Cyg
profiles detected in optical lines (see the top left panel in Fig. 3).
In addition, similar absorption troughs and broad emission com-
ponents superimposed on standard double-peaked profiles were
also detected in optical lines, sometimes simultaneously with
P Cyg profiles (see also MD19). All the above strongly suggests
that both the NIR and the optical emission lines trace the same
cold accretion disc wind. However, unlike the optical wind sig-
natures, the NIR features are not exclusive to the hard state and
are also detected in the soft state. A sketch that broadly sum-
marises the visibility of the wind across the outburst of J1820
and as a function of the spectral band is presented in Fig. 4. We
also mark the (approximate) expected location of X-ray winds

SOFT HARD

X-ray winds (expected)
Optical winds
Near-infrared winds

Fig. 4. Sketch of the wind visibility across the hardness-intensity dia-
gram of MAXI J1820+070 (based on MD19 and this work). The blurred
lines indicate the (approximate) location of the wind detections at opti-
cal and NIR wavelengths. The outburst stages that are more favourable
for detecting X-ray winds (based on Ponti et al. 2012) are marked by a
dashed blue line.

based on Ponti et al. (2012). We note that there is some evidence
indicating that the orbital inclination of J1820 is relatively high
(e.g. Kajava et al. 2019; Torres et al. 2020; Bright et al. 2020),
which would favour the detection of hot winds. However, the
system was not observed by XMM-Newton or Chandra during
the soft state.

The number of LMXBs that have shown NIR features that
are consistent with disc winds is very limited. The nebular
phase (strong and broad emission line components produced by
a massive wind; see Muñoz-Darias et al. 2016, 2017; Casares
et al. 2019) following the luminous 1999 outburst peak of the
BH transient V4641 Sgr (Muñoz-Darias et al. 2018) was also
detected in Br� (Chaty et al. 2003). In addition, Rahoui et al.
(2014) observed a slightly blue-shifted broad emission com-
ponent underlying Pa� during the low-luminosity hard state
of GX 339�4. In neutron star LMXBs, Bandyopadhyay et al.
(1999) detected a Br� P Cyg profile in GX 13+1 (and possibly in
Sco X-1; but see Mata Sánchez et al. 2015; Homan et al. 2016).
The exact accretion phase corresponding to these detections is
unknown, but the X-ray properties of these persistently luminous
sources (known as Z-sources; e.g. van der Klis 2006) resemble
to some extent those of BHs in intermediate and soft states at
high luminosity (Muñoz-Darias et al. 2014). We note that this
low number of wind detections in the NIR likely arises because
only a few sensitive spectroscopic campaigns have been carried
out to date and do not imply that wind signatures in the NIR are
rare.

4.1. Steady, state-independent NIR wind traced by the
Paschen lines

The NIR spectra show that the optical-NIR wind observed dur-
ing the hard state is also present in the soft state. Although
the state classification and outburst evolution is not trivial for
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are associated with nebulosities, as a result of neutral hydrogen self- 
absorption in relatively low-density conditions18 (Methods). This 
behaviour is expected when the outflow cools and expands, becoming 
optically thin. The symmetric wings indicate a large covering factor 
for the ejecta. Expanding nova shells are characterized by similar BD  
values19 during some stages, as well as exhibiting some of the emission 

lines detected here. These emission lines are also found in low- 
excitation nebulosities surrounding outflowing massive stars20, which 
show similar Hα equivalent widths in their final and most violent 
evolutionary phases21. This phase is not witnessed after other strong 
flares displayed early in the outburst (for example, day 4). However, 
these events are not followed by a strong drop in flux, such as occurs 
in the case of the major flares preceding the nebular phase (Extended 
Data Fig. 1).

The timescale of the optically thick (P Cyg) to optically thin 
(extended wings) transition is the diffusion timescale of an expanding 
shell with mass Mshell, and it is estimated21 to be tdif ≈ 23 days (1/R15)
(Mshell/M⊙), where M⊙ is the mass of the Sun and R15 is the radius of  
the spherical envelope in units of 1015 cm. For tdif = 0.002–0.1 days, 
which would be a conservative timescale relevant to the evolution of 
the BD value, we obtain Mshell ≈ (10−8–10−5)M⊙. This is consistent  
with the black hole blowing away a substantial fraction of the matter 
stored in its large (mass of ∼10−5M⊙) accretion disk22. On the other  
hand, this amount of mass is able to explain the increase in the equiv-
alent hydrogen column density (of up to NH ≈ 1024 cm−2) observed 
during both the 1989 and the 2015 outbursts22 (Methods).

The active phase of the 2015 outburst of V404 Cyg is much shorter 
(∼15 days) than typically observed in other luminous black holes 
(months to a year). This is followed by a sharp decay (∼3 days), still 
during the radio-loud phase of the outburst, directly after the X-ray 
peak is reached. This behaviour is consistent with that observed in the 
1989 outburst22. During these brief outbursts only about 0.1% (that is, 
(0.3–1.1) × 10−8M⊙) of the material stored in the accretion disk is 
accreted by the black hole. This corresponds to the gas kept in the 
innermost ∼(6–9) × 105 km, which is unaffected by the long-lived outer 
disk wind. The amount of mass transferred from the donor star to the 
accretion disk during the preceding 26 years of quiescence is estimated 
to be −∆M2 ≈ 3 × 10−8M⊙ (Methods). This amount is comparable to 
that accreted by the black hole and ejected by the wind. We also detect 
a prominent double-peaked Hα line right after the end of the nebular 
phase, indicating the presence of a remnant accretion disk once the 
most active phase of the outburst was finished. Strong Hα emission has 
in fact been observed throughout the inter-outburst interval, and it is 
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Figure 1 | P Cyg profiles observed during days 2, 6, 7–9 and 10 in  
He i λ = 5,876 Å. Normalized spectra are offset by 0, 0.6, 1.2 and 1.8, 
respectively. Profiles are formed when atomic material approaching the 
observer at velocity −Vout (with Vout the projected outflow velocity) scatters 
photons with frequency ν = ν0(1 −Vout/c), while receding ejecta moving 
at velocity Vout are being illuminated by the central source. Yellow shading 
indicates regions contaminated by interstellar absorption. We detect 
approaching material moving at up to 3,000 km s−1 (blue-filled absorptions). 
During days 7–9 and day 10 the profiles are very shallow, corresponding 
to high ionization states (see text). Simultaneously with the blue-shifted 
absorption we detect red-shifted emission detached from the accretion disk 
component (see also Fig. 2). This red-shifted emission reached amplitudes 
similar to that of emission lines produced by approaching material, a feature 
indicating spherical geometry or at least a large covering factor14.
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Figure 2 | Trailed spectrum corresponding to data from 19 June (day 2). 
The trail (bottom panel) covers 103 min with 75 spectra. Time corresponds 
to minutes from MJD 57,192.04. The normalized intensity scale is such that 
absorptions are represented in blue colours, while emissions are plotted 
in red colours. Simultaneous X-ray (Integral; blue stars), optical (green 
dots) and radio (red squares) normalized light curves are shown in the top 

panel. Outflows are detected along the observation, but their properties 
change in response to flaring. The strongest features become evident 
directly after a sharp X-ray flare is seen (dashed line), as soon as the X-ray 
flux decreases and Iratio reaches values as low as 0.5. During the flare (at 
∼0.08 times the flux peak observed later in the outburst), the P Cyg profile 
becomes weaker, as Iratio increases to values larger than unity (up to ∼2).
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MAXI J1820+070

MAXI J1820+070 detected in MAXI/GSC and Swift/BAT monitoring 
observations on 2018 March 11th (Kawamuro al. 2018, ATel #11399; 
Kennea et al. 2018, ATel #11403)


We analyse all Swift/XRT timing mode data between 2018 March 11th and 2019 
Sep. 28th


NICER observed between 2018 March 12th and 2019 Oct. 25th
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Light curves
Swift/XRT and NICER light curves 
show that MAXI J1820+070 
underwent four outbursts. The 
source remained in the hard state 
during its first outburst, while the 
rise of the second outburst 
corresponds with the transition to 
the soft state.


This double outburst (similar to 
the 2004 one of GX 339–4; Joinet 
et al. 2007, ApJ, 657, 400; Plant et al. 
2014, MNRAS, 442, 1767) is followed 
by two fainter, hard-state only 
outbursts (reflares).
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(∼9.6x10-8 erg cm-2 s-1); among the 
brightest black hole transients 
ever observed 
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Optical and IR data

Optical spectra rich in emission 
lines, including Balmer series, He 
I and He II transitions.


NIR spectra: Hα, He I and 
Paschen lines 


Strong line asymmetries, shallow 
P-Cyg profiles, and broad, non-
Gaussian emission line wings are 
observed

(toward more asymmetry) of the former. On the other hand, epoch
#12 shows a shallow absorption in He I–5876 (∼1%), while Hα
is asymmetric, has broad emission line wings and an absorption
trough compatible with Vt∼1000–1200 km s−1 (Figure 2, top
panel). Including these two epochs (#1 and #12), we conclude
that eight epochs showed P-Cyg features.

Finally, three consecutive epochs (#4, #5 and #6) show a
broad emission line wing in He I–5876 (red solid line Figure 1
top panel) reaching ∼1200 km s−1, hence very similar to Vt
measured from P-Cyg absorptions before and after these
epochs. This behavior has been also witnessed in V404 Cyg
(Mata Sánchez et al. 2018) and we interpret these features as
wind detections. The remaining epochs, including every soft-
state observation (Figure 1, middle panel), do not show wind
signatures in He I–5876 (nor in Hα; see below). A possible
exception might be #19, the first soft-state observation, which
shows relatively complex and weak blueshifted absorptions
(middle panel in Figure 1). Also, we do not detect P-Cyg
absorptions during the last three epochs, when the system

decayed through the faint hard state below the MAXI detection
limit.

3.2. The Hα Spectral Region

Several epochs show broad Hα wings, as well as strong line
asymmetries (top panel in Figure 2). Interestingly, the wings
extend up to velocities that are remarkably consistent with
those derived from the P-Cyg profiles observed months later,
during the decay of the outburst (i.e., Vt∼1800 km s−1;
dotted, vertical lines in Figures 1 and 2). Hence, they exceed
Vt ∼1200 km s−1 measured from He I–5876 in the very same
observations. This behavior is clearly exemplified by epoch #7
(hard-state peak). It shows, in addition to a P-Cyg profile in
He I–5876 (Vt∼1200 km s−1 ; Figure 1), strong emission line
wings in Hα (reaching ∼1800 km s−1) and a superimposed
absorption trough with a blue edge velocity of −1200 km s−1.
A (regular) P-Cyg profile in He I6678Å at Vt∼1200 km s−1

is also present (middle panel in Figure 2).
The strength of Hα and our data’s high signal-to-noise

allow for a systematic search of wind features using the
diagnostic diagram developed in Mata Sánchez et al. (2018)
for V404Cyg. To this end, we performed a Gaussian fit to
the line profile that was subsequently subtracted from the
data. We masked the innermost part of the line (−300 to
300 km s−1 in velocity scale), which can be affected by the
double-peak and other line core asymmetries, as well as the
emission line wings that we are trying to detect (±1000
to±2000 km s−1). In the bottom panel of Figure 2 we plot
the equivalent width (EW) of residuals in the blue (−1800 to
−1000 km s−1) and red (1000 to 1800 km s−1) emission line
wings.16 Significance levels are computed by measuring the
EW of the continuum within masks of the same width (i.e.,
800 km s−1) in nearby continuum regions. These continuum
residuals show a Gaussian-like distribution (with mean equal to
∼0) when considering the full sample of spectra. This is used to
trace significance contours in Figure 2. The nine epochs with
residuals exceeding the 3σ level are hereafter quoted as wind
detections (Table 1). They all correspond to hard-state epochs.
We note that both the Gaussian fits and the associated residuals
were individually inspected, with the most conspicuous cases
of broad wings always sitting beyond the 5σ contour. One
epoch (#3) sits on the P-Cyg area of the diagram owing to an
excess of redshifted emission and lack of blueshifted flux. We
consider this an Hα wind detection, although it does not show
the standard P-Cyg shape detected in He I–5876 (Figure 1).

4. Discussion

We have presented an optical spectroscopic campaign that is
one of the most intensive and sensitive ever carried out on a BH
transient in outburst. We have detected wind signatures in the
form of P-Cyg profiles and broad emission line wings in
several observing epochs during the hard states of the outburst
of J1820+070. Such features have been observed before in the
BH transients V404 Cyg and V4641 Sgr, although they
undergo non-standard outbursts, when only the X-ray hard
state, accompanied by strong radio flaring and high X-ray
absorption is observed. J1820+070, on the other hand,
displayed a standard outburst, showing both hard and soft
states across the 8 months spanned by our observations

Figure 3. Wind detections as a function of the X-ray outburst evolution. Top
panel: hardness-intensity diagram from the MAXI (black dots; daily average
light curve). Simultaneous (within 0.5 day) optical observations are marked
according to wind signatures and telescope (see the legend). Bottom panel:
corresponding MAXI X-ray light curve. Gray points at very low flux (day
∼100) are corrupted and only included to indicate the TNG epoch times. The
hard-state peak, when the most conspicuous wind signatures are witnessed, is
indicated by blue rectangles.

16 The masks were shifted by±200 km s−1 for the last five epochs to account
for the increasing breadth of the line during the decay.
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P-Cygni profiles
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Wind terminal velocity 
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Stobie Spectrograph (Burgh et al. 2003). We used the PG1300
grating and a 1.5 arcsec slit-width, which gave a wavelength
coverage of 4580−6630Å at a mean velocity resolution of
∼200 km s−1. Sets of continuous 25s exposures were obtained
and combined (on-source time between 1950 and 2450 s).

2.4. Telescopio Nazionale Galileo (TNG)

We observed the target with the TNG during three epochs
over two consecutive nights. Observations were taken with the
spectrograph DOLORES. We used a slit-width of 1.0 arcsec
together with grisms V486 (4612–4838Å; 400 s on-source)
and VHR-R (6238–7717Å; 300 s on-source), which resulted in
velocity resolutions of 50 and 120 km s−1, respectively.

2.5. Keck Observatory

Our first observing epoch was taken with the Low
Resolution Imaging Spectrometer (LRIS; Oke et al. 1995)
attached to the Keck I telescope on Maunakea (Hawaii, USA).
The red and blue arms of the spectrograph were divided using
the 560nm dichroic. On the blue side we employed the 600/
4000 grism (3040–5630Å), while on the red arm we used the
900/5500 grating (6034–8440Å). The 0.7arcsec wide slit
provided a velocity resolution in the range of 100–180 km s−1.
A total of 12×15 s spectra were obtained in the red and
16×15 s spectra in the blue.

3. Analysis and Results

The long-slit spectra were reduced, extracted, and wave-
length- and flux-calibrated using standard IRAF tools or the
PySALT package (Crawford et al. 2016) tailored for SALT
data. The X-shooter spectra were processed and combined
using version 3.2.0 of the EsoReflex pipeline. We used MOLLY
and custom software under PYTHON to perform the analysis. In
order to increase the signal-to-noise ratio we henceforth focus
on average spectra computed for each observing epoch
(Table 1).

As previously reported by Tucker et al. (2018), the spectra
are very rich in emission lines, including the Balmer series as
well as several He I and He II transitions. Our multi-epoch
observations show that their shape and strength change
dramatically throughout the outburst. We observe strong line
asymmetries, especially during the early stages of the outburst,
as well as shallow P-Cyg profiles and broad, non-Gaussian
emission line wings. These features are standard accretion disk
wind signatures, similar to those observed in V404 Cyg
(MD16) and V4641 Sgr (Muñoz-Darias et al. 2018). Figures 1
and 2 show a suite of the different emission line behaviors
present in our data, albeit we do not show every spectrum for
clarity reasons (however, see Table 1 for a full summary). In
particular, P-Cyg profiles are best detected in He I5876Å
(He I–5876 hereafter), while asymmetries and broad emission
wings are best seen in Hα, which is the strongest optical
emission line. We note that these are also typical outflow
tracers in other stellar classes. In particular, He I–5876 is one of
the best optical wind markers in massive stars, and P-Cyg
profiles in this line together with broad Hα wings are a
common feature in O supergiants (e.g., Prinja & Fullerton
1994). Likewise, disk-dominated accreting white dwarfs can
show, in addition to P-Cyg profiles in ultraviolet resonance
lines, wind signatures in He I–5876 and Hα (Kafka &
Honeycutt 2004).

We focused the analysis on three narrow spectral ranges
covering the following lines: (i) Hα (6563Å) and the adjacent
He I6678Å, (ii) He I–5876, and (iii) a third region covering
the Bowen blend (mainly N III at 4641Å) and He II4686Å
(B+He II hereafter). We have searched for winds in the former
two regions, while the last one was used as a proxy for the
ionization state of the disk. The three bands are covered by the

Figure 1. Evolution of He I–5876. Top panel: example of hard-state wind
features detected during outburst rise. P-Cyg profiles show the presence of a
wind with Vt∼1200 km s−1 (dashed–dotted line). One epoch showing a broad
(blue) wing is also represented (red spectrum). Middle panel: examples of soft-
state observations where no significant wind features are found. For epoch #19
the blue edge might be compatible with a P-Cyg feature (see the text). Bottom
panel: P-Cyg profiles are absent in the last soft-state observation (#32) but they
re-appear over the soft-to-hard transition (epoch #33) with Vt ∼ 2000 km s−1

(dotted line). Yellow shading indicates regions contaminated by interstellar
absorption.
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Stobie Spectrograph (Burgh et al. 2003). We used the PG1300
grating and a 1.5 arcsec slit-width, which gave a wavelength
coverage of 4580−6630Å at a mean velocity resolution of
∼200 km s−1. Sets of continuous 25s exposures were obtained
and combined (on-source time between 1950 and 2450 s).

2.4. Telescopio Nazionale Galileo (TNG)

We observed the target with the TNG during three epochs
over two consecutive nights. Observations were taken with the
spectrograph DOLORES. We used a slit-width of 1.0 arcsec
together with grisms V486 (4612–4838Å; 400 s on-source)
and VHR-R (6238–7717Å; 300 s on-source), which resulted in
velocity resolutions of 50 and 120 km s−1, respectively.

2.5. Keck Observatory

Our first observing epoch was taken with the Low
Resolution Imaging Spectrometer (LRIS; Oke et al. 1995)
attached to the Keck I telescope on Maunakea (Hawaii, USA).
The red and blue arms of the spectrograph were divided using
the 560nm dichroic. On the blue side we employed the 600/
4000 grism (3040–5630Å), while on the red arm we used the
900/5500 grating (6034–8440Å). The 0.7arcsec wide slit
provided a velocity resolution in the range of 100–180 km s−1.
A total of 12×15 s spectra were obtained in the red and
16×15 s spectra in the blue.

3. Analysis and Results

The long-slit spectra were reduced, extracted, and wave-
length- and flux-calibrated using standard IRAF tools or the
PySALT package (Crawford et al. 2016) tailored for SALT
data. The X-shooter spectra were processed and combined
using version 3.2.0 of the EsoReflex pipeline. We used MOLLY
and custom software under PYTHON to perform the analysis. In
order to increase the signal-to-noise ratio we henceforth focus
on average spectra computed for each observing epoch
(Table 1).

As previously reported by Tucker et al. (2018), the spectra
are very rich in emission lines, including the Balmer series as
well as several He I and He II transitions. Our multi-epoch
observations show that their shape and strength change
dramatically throughout the outburst. We observe strong line
asymmetries, especially during the early stages of the outburst,
as well as shallow P-Cyg profiles and broad, non-Gaussian
emission line wings. These features are standard accretion disk
wind signatures, similar to those observed in V404 Cyg
(MD16) and V4641 Sgr (Muñoz-Darias et al. 2018). Figures 1
and 2 show a suite of the different emission line behaviors
present in our data, albeit we do not show every spectrum for
clarity reasons (however, see Table 1 for a full summary). In
particular, P-Cyg profiles are best detected in He I5876Å
(He I–5876 hereafter), while asymmetries and broad emission
wings are best seen in Hα, which is the strongest optical
emission line. We note that these are also typical outflow
tracers in other stellar classes. In particular, He I–5876 is one of
the best optical wind markers in massive stars, and P-Cyg
profiles in this line together with broad Hα wings are a
common feature in O supergiants (e.g., Prinja & Fullerton
1994). Likewise, disk-dominated accreting white dwarfs can
show, in addition to P-Cyg profiles in ultraviolet resonance
lines, wind signatures in He I–5876 and Hα (Kafka &
Honeycutt 2004).

We focused the analysis on three narrow spectral ranges
covering the following lines: (i) Hα (6563Å) and the adjacent
He I6678Å, (ii) He I–5876, and (iii) a third region covering
the Bowen blend (mainly N III at 4641Å) and He II4686Å
(B+He II hereafter). We have searched for winds in the former
two regions, while the last one was used as a proxy for the
ionization state of the disk. The three bands are covered by the

Figure 1. Evolution of He I–5876. Top panel: example of hard-state wind
features detected during outburst rise. P-Cyg profiles show the presence of a
wind with Vt∼1200 km s−1 (dashed–dotted line). One epoch showing a broad
(blue) wing is also represented (red spectrum). Middle panel: examples of soft-
state observations where no significant wind features are found. For epoch #19
the blue edge might be compatible with a P-Cyg feature (see the text). Bottom
panel: P-Cyg profiles are absent in the last soft-state observation (#32) but they
re-appear over the soft-to-hard transition (epoch #33) with Vt ∼ 2000 km s−1

(dotted line). Yellow shading indicates regions contaminated by interstellar
absorption.
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whole data set with the exception of He I–5876, which is absent
in the (four) Keck and TNG epochs. Every spectral region was
carefully normalized in each of the 37 average spectra by fitting
the adjacent continuum with a first-order polynomial. This

resulted in accurate continuum normalizations that were
individually inspected.
In addition, we used data from MAXI to infer the X-ray

state at the time of each epoch (see Table 1). We built the
hardness-intensity diagram (Homan et al. 2001) using MAXI
standard bands and daily averaged fluxes (Figure 3). As was
shown by Shidatsu et al. (2019), the system displayed the
q-shaped diagram typically observed in BH transients (e.g.,
McClintock & Remillard 2006; Belloni et al. 2011 for
reviews). Our spectroscopic observations cover in great detail
the evolution of the system throughout both the hard and soft
X-ray states. We define hard and soft spectroscopic epochs as
those with X-ray colors15 higher and lower than 0.4,
respectively. As a proxy for the luminosity (i.e., intensity) we
used the 2–20 keV MAXI count-rate, but note that a significant
amount of the total flux is expected to be below 2 keV during
the soft state.

3.1. P-Cygni Profiles

The detection of a P-Cyg profile, first observed in Wolf–
Rayet stars (Beals 1929), is conclusive evidence for the
presence of an outflow. In compact binaries, however, strong
emission line components are naturally produced in their
accretion disks (Smak 1969), leaving the blueshifted absorption
of the P-Cyg profile as the only unaltered and unambiguous
wind signature. Therefore, we have searched for blueshifted
absorptions in all our 37 epochs. We initially focused on He I–
5876 and subsequently extended the search to the Hα region
(see Table 1 for a summary).
Six epochs exhibit broad He I–5876 blueshifted absorptions

reaching flux values below 99% of the continuum level (i.e.,
depth>1%; top panel in Figure 1). Given the quality of our data,
we estimate that this is a secure threshold to infer the presence of
P-Cyg absorption. Hα also shows wind-related features in five of
the six epochs (see below). We will refer to the velocity of the
blue edge of the P-Cyg absorption component as the wind
terminal velocity (Vt). Following MD16, we estimateVt by fitting
a two-Gaussian model to the data (one in absorption and one in
emission) with Vt corresponding to the velocity at 0.1 of the
maximum depth of the (fitted) absorption. We find that, although
the absorptions are not typically fully Gaussian, this method
provides a good description of the depth of the profile and the
velocity of the blue edge. During the outburst rise, we measure
Vt=1206±13 km s−1 when fitting simultaneously the three
GTC observations (#3, #7 and #11), while the individual fits
(that includes #2, taken with the VLT) provide consistent (but
less constraining) results. Therefore, we take Vt∼1200 km s−1

as the wind velocity during this stage (dashed–dotted, vertical
lines in Figure 1). We note that blueshifted absorptions with the
same Vt are sometimes detected in Hα and the weaker
He I6678Å(middle panel in Figure 2). Likewise, we measureVt
=1820±60 km s−1 by fitting observations#33 and#34, and
take Vt∼1800 km s−1 as the wind velocity during the outburst
decay (dotted vertical lines in Figures 1 and 2). This velocity is
significantly larger than that inferred from P-Cyg absorptions
during the outburst rise.
Unfortunately, we do not have He I–5876 coverage during

epoch #1. However, Hα is very asymmetric toward the red (not
shown) and by comparing it with epoch #2 (Figure 2, top panel)
taken only 17hr apart, we notice that the latter is just an evolution

Figure 2. Evolution of Hα. The top panel shows the best examples for
asymmetric lines (black, red) and broad emission line wings (green). The
middle panel displays epoch #7, where P-Cyg profiles (He I-6678) and broad
wings (Hα) are detected. Hα also shows an absorption trough with a blue edge
velocity of ∼−1200 km s−1. The two Vt inferred from P-Cyg profiles (He I-
5876) at different stages of the outburst (dotted and dashed–dotted lines
at ±1800 and −1200 km s−1) align very closely with the velocities of the Hα
wind features. The dashed–dotted line on the right corresponds to
−1200 km s−1 with respect to He I-6678. Yellow shading indicates regions
contaminated by interstellar absorption. Bottom panel: Hα wings diagram.
Epochs (note associated numbers) beyond the 5σ contour (dashed line) show
conspicuous emission line wings. None of the soft-state data points (red dots) is
located beyond the 3σ gray-shadowed area. The left regions of the diagram are
forbidden for typical wind features (yellow shading).

15 Count-rate ratio between 4–10 keV and 2–4 keV.
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whole data set with the exception of He I–5876, which is absent
in the (four) Keck and TNG epochs. Every spectral region was
carefully normalized in each of the 37 average spectra by fitting
the adjacent continuum with a first-order polynomial. This

resulted in accurate continuum normalizations that were
individually inspected.
In addition, we used data from MAXI to infer the X-ray

state at the time of each epoch (see Table 1). We built the
hardness-intensity diagram (Homan et al. 2001) using MAXI
standard bands and daily averaged fluxes (Figure 3). As was
shown by Shidatsu et al. (2019), the system displayed the
q-shaped diagram typically observed in BH transients (e.g.,
McClintock & Remillard 2006; Belloni et al. 2011 for
reviews). Our spectroscopic observations cover in great detail
the evolution of the system throughout both the hard and soft
X-ray states. We define hard and soft spectroscopic epochs as
those with X-ray colors15 higher and lower than 0.4,
respectively. As a proxy for the luminosity (i.e., intensity) we
used the 2–20 keV MAXI count-rate, but note that a significant
amount of the total flux is expected to be below 2 keV during
the soft state.

3.1. P-Cygni Profiles

The detection of a P-Cyg profile, first observed in Wolf–
Rayet stars (Beals 1929), is conclusive evidence for the
presence of an outflow. In compact binaries, however, strong
emission line components are naturally produced in their
accretion disks (Smak 1969), leaving the blueshifted absorption
of the P-Cyg profile as the only unaltered and unambiguous
wind signature. Therefore, we have searched for blueshifted
absorptions in all our 37 epochs. We initially focused on He I–
5876 and subsequently extended the search to the Hα region
(see Table 1 for a summary).
Six epochs exhibit broad He I–5876 blueshifted absorptions

reaching flux values below 99% of the continuum level (i.e.,
depth>1%; top panel in Figure 1). Given the quality of our data,
we estimate that this is a secure threshold to infer the presence of
P-Cyg absorption. Hα also shows wind-related features in five of
the six epochs (see below). We will refer to the velocity of the
blue edge of the P-Cyg absorption component as the wind
terminal velocity (Vt). Following MD16, we estimateVt by fitting
a two-Gaussian model to the data (one in absorption and one in
emission) with Vt corresponding to the velocity at 0.1 of the
maximum depth of the (fitted) absorption. We find that, although
the absorptions are not typically fully Gaussian, this method
provides a good description of the depth of the profile and the
velocity of the blue edge. During the outburst rise, we measure
Vt=1206±13 km s−1 when fitting simultaneously the three
GTC observations (#3, #7 and #11), while the individual fits
(that includes #2, taken with the VLT) provide consistent (but
less constraining) results. Therefore, we take Vt∼1200 km s−1

as the wind velocity during this stage (dashed–dotted, vertical
lines in Figure 1). We note that blueshifted absorptions with the
same Vt are sometimes detected in Hα and the weaker
He I6678Å(middle panel in Figure 2). Likewise, we measureVt
=1820±60 km s−1 by fitting observations#33 and#34, and
take Vt∼1800 km s−1 as the wind velocity during the outburst
decay (dotted vertical lines in Figures 1 and 2). This velocity is
significantly larger than that inferred from P-Cyg absorptions
during the outburst rise.
Unfortunately, we do not have He I–5876 coverage during

epoch #1. However, Hα is very asymmetric toward the red (not
shown) and by comparing it with epoch #2 (Figure 2, top panel)
taken only 17hr apart, we notice that the latter is just an evolution

Figure 2. Evolution of Hα. The top panel shows the best examples for
asymmetric lines (black, red) and broad emission line wings (green). The
middle panel displays epoch #7, where P-Cyg profiles (He I-6678) and broad
wings (Hα) are detected. Hα also shows an absorption trough with a blue edge
velocity of ∼−1200 km s−1. The two Vt inferred from P-Cyg profiles (He I-
5876) at different stages of the outburst (dotted and dashed–dotted lines
at ±1800 and −1200 km s−1) align very closely with the velocities of the Hα
wind features. The dashed–dotted line on the right corresponds to
−1200 km s−1 with respect to He I-6678. Yellow shading indicates regions
contaminated by interstellar absorption. Bottom panel: Hα wings diagram.
Epochs (note associated numbers) beyond the 5σ contour (dashed line) show
conspicuous emission line wings. None of the soft-state data points (red dots) is
located beyond the 3σ gray-shadowed area. The left regions of the diagram are
forbidden for typical wind features (yellow shading).

15 Count-rate ratio between 4–10 keV and 2–4 keV.
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whole data set with the exception of He I–5876, which is absent
in the (four) Keck and TNG epochs. Every spectral region was
carefully normalized in each of the 37 average spectra by fitting
the adjacent continuum with a first-order polynomial. This

resulted in accurate continuum normalizations that were
individually inspected.
In addition, we used data from MAXI to infer the X-ray

state at the time of each epoch (see Table 1). We built the
hardness-intensity diagram (Homan et al. 2001) using MAXI
standard bands and daily averaged fluxes (Figure 3). As was
shown by Shidatsu et al. (2019), the system displayed the
q-shaped diagram typically observed in BH transients (e.g.,
McClintock & Remillard 2006; Belloni et al. 2011 for
reviews). Our spectroscopic observations cover in great detail
the evolution of the system throughout both the hard and soft
X-ray states. We define hard and soft spectroscopic epochs as
those with X-ray colors15 higher and lower than 0.4,
respectively. As a proxy for the luminosity (i.e., intensity) we
used the 2–20 keV MAXI count-rate, but note that a significant
amount of the total flux is expected to be below 2 keV during
the soft state.

3.1. P-Cygni Profiles

The detection of a P-Cyg profile, first observed in Wolf–
Rayet stars (Beals 1929), is conclusive evidence for the
presence of an outflow. In compact binaries, however, strong
emission line components are naturally produced in their
accretion disks (Smak 1969), leaving the blueshifted absorption
of the P-Cyg profile as the only unaltered and unambiguous
wind signature. Therefore, we have searched for blueshifted
absorptions in all our 37 epochs. We initially focused on He I–
5876 and subsequently extended the search to the Hα region
(see Table 1 for a summary).
Six epochs exhibit broad He I–5876 blueshifted absorptions

reaching flux values below 99% of the continuum level (i.e.,
depth>1%; top panel in Figure 1). Given the quality of our data,
we estimate that this is a secure threshold to infer the presence of
P-Cyg absorption. Hα also shows wind-related features in five of
the six epochs (see below). We will refer to the velocity of the
blue edge of the P-Cyg absorption component as the wind
terminal velocity (Vt). Following MD16, we estimateVt by fitting
a two-Gaussian model to the data (one in absorption and one in
emission) with Vt corresponding to the velocity at 0.1 of the
maximum depth of the (fitted) absorption. We find that, although
the absorptions are not typically fully Gaussian, this method
provides a good description of the depth of the profile and the
velocity of the blue edge. During the outburst rise, we measure
Vt=1206±13 km s−1 when fitting simultaneously the three
GTC observations (#3, #7 and #11), while the individual fits
(that includes #2, taken with the VLT) provide consistent (but
less constraining) results. Therefore, we take Vt∼1200 km s−1

as the wind velocity during this stage (dashed–dotted, vertical
lines in Figure 1). We note that blueshifted absorptions with the
same Vt are sometimes detected in Hα and the weaker
He I6678Å(middle panel in Figure 2). Likewise, we measureVt
=1820±60 km s−1 by fitting observations#33 and#34, and
take Vt∼1800 km s−1 as the wind velocity during the outburst
decay (dotted vertical lines in Figures 1 and 2). This velocity is
significantly larger than that inferred from P-Cyg absorptions
during the outburst rise.
Unfortunately, we do not have He I–5876 coverage during

epoch #1. However, Hα is very asymmetric toward the red (not
shown) and by comparing it with epoch #2 (Figure 2, top panel)
taken only 17hr apart, we notice that the latter is just an evolution

Figure 2. Evolution of Hα. The top panel shows the best examples for
asymmetric lines (black, red) and broad emission line wings (green). The
middle panel displays epoch #7, where P-Cyg profiles (He I-6678) and broad
wings (Hα) are detected. Hα also shows an absorption trough with a blue edge
velocity of ∼−1200 km s−1. The two Vt inferred from P-Cyg profiles (He I-
5876) at different stages of the outburst (dotted and dashed–dotted lines
at ±1800 and −1200 km s−1) align very closely with the velocities of the Hα
wind features. The dashed–dotted line on the right corresponds to
−1200 km s−1 with respect to He I-6678. Yellow shading indicates regions
contaminated by interstellar absorption. Bottom panel: Hα wings diagram.
Epochs (note associated numbers) beyond the 5σ contour (dashed line) show
conspicuous emission line wings. None of the soft-state data points (red dots) is
located beyond the 3σ gray-shadowed area. The left regions of the diagram are
forbidden for typical wind features (yellow shading).

15 Count-rate ratio between 4–10 keV and 2–4 keV.
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Fig. 3. Detailed comparison of some of the emission lines presented in Fig. 2. The characteristic wind velocities (from MD19) are marked as dashed
(±1200 km s�1) and dash-dotted (±1800 km s�1) vertical lines. The colour code reflects the di↵erent X-ray states as in Fig. 2. The Na interstellar
doublet in the red wing of He i–5876 is shaded. Top left panel: Pa� (epoch 1) and Pa� (epochs 3 and 4) during the rising phase of the outburst.
Blue-shifted absorption troughs with a blue-edge velocity of ⇠1200 km s�1 are visible. These are compared with the He i–5876 P Cyg profile from
epoch 1. Top right panel: two soft-state epochs (4 and 5) of Pa� against the He i–5876 P Cyg profile from epoch 1. Bottom left panel: Pa� and Br�
from epoch 4 showing clear di↵erences in the blue part of the line up to ⇠200 km s�1. Bottom right panel: He i–5876 (epoch 8) showing a P Cyg
profile with a terminal velocity of ⇠1800 km s�1. Pa� (also epoch 8) displays a double-peaked profile whose blue wing reaches higher velocities
(⇠1800 km s�1) than the red wing. The flux scale in this panel is di↵erent from that of the previous panels.

reaches ⇠1800 km s�1. This extended wing also shows a hint of
an absorption trough (see below) with a similar blue-edge veloc-
ity as that of the He i–5876 P Cyg profile (i.e. ⇠1200 km s�1; see
the top left panel in Fig. 3).

Epochs 2 and 3 were both taken at the hard-state peak with a
separation of just two days. The former is characterised by rela-
tively flat-top profiles in both the optical and NIR transitions, and
H↵ shows an extended red-wing component (see also MD19).
Two days later (epoch 3), the system displayed a remarkable
optical-NIR spectrum. H↵ (and He i–10 830) shows an underly-
ing broad component that extends up to ±1800 km s�1. This was
also detected by Gran Telescopio Canarias (GTC) observations
performed 25 h before (see Fig. 2 in MD19). The broad underly-
ing component is also present in the NIR transitions. In addition,
the Paschen lines show an absorption trough with a blue-edge
velocity of ⇠1200 km s�1 (dashed line in Fig. 2; see also the top

left panel in Fig. 3). This was also present in the H↵ line profile
observed by GTC the night before, when a P Cyg profile indi-
cating the same wind terminal velocity was present in He i–5876
and He i–6678 (see Figs. 1 and 2 in MD19). Thus, we interpret
the absorption troughs witnessed in the Paschen lines as NIR
signatures of the accretion disc wind that is detected at optical
wavelengths.

3.2. Soft-state NIR winds

Epoch 4 corresponds to the most luminous phase of the soft state,
while epoch 5 (56 days later; see Table 1) was taken at lower
luminosity and close to the soft-to-hard transition. As reported
in MD19, the optical wind features detected during the hard state
are not present in these observations. However, some of the NIR
signatures remain. In particular, Pa� and Pa� show remarkable
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(toward more asymmetry) of the former. On the other hand, epoch
#12 shows a shallow absorption in He I–5876 (∼1%), while Hα
is asymmetric, has broad emission line wings and an absorption
trough compatible with Vt∼1000–1200 km s−1 (Figure 2, top
panel). Including these two epochs (#1 and #12), we conclude
that eight epochs showed P-Cyg features.

Finally, three consecutive epochs (#4, #5 and #6) show a
broad emission line wing in He I–5876 (red solid line Figure 1
top panel) reaching ∼1200 km s−1, hence very similar to Vt
measured from P-Cyg absorptions before and after these
epochs. This behavior has been also witnessed in V404 Cyg
(Mata Sánchez et al. 2018) and we interpret these features as
wind detections. The remaining epochs, including every soft-
state observation (Figure 1, middle panel), do not show wind
signatures in He I–5876 (nor in Hα; see below). A possible
exception might be #19, the first soft-state observation, which
shows relatively complex and weak blueshifted absorptions
(middle panel in Figure 1). Also, we do not detect P-Cyg
absorptions during the last three epochs, when the system

decayed through the faint hard state below the MAXI detection
limit.

3.2. The Hα Spectral Region

Several epochs show broad Hα wings, as well as strong line
asymmetries (top panel in Figure 2). Interestingly, the wings
extend up to velocities that are remarkably consistent with
those derived from the P-Cyg profiles observed months later,
during the decay of the outburst (i.e., Vt∼1800 km s−1;
dotted, vertical lines in Figures 1 and 2). Hence, they exceed
Vt ∼1200 km s−1 measured from He I–5876 in the very same
observations. This behavior is clearly exemplified by epoch #7
(hard-state peak). It shows, in addition to a P-Cyg profile in
He I–5876 (Vt∼1200 km s−1 ; Figure 1), strong emission line
wings in Hα (reaching ∼1800 km s−1) and a superimposed
absorption trough with a blue edge velocity of −1200 km s−1.
A (regular) P-Cyg profile in He I6678Å at Vt∼1200 km s−1

is also present (middle panel in Figure 2).
The strength of Hα and our data’s high signal-to-noise

allow for a systematic search of wind features using the
diagnostic diagram developed in Mata Sánchez et al. (2018)
for V404Cyg. To this end, we performed a Gaussian fit to
the line profile that was subsequently subtracted from the
data. We masked the innermost part of the line (−300 to
300 km s−1 in velocity scale), which can be affected by the
double-peak and other line core asymmetries, as well as the
emission line wings that we are trying to detect (±1000
to±2000 km s−1). In the bottom panel of Figure 2 we plot
the equivalent width (EW) of residuals in the blue (−1800 to
−1000 km s−1) and red (1000 to 1800 km s−1) emission line
wings.16 Significance levels are computed by measuring the
EW of the continuum within masks of the same width (i.e.,
800 km s−1) in nearby continuum regions. These continuum
residuals show a Gaussian-like distribution (with mean equal to
∼0) when considering the full sample of spectra. This is used to
trace significance contours in Figure 2. The nine epochs with
residuals exceeding the 3σ level are hereafter quoted as wind
detections (Table 1). They all correspond to hard-state epochs.
We note that both the Gaussian fits and the associated residuals
were individually inspected, with the most conspicuous cases
of broad wings always sitting beyond the 5σ contour. One
epoch (#3) sits on the P-Cyg area of the diagram owing to an
excess of redshifted emission and lack of blueshifted flux. We
consider this an Hα wind detection, although it does not show
the standard P-Cyg shape detected in He I–5876 (Figure 1).

4. Discussion

We have presented an optical spectroscopic campaign that is
one of the most intensive and sensitive ever carried out on a BH
transient in outburst. We have detected wind signatures in the
form of P-Cyg profiles and broad emission line wings in
several observing epochs during the hard states of the outburst
of J1820+070. Such features have been observed before in the
BH transients V404 Cyg and V4641 Sgr, although they
undergo non-standard outbursts, when only the X-ray hard
state, accompanied by strong radio flaring and high X-ray
absorption is observed. J1820+070, on the other hand,
displayed a standard outburst, showing both hard and soft
states across the 8 months spanned by our observations

Figure 3. Wind detections as a function of the X-ray outburst evolution. Top
panel: hardness-intensity diagram from the MAXI (black dots; daily average
light curve). Simultaneous (within 0.5 day) optical observations are marked
according to wind signatures and telescope (see the legend). Bottom panel:
corresponding MAXI X-ray light curve. Gray points at very low flux (day
∼100) are corrupted and only included to indicate the TNG epoch times. The
hard-state peak, when the most conspicuous wind signatures are witnessed, is
indicated by blue rectangles.

16 The masks were shifted by±200 km s−1 for the last five epochs to account
for the increasing breadth of the line during the decay.
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(toward more asymmetry) of the former. On the other hand, epoch
#12 shows a shallow absorption in He I–5876 (∼1%), while Hα
is asymmetric, has broad emission line wings and an absorption
trough compatible with Vt∼1000–1200 km s−1 (Figure 2, top
panel). Including these two epochs (#1 and #12), we conclude
that eight epochs showed P-Cyg features.

Finally, three consecutive epochs (#4, #5 and #6) show a
broad emission line wing in He I–5876 (red solid line Figure 1
top panel) reaching ∼1200 km s−1, hence very similar to Vt
measured from P-Cyg absorptions before and after these
epochs. This behavior has been also witnessed in V404 Cyg
(Mata Sánchez et al. 2018) and we interpret these features as
wind detections. The remaining epochs, including every soft-
state observation (Figure 1, middle panel), do not show wind
signatures in He I–5876 (nor in Hα; see below). A possible
exception might be #19, the first soft-state observation, which
shows relatively complex and weak blueshifted absorptions
(middle panel in Figure 1). Also, we do not detect P-Cyg
absorptions during the last three epochs, when the system

decayed through the faint hard state below the MAXI detection
limit.

3.2. The Hα Spectral Region

Several epochs show broad Hα wings, as well as strong line
asymmetries (top panel in Figure 2). Interestingly, the wings
extend up to velocities that are remarkably consistent with
those derived from the P-Cyg profiles observed months later,
during the decay of the outburst (i.e., Vt∼1800 km s−1;
dotted, vertical lines in Figures 1 and 2). Hence, they exceed
Vt ∼1200 km s−1 measured from He I–5876 in the very same
observations. This behavior is clearly exemplified by epoch #7
(hard-state peak). It shows, in addition to a P-Cyg profile in
He I–5876 (Vt∼1200 km s−1 ; Figure 1), strong emission line
wings in Hα (reaching ∼1800 km s−1) and a superimposed
absorption trough with a blue edge velocity of −1200 km s−1.
A (regular) P-Cyg profile in He I6678Å at Vt∼1200 km s−1

is also present (middle panel in Figure 2).
The strength of Hα and our data’s high signal-to-noise

allow for a systematic search of wind features using the
diagnostic diagram developed in Mata Sánchez et al. (2018)
for V404Cyg. To this end, we performed a Gaussian fit to
the line profile that was subsequently subtracted from the
data. We masked the innermost part of the line (−300 to
300 km s−1 in velocity scale), which can be affected by the
double-peak and other line core asymmetries, as well as the
emission line wings that we are trying to detect (±1000
to±2000 km s−1). In the bottom panel of Figure 2 we plot
the equivalent width (EW) of residuals in the blue (−1800 to
−1000 km s−1) and red (1000 to 1800 km s−1) emission line
wings.16 Significance levels are computed by measuring the
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detections (Table 1). They all correspond to hard-state epochs.
We note that both the Gaussian fits and the associated residuals
were individually inspected, with the most conspicuous cases
of broad wings always sitting beyond the 5σ contour. One
epoch (#3) sits on the P-Cyg area of the diagram owing to an
excess of redshifted emission and lack of blueshifted flux. We
consider this an Hα wind detection, although it does not show
the standard P-Cyg shape detected in He I–5876 (Figure 1).

4. Discussion
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one of the most intensive and sensitive ever carried out on a BH
transient in outburst. We have detected wind signatures in the
form of P-Cyg profiles and broad emission line wings in
several observing epochs during the hard states of the outburst
of J1820+070. Such features have been observed before in the
BH transients V404 Cyg and V4641 Sgr, although they
undergo non-standard outbursts, when only the X-ray hard
state, accompanied by strong radio flaring and high X-ray
absorption is observed. J1820+070, on the other hand,
displayed a standard outburst, showing both hard and soft
states across the 8 months spanned by our observations

Figure 3. Wind detections as a function of the X-ray outburst evolution. Top
panel: hardness-intensity diagram from the MAXI (black dots; daily average
light curve). Simultaneous (within 0.5 day) optical observations are marked
according to wind signatures and telescope (see the legend). Bottom panel:
corresponding MAXI X-ray light curve. Gray points at very low flux (day
∼100) are corrupted and only included to indicate the TNG epoch times. The
hard-state peak, when the most conspicuous wind signatures are witnessed, is
indicated by blue rectangles.

16 The masks were shifted by±200 km s−1 for the last five epochs to account
for the increasing breadth of the line during the decay.
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Quasi-periodic oscillations
Anti-correlation between total 
fractional rms and νchar ➜  
QPOs are of type-C


QPOs of 3rd and 4th outburst 
show a flat correlation at ∼43% 
rms 

● 1st ob & rise 
◼	 decay	 2nd	 ob	 
▼ (▲) uh decay (rise) 

★ add. comp. 
◆3rd	 ob	 
+	 x	 4th	 ob	 uh

Figure 6. Examples of PDS for three Swift/XRT observations, taken during brightening of the outburst. PDS of corresponding NICER observations are also shown. In
addition, two NICER PDS obtained on day 116 and day 215 are shown.
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QPO frequencies
Most NICER observations between day 10 and 116 show a QPO and an upper 
harmonic with frequency increasing from 0.03 to 1.57 Hz and Q ∼ 3 – 10

Stiele & Kong 2020

Fig. 6.— Evolution of the characteristic frequency
of the fundamental QPO (red circles) and its upper-
harmonic (blue triangles) derived from NICER data.
Open symbols indicate QPOs with a detection signifi-
cance below 3�.

Fig. 7.— Correlation of the total fractional rms vari-
ability with the characteristic QPO frequency, derived
from NICER data. Circles indicate observations taken
during the first outburst and the rise of the second out-
burst, while squares indicate observations taken dur-
ing the decay of the second outburst (open symbols in-
dicate QPOs with a detection significance below 3�).
For observations in which more than one QPO is de-
tected up-pointing (down-pointing) triangles indicate
QPOs at the higher frequency (including upper har-
monics) in observations taken during outburst rise (de-
cay). In some observations taken during outburst rise
(before day 117) two Lorentizans are need to fit the
QPO at higher frequency. If this is the case, green stars
indicate this additional feature. Observations taken
during the third outburst (after day 330) are indicated
using a diamond shape. The + indicates the QPO at
13.7 Hz found in the observation at the peak of the
third outburst.
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QPO frequencies in other systems

Outbursts of GX 339–4, 
H1743–322, and XTE J1650–
500


Many QPOs detecte d at 
frequencies above 1 Hz

Stiele et al. 2013

Timing-spectral relations of X-ray binaries 2659

Figure 4. !-QPO (left-hand column) and SF-QPO (right-hand column) correlations for GX 339−4 (upper row), XTE J1650−500 (middle row) and H1743−322
(lower row). Open symbols denote observations belonging to the rise branch of an outburst, while filled symbols mark observations of the decay branch. If a
source has been detected during more than one outburst, the individual outbursts are marked with different symbols. Observations for which we obtained only
a lower limit of the scattered fraction are marked by arrows.

consists of all observations of XTE J1650−500 and of most obser-
vations of H1743−322. The lower track contains the observations of
GX 339−4. Only, the 2003 outburst of H1743−322 starts at ∼7 Hz
on the correlation of GX 339−4 leaves it and reaches the upper
track spanned by the other observations of H1743−322.

4 D ISCUSSION

We studied for the BHTs GX 339−4, H1743−322 and
XTE J1650−500 the correlation between the QPO centroid fre-

quency and two spectral parameters: the photon index and the frac-
tion of up-scattered photons. The correlations presented in this work
agree qualitatively with the ones that can be derived from the values
given in table 2 of Shaposhnikov & Titarchuk (2009). This means
that the anticorrelation in the SF–QPO relation and the positive cor-
relation in the !–QPO relation are model independent. We note that
the photon indices in the present work are slightly higher than those
derived with the BMC model. This has to be expected, as we included
a reflection component in our spectral model. Vignarca et al. (2003)
investigated the correlation between QPO frequency and photon
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Discussion
Four outbursts monitored by Swift/XRT and NICER in 2018 and 2019


HID shows typical q-shape observed in black hole X-ray binaries; 1st 
outburst in hard state, 2nd transition to soft state, 3rd + 4th hard state 
only


Many observations during outburst rise show QPOs. Frequency range, Q 
factors and anti-correlation between rms and νchar ➜ type-C QPOs


Apart from last two NICER observations before the soft state νchar 
below 1 Hz 


Observations of type-C QPOs below 1 Hz during large parts of an 
outburst is exceptional.


Low νchar during large parts of the outburst ➜ source remains in a 
configuration close to the one typically seen at the beginning of an outburst, 
when the accretion efficiency is still low
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Discussion II
!

In Lense-Thirring precession model (Stella & Vietri 1998, ApJ, 492, L59; 
Ingram et al. 2009, MNRAS, 397, L101) low QPO frequencies correspond to an 
accretion disc truncated at several Rg


Low QPO frequencies imply disc truncated far away from the black hole and 
not much evolution of the truncation radius during outburst


Consistent with results of Kara et al. (2019, Nature, 565, 198) based on X-ray 
reverberation lags


Detection of a disc wind in the optical, IR during the hard state (Muñoz-
Darias et al. 2019, ApJ, 879, L4) thanks to the detection of P-Cyg profiles, 
broad line wings, and strong line asymmetries


Presence of disc wind in the hard state can be an explanation why MAXI 
J1820+070 remained in a state of low accretion efficiency as it 
hampered the formation of a stable accretion regime
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V404 Cygni

QPOs at νchar below 1 Hz observed in X-ray observations (Swift/XRT 
and Chandra) of the 2015 outburst of V404 Cyg

Huppenkothen et al. 2017
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TABLE 3
OVERVIEW OF THE QPO DETECTIONS

MJD Instrument QPO frequency q-factor QPO fractional
rms amplitude

p-valuea �BIC

57195.47033 Swift /XRT 18mHz ⇠ 4.5 0.18± 0.02 0.02

57195.47033 Fermi /GBM 18mHz ⇠ 4.5 0.03± 0.01 0.02

57195.66909 Chandra/ACIS 73mHz ⇠ 6.0 0.27± 0.03 9.97

57195.66909 Chandra/ACIS 1.03Hz 9.0 0.46± 0.02 29.79

57195.47244 Swift /XRT 136mHz ⇠ 5.8 0.08± 0.02 1.9⇥ 10�3

a Posterior predictive p-value for a single QPO detection, as described in the text.

(2016). We find no signal in observation 00031403038, and
an excess of power in 00644520000, though at 2.01Hz rather
than 1.8Hz. Since the trial-corrected p-value of this excess is
merely p = 0.025 and there is no confirmation from another
instrument, we are disinclined to claim this as a detection.

No credible QPO detections are made in either data sets
from INTEGRAL nor in the NuSTAR data. In particular, we
do not reproduce the QPO reported in Prosvetov & Grebenev
(2015) in the INTEGRAL /IBIS data. This QPO is due to the
fact that the instrument telemetry restart is synchronized with
an 8 second frame, leading to a signal at ⇠ 0.125Hz. The data
preparation described in Section 2 automatically corrects for
this effect, thus our data are unaffected.

In Figure 7, we show an overview of the fractional rms
amplitudes of all detected QPOs as well as sensitivities at the
relevant frequencies for observations with no detection. Since
the long observations made with Chandra and NuSTAR are
highly variable and contain strong flaring episodes, we first
compute segments of 256 s duration and compute the variance
in each segment. We then compute the median variance from
all segments, and exclude all segments where the variance
exceeds five times the median variance: �2

seg

� 5�2

median

.
This ensures that segments with strong flaring are excluded
from the analysis. We then derive sensitivities from averaged
periodograms of the remaining segments.

Particularly the two QPOs in Chandra are detected at a high
fractional rms amplitude and with high fidelity. At the same
time, sensitivities in the remainder of the outburst that are
lower by a factor of about 5 in both Swift /XRT, operating at
the same energy range, and at higher energies in Fermi /GBM
indicate that the signal is either not present during the whole
outburst, or very weak outside the observed Chandra interval.
The single upper limit derived from a long, high signal-to-noise
NuSTAR observation strengthens this conclusion. Similarly,
the tentative detection at 136mHz, seen only in Swift /XRT,
seems to be transient as well.

There are some observations with Swift very early as well
as very late in the outburst that do not provide the sufficient
statistics to exclude a presence of a QPO at the same frequency.
However, the data between 2015-06-21 and 2015-06-29 are
adequately constraining to conclude the signal must be short-
lived or have a highly variable amplitude.

The situation is less straightforward for the lowest-frequency
QPO at 18mHz. Here, the short cadence of the Swift /XRT
observations makes it hard to derive constraining sensitivities
on a frequency this low. There seem to be at least parts of the
outburst where either the QPO must vanish or its fractional
rms amplitude fall below 0.1 in the lower energy band covered
by Swift.

4.2. Broadband Variability

In order to characterize the broadband variability in the long
observations taken with Chandra, INTEGRAL and NuSTAR,
we first excluded the flaring episodes as described in Section
4.1 by dividing the original light curve into segments of 128 s
duration and excluding all segments for which the variance ex-
ceeds five times the median variance over all light curves. We
then computed an averaged periodogram over the remaining
segments for each instrument.

While the broadband variability in all observations with
Swift /XRT and Fermi /GBM is adequately modelled with a
broken power law, the Chandra observations require additional
components (see Figure 8 for the light curve and Figure 9 for
the averaged periodogram). Aside from the two QPOs in spe-
cific parts of observation 17696, the averaged spectrum from
all available Chandra light curves can be well-modelled with
a mixture of three Lorentzian components (denoted below as
low-, mid- and high-frequency components) and a constant for
the high-frequency noise. The first (zero-centered) Lorentzian
component models the very lowest-frequency (band-limited)
noise, whereas the second and third Lorentzian are required to
account for structure at higher frequencies.

Of particular interest is the strong variability component
between 0.1 and 1.0Hz, modeled by the mid-frequency
Lorentzian with a centroid frequency of ⌫

0

= 0.24 ± 0.01Hz
and a HWHM of �⌫ = 0.12Hz, just at the lower edge be-
tween being formally called a QPO versus broadband noise,
but nevertheless clearly a visible peak in the power spectrum
(see Figure 9). The high-frequency component, for compari-
son, has a centroid frequency of 0.51± 0.08Hz and a HWHM
of �⌫ = 4.35Hz.

A similar MAP fit of the averaged periodogram of the INTE-
GRAL /JEM-X data reveals that the same number of Lorentzian
components is strongly favoured over a model with fewer
components (�BIC = 40.17 in favour of the more complex
model), however, the Lorentzians are much broader and flatter
in the latter data set, leading to a much smoother power spec-
trum. Additionally, the peak frequencies of the mid- and high-
frequency Lorentzians are lower than for the Chandra observa-
tions: ⌫

0

= 0.011 ± 0.007Hz (HWHM: �⌫ = 0.06Hz) and
⌫
0

= 0.16 ± 0.11Hz (HWHM: �⌫ = 0.85) respectively, and
less well constrained in general, though the difference in the
centroid frequencies between Chandra and INTEGRAL /JEM-
X are significant. The INTEGRAL /IBIS data requires only
two components at the lowest frequencies, indicating that there
is less variability at higher energies. Note that because of the
non-trivial statistical properties of the INTEGRAL data, con-
clusions derived from averaged periodograms should be taken
with a grain of salt. The cospectrum averaging all non-flaring
NuSTAR light curves from observation 90102007002 is very
smooth, modelled adequately by two Lorentzian components
which both extend over more than an order of magnitude in
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Summary
MAXI J1820+070, one of the brightest black hole transient ever observed, 
showed four outbursts in 2018 and 2019: a double outburst and two hard-
state-only (reflares) 


Observations of type-C QPOs below 1 Hz during large parts of the outburst


Source remains during large parts of its outburst in a configuration close to 
the one typically seen at the beginning of an outburst, when the accretion 
efficiency is still low


Presence of disc wind in the hard state (detected in the optical and IR; 
Muñoz-Darias et al. 2019) can be an explanation why MAXI J1820+070 
remained in a state of low accretion efficiency as it hampered the formation of 
a stable accretion regime

type-C QPOs 
with νchar ≾1 Hz 

cold disc winds
?
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