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ABSTRACT

The 2024 X-ray/UV observation campaign of NGC 3783, led by XRISM, revealed the launch of an ultrafast outflow (UFO) with a
radial velocity of 0.19¢ (57 000 kms™!). This event is synchronized with the sharp decay, within less than half a day, of a prominent
soft X-ray/UV flare. Accounting for the look-elsewhere effect, the XRISM Resolve data alone indicate a low probability of 2 x 1073
that this UFO detection is due to random chance. The UFO features narrow H-like and He-like Fe lines with a velocity dispersion
of ~1000km s~!, suggesting that it originates from a dense clump. Beyond this primary detection, there are hints of weaker outflow
signatures throughout the rise and fall phases of the soft flare. Their velocities increase from 0.05¢ to 0.3¢ over approximately three
days, and they may be associated with a larger stream in which the clump is embedded. The radiation pressure is insufficient to
drive the acceleration of this rapidly evolving outflow. The observed evolution of the outflow kinematics instead closely resembles
that of solar coronal mass ejections, implying magnetic driving and, conceivably, reconnection near the accretion disk as the likely
mechanisms behind both the UFO launch and the associated soft flare.

Key words. techniques: spectroscopic — galaxies: active — galaxies: Seyfert — X-rays: galaxies — X-rays: individuals: NGC 3783

1. Introduction

Powerful, highly ionized winds with velocities of 0.1-0.3 times
the speed of light and substantial column densities (Ng ~
102> cm™2) have been detected in the X-ray and UV spectra
of luminous active galactic nuclei (AGNs; Pounds et al. 2003;
Reeves et al. 2003; Tombesi et al. 2010; King & Pounds 2015;
Nardini et al. 2015; Xrism Collaboration 2025). These so-called
ultrafast outflows (UFOs) are primarily identified as highly
blueshifted absorption lines in the X-ray spectra of quasars, and
some studies indicate their presence in Seyfert galaxies as well

* Corresponding author: 1.gu@sron.nl

(Pounds & Vaughan 2011; Tombesi et al. 2013). With kinetic
energies reaching up to 10* ergs™!, UFOs may be the drivers
of AGN feedback, a process in which the central supermas-
sive black hole transfers energy to its host galaxy on a large
scale. Research suggests that outflows with mechanical energies
exceeding 0.5-5% of the bolometric luminosity have the poten-
tial to expel gas and dust from the host galaxy, thereby suppress-
ing star formation and explaining the observed M—o relation
(Hopkins & Elvis 2010; Fabian 2012; King & Pounds 2015).
To better understand this feedback mechanism, it is crucial to
observationally constrain the momentum and energy of UFOs
and link these to larger-scale molecular outflows on kiloparsec
scales.
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Despite the increasing number of detections of X-ray
UFOs, their geometry and formation mechanisms remain
poorly understood. Plausible launching mechanisms include
thermal driving (Begelman et al. 1983; Balsara & Krolik 1993;
Chelouche & Netzer 2005), radiation driving (Ohsuga et al.
2009; Hagino et al. 2015; Ishibashi et al. 2018), magnetic driv-
ing (Fukumura et al. 2010, 2017), or a combination thereof. In
many sub-Eddington sources with UFOs, the opacity is insuffi-
cient for radiative acceleration due to the high ionization state of
the outflowing material. Magnetohydrodynamic (MHD) winds
there offer a natural explanation for the high velocities of highly
ionized material that does not involve line driving. An ultimate,
comprehensive understanding of UFO launches and accelera-
tion necessitates a systematic study of their properties (ioniza-
tion, velocity, and energetics) in relation to fundamental AGN
properties like luminosity, accretion rate, and black hole mass
(Tombesi et al. 2012). High-resolution X-ray spectroscopy sur-
veys of a broad sample of UFOs are essential for such an analy-
sis.

Before such a comprehensive sample can be assembled, it is
essential to determine other properties of UFOs. The equivalent
widths and velocities of UFOs vary significantly on timescales
down to hours. These variations can arise from the response of
the wind to luminosity changes, or be intrinsic to the launch-
ing mechanism itself. The most useful observation would be
of a newly formed UFO following an intrinsic change in the
accretion structure. Utilizing XMM-Newton European Photon
Imaging Camera (EPIC) data, Gallo et al. (2019) presented an
intriguing case in Markarian 335, where a potential UFO with
a velocity of 0.12¢ appeared after a flare event triggered by a
structural change in the corona. The flare increased the radia-
tion pressure by a factor of 5, which is potentially sufficient to
launch the outflow. However, the limited spectral resolution with
the CCD instruments and the transient nature of such events have
generally hampered high-confidence UFO detections in this and
the many other attempts made so far.

High-resolution X-ray spectroscopy provided by Resolve
(Ishisaki et al. 2025; Kelley 2025) on board XRISM
(Tashiro et al. 2025) represents a significant advance for
studying UFOs. The micro-calorimeter can fully resolve Fe
K-shell transitions in the energy band of interest, revealing the
velocity and ionization structures of the outflows. Furthermore,
time-resolved spectroscopy will allow the characterization of
how UFOs respond to variations in the primary emission com-
ponents of the AGN. Recent observations of the persistent UFO
in PDS 456 revealed an absorption line profile with multiple
narrow components, indicating clumpiness within a spherically
outflowing wind (Xrism Collaboration 2025). In addition, a
potential detection of time-varying UFOs in NGC 4151 has
been reported by Xiang et al. (2025) using the Resolve data.

In this work we explore the presence of UFOs in NGC 3783
by utilizing a recent observation campaign involving XRISM.
NGC 3783 is a Seyfert 1 galaxy that hosts an AGN pow-
ered by a black hole of mass 2.8 x 10" M, (Bentz et al. 2021)
and an Eddington accretion rate of 0.07 (Summons et al. 2007).
This AGN is well known for its prominent, semi-stable warm
absorber outflows, characterized by narrow absorption lines
with column densities of up to 10> cm™2 and outflow veloci-
ties typically in the range 500—1500kms~! (Kaspi et al. 2001,
2002; Behar et al. 2003; Mehdipour et al. 2017; Mao et al. 2019;
Gu et al. 2023). Obscuring outflows with higher column densi-
ties (up to 10% cm™2) and faster velocities (around 2000 kms™")
have also occasionally been detected. The search for even faster
outflows has led to mixed conclusions (Igo et al. 2020), as X-ray
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instruments prior to Resolve lacked the energy resolution and
sensitivity to reliably detect absorption lines above 7 keV, espe-
cially those that vary on timescales shorter than a day.

This paper is arranged as follows. In Sect. 2 we describe
the 2024 observational campaign and the search for UFOs. The
properties of the possible outflows are discussed in Sect. 3 and
summarized in Sect. 4. Throughout the paper, the errors are
given at a 68% confidence level.

2. Data analysis and results
2.1. 2024 campaign

A 10-day observing campaign targeting NGC 3783 was carried
out in late July 2024, led by XRISM, the new JAXA/NASA/ESA
X-ray mission launched in September 2023. XRISM carries
two primary instruments: the Resolve X-ray microcalorime-
ter spectrometer, offering an unprecedented energy resolution
of 4.5eV at 6keV, and Xtend (Nodaetal. 2025), an X-ray
CCD imager that, while having lower energy resolution, pro-
vides better photon-collecting efficiency. Additional instruments
participating in the coordinated campaign include the Reflec-
tion Grating Spectrometer (RGS), EPIC MOS and pn on board
XMM-Newton, the High Energy Transmission Grating Spec-
trometer (HETGS) on Chandra, as well as NuSTAR, Swift,
NICER, and the Cosmic Origins Spectrograph (COS) on board
the Hubble Space Telescope. In this study, we mainly utilized
data from XRISM, XMM-Newton, and NuSTAR.

Data reduction was performed using standard pipelines
and procedures, in accordance with the cross-calibration paper
(XRISM Collaboration 2025, Paper II) for this campaign.
Details are not included here. The above paper also provides
effective area correction factors for cross-calibration between
XRISM, XMM-Newton, and NuSTAR, which have been applied
in the current analysis.

Apart from Paper II of the series addressing cross-calibration
issues from the 2024 observational campaign, the emission and
absorption features of the time-averaged Resolve spectrum were
reported in Paper I (Mehdipour et al. 2025). That work provided
a detailed characterization of the quasi-steady, highly ionized
outflows in NGC 3783. A total of six outflow components were
resolved, including five typical warm absorbers with velocities
ranging from 500 to 1200kms~!, while the sixth component
features a broad absorption dip with an outflowing velocity of
14300kms™! (0.05¢). Building on these existing results, this
paper performs a search for time-variable, fast outflows using
time-resolved spectra.

2.2. Soft X-ray flare

The Xtend light curves in the 0.3-0.6keV and 3.0-6.0keV
energy bands were extracted to track changes in the soft and
hard X-ray continua. These energy bands are selected to avoid
known major emission and absorption features, such as the Fe
unresolved transition array, Fe L-shell transitions, and the neu-
tral Fe Ka line. The X-ray light curves shown in Fig. 1 display
a series of significant variability patterns during this campaign.
Over the ten days, the X-ray flux increases by about 60% in
both the soft and hard X-ray bands, with multiple flares recur-
ring on shorter timescales of around 150 ks (~1.7 days). Among
these variations, the period between 1.5 x 103s and 4 x 10°s
clearly needs particular attention. The hard X-ray intensity rises
att = 2x10° s, synchronized with a nearly simultaneous increase
in the soft X-ray band. While the hard X-rays peak at 2.6 X 10° s
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Fig. 1. XRISM Xtend light curves from the NGC 3783 campaign. Left: soft- and hard-band light curves, shown in black and red, respectively. The
light curve has been binned to multiples of the XRISM orbit (5747 s), and in this paper we count time since the start of the XRISM observation.

Right: X-ray variability surrounding the main soft flare at  ~ 2.8 X 10° s.

Table 1. Results from fitting the outflows.

Parameters Pre-flare Rise Decay; @ After Post-flare Decay, @
tsare @ (10° ) 1.3 2.3 2.8 3.2 3.6 2.8

fong @ (10° s) 23 2.8 32 3.6 43 32
log & (ergem s7h 2.7+0.1 33+0.1 3.1+0.2 2.8+0.1 2.7+0.1 29+0.1
Ny (1022 cm™2) 3.8+2.2 1.8+0.8 10.9+2.7 32+1.3 1.8+09 59+13
Vout (km s™1) 14310 +£3870 26600+ 640 56780450 77600560 89620+650 3720480
o, (km S_l) 4570 + 1950 730 + 460 1170 + 350 1240 + 490 1020 + 640 1470 £ 530
C-stat 655 690 689 534 609 670
Expected C-stat 624 + 32 634 + 33 643 + 33 481 + 31 596 + 32 643 + 33
AC © 12 10 20 12 9 19
PyLEE Resolve @ 7x107* 2x1073 2% 1073 7x107* 4%1073 3% 1073
Presan © 4% 107 2% 107 3% 107 2% 1074 4% 1073

Notes. “The UFO and the 3700kms~! components are distinguished by footnotes 1 and 2. ®Start and end times of the respective phases.
©AC value obtained directly from fitting the Resolve spectra. Y Random probabilities estimated by considering the LEE based on best-fit and
simulations using the Resolve data only. ¢’Random probabilities estimated as in &, but combining best-fits and simulations from all instruments.

For the 3700 km s~! component we use the Resolve data alone.

and begin to decline, the soft X-rays continue to increase, peak-
ing approximately 4x 10* s later. With the signature feature being
a peak in soft X-rays, we refer to it as the “soft flare” hereafter.
A secondary soft flare-like event appears toward the end of the
campaign; however, since the second peak is only partially cov-
ered by the campaign, our analysis will focus on the primary soft
flare.

To investigate the spectral variation in the soft flare, we
divided the event into five periods as illustrated in Fig. 1 and
Table 1. The net Resolve exposure time is approximately 25 ks
for the rise, decay, and after-flare phases, 35 ks in the post-flare
phase, and about 50 ks in the pre-flare phase.

Figure 2 displays the evolution of the hardness ratio during
the soft flare event. The pre-flare phase begins with the hardest
spectrum observed throughout the campaign, corresponding to
the lowest overall luminosity. During the rise phase, the source
transitions to a high state while exhibiting the softest spectrum
recorded during the campaign. Throughout the decay and post-
flare phases, the source bounced between harder and softer states
before gradually relaxing to a stable hardness ratio in the post-

flare phase. This flare event clearly exhibits the largest dynamical
range in the hardness ratio, a striking contrast to the relatively
stable level observed in the rest of the campaign.

2.3. Outflow associated with the soft flare event

The Resolve spectrum during the soft flare period, from ¢ = 1.3 %
10° s to 4.3 x 10% s, is analyzed based on the phases as defined in
Fig. 1 and Table 1.

2.3.1. General spectral components applied to all phases

To search for spectral features associated with the soft flare, we
modeled the Resolve spectrum in the 4.0—10.0keV band based
on the following components. The observed continuum was
modeled in the same way as Paper I. A power-law component
fits the primary continuum, with the photon index I" obtained to
be 1.79 + 0.01. To account for potential soft X-ray excess, we
included a warm Comptonization component, comt. Although
the contribution of comt to the Resolve band is minor, ~2%, it
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Fig. 2. Hardness ratio, defined by the count rates in the 3.0-6.0keV
and 0.3—-0.6 keV bands, plotted against their combined count rate. Each
data point represents a single XRISM orbit (5747 s). The data are color-
coded by flare phase: pre-flare (black), rise (red), decay (blue), after-
flare (magenta), and post-flare (orange). Gray points indicate observa-
tions outside the main soft flare.

remains essential as a spectral energy distribution (SED) com-
ponent for photoionization calculations. Since the comt param-
eters cannot be constrained with Resolve data, we fixed them
to those of the 2001 unobscured model from Mehdipour et al.
(2017). The power-law and comt components together form the
SED used for photoionization calculations. In our time-resolved
analysis, we allowed the normalization of both components and
the photon index of the power-law component to vary freely.

Our model includes relevant narrow emission line compo-
nents: Fe Ka, Fe KB, Ni Ka, Fe Lya, and Fe Lyg. These compo-
nents are incorporated using Gaussian lines, following Paper I,
including the line widths. We also considered the broad emis-
sion component, including the nonrelativistic component from
the broad line region, as well as a relativistic component from the
inner accretion disk. The broad line component is handled with
a broad Gaussian and the relativistic component is accounted for
with the Fe Ka convolved with the spei relativistic line pro-
file component. These components are added in the same way as
Paper I and Li et al., in prep.

The low-velocity ionized absorbers are modeled with the
pion components (Mehdipour et al. 2016; Miller et al. 2015), in
the same way as Paper I and Zhao et al., in prep. These com-
ponents are found to be quasi-stable (Gu et al. 2023), and our
analysis is not sensitive to minor variability within these warm
absorbers. The pion components are fed with the year 2001
unobscured SED from Mehdipour et al. (2017), which is con-
sistent with the intrinsic UV and X-ray continuum of our obser-
vation. The column density, ionization parameters, and kinetic
properties of these components are fixed to the values reported
in Paper I, which agrees with the full absorption measurement
analysis in Zhao et al., in prep. The very high-velocity compo-
nent X from Paper I, with an outflow velocity of about 0.05c¢,
is not included as a general component in the baseline model,
as it already qualifies as a UFO candidate. As shown later in
Sect. 2.3.4, the component X likely exhibits significant variabil-
1ty.

g As shown in Fig. 3, this model fits the time-average spectrum
well during the entire soft flare period. It is established as our
baseline, defining the starting point for the subsequent analysis.
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Fig. 3. Time evolution of the NGC 3783 Resolve spectra. Top: average
spectrum over all flare phases. Middle: spectrum during the decay phase
only. Bottom: average spectrum combining all periods outside the soft
flare, shown for comparison. The dip at ~8.4 keV is unique to the decay
phase. The light blue curve in the middle panel shows the best-fit model
excluding both the UFO and the 3700 km s~! components.
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2.3.2. Possible detection of an ultrafast outflow

The most striking feature, as shown in Fig. 3, is an absorption
dip centered at 8.4 keV during the decay phase. To characterize
this feature, we incorporated a pion component on the base-
line model. The power-law and comt components serve as the
input SED, while the ionization parameter, column density, bulk
velocity, and velocity dispersion are allowed to vary for the pion
component. The warm absorbers and emission line components
in the baseline model remain fixed at their time-averaged best-fit
values, since their potential variability did not affect the observed
dip. The results from the spectral analysis are summarized in
Table 1.

Modeling the dip at 8.4 keV using a Gaussian absorption line
reveals a C-stat improvement of 17. Employing the pion model
yields a slightly enhanced AC of 20. This further improvement
is probably caused by the fact that pion tends to include both H-
and He-like Fe lines, accounting for the 8.4 keV dip as well as a
secondary absorption feature near 8 keV. The best-fit ionization
parameter (logé), column density, outflow velocity, and velocity
dispersion are 3.2+0.2, 1.1+0.4x10> cm™2, 56 780+450 km s,
and 1170 + 350 kms~!. The outflow velocity indicates a UFO
speed of 0.19¢ (~57 000 kms~1).

The instrumental background of Resolve cannot explain the
8.4keV dip. No instrumental features overlap with this energy,
and the energies of the nearest background lines, including
Cu Ka at 8.03 and 8.05keV and Au La at 9.71 and 9.63 keV,
are too different to explain the feature.

To improve confidence in our results, we cross-checked
the detection with data from other instruments. The decay
phase is well covered by Xtend, XMM-Newton, and NusS-
TAR. For these instruments, we conducted data reduction fol-
lowing the procedure described in the cross-calibration paper

(XRISM Collaboration 2025). As shown in Fig. 4, the spectra
from Xtend, NuSTAR, and XMM-Newton pn were modeled using
the same baseline model as Resolve, while allowing the normal-
ization and photon index of the power-law component to vary as
to address cross-calibration uncertainties (XRISM Collaboration
2025). In the same plot, we also show the model incorporat-
ing the best-fit pion component from Resolve. The parameters
of the pion component are fixed to the Resolve values. While
the lower spectral resolution of Xtend, NuSTAR, and XMM-
Newton pn prevents the narrow feature from being fully resolved,
the comparisons demonstrate a statistical preference with the
Resolve solution. The inclusion of the pion component results
in improvement of C-stat of 4.7, 6.8, and 7.6, with respect to
the baseline model, for Xtend, NuSTAR, and XMM-Newton pn.
The combined improvement in C-stat across all four instruments,
including Resolve, is 39.1.

The AC values reported above cannot be directly used to
determine the confidence level of the detected feature. This limi-
tation arises because, given the energy range explored during the
analysis, the look-elsewhere effect (LEE) associated with detect-
ing a random feature cannot be neglected. To address the LEE,
we employed a Monte Carlo simulation approach. Following the
methodologies outlined by Kosec et al. (2018) and Pinto et al.
(2020), we first simulated a large set of spectra for each instru-
ment, including 1.3 X 10° times for Resolve, and 1 x 10* for the
others. The numbers of simulations correspond to the p-values
associated with AC = 20 and 10, respectively.

The simulations were done with the baseline model for the
decay phase and utilizing the actual exposure time. For each
simulated spectrum, we scanned the 7.5-9.0keV range with the
pion model for the UFO and computed the AC relative to the
baseline. Since no emission line was detected in the actual data,
the scan did not include searches for emission features. The
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Fig. 5. Phase-resolved Resolve spectra during the soft flare. The best-
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excludes both the UFO and the 3700 km s~ component.

distribution of AC values from these simulations, representing
the likelihood of random features, is shown in Fig. 4.

For Resolve, the occurrence N can be described as a function
of AC by N = 1070-23AC+467 Integrating this function over the
range of observed AC = 20 to infinity results in an expected fre-
quency of ~2 x 1073, This frequency corresponds to an effective
AC of 18. This suggests that the LEE would reduce the AC by 2
for Resolve. As shown in Fig. 4, the same exercise has been done
for other instruments, and the effective AC of 3.8, 5.1,and 7.1
for Xtend, NuSTAR, and pn data, reducing 0.9, 1.7, and 0.5 from
their original values. The combined effective AC is 34, leading
to a random probability of 3x 1077 after accounting for the LEE.

2.3.3. Potential outflow at 3700 kms™!

Modeling the Resolve spectrum in the decay phase with the
baseline model reveals another feature: the narrow Fe Kg flu-
orescence line at approximately 7keV appears to be absent.
As shown in Fig. 5, this line is present during other phases of
the flare, indicating that the narrow band at 7keV varies on a
timescale of less than or equal to 40 ks. To investigate whether
this variability is due to intrinsic changes in the emission com-
ponent, we allowed the relevant emission components to vary,
including the narrow Fe Kf line and the broad relativistic Fe line,
which likely exhibits a cutoff around 7keV (Li et al., in prep.).

A146, page 6 of 13

For this relativistic component, both the normalization and emis-
sivity slope are set free. The new fit constrained the Fe Kj/Fe
Kea ratio to an upper limit of 0.035, significantly lower than the
value with the baseline model of 0.12. This drastic change can-
not be caused by the narrow line variation because there is no
physical solution for such a line ratio change with a stable line
center (Yamaguchi et al. 2014), and the observed 40 ks timescale
variability is incompatible with a distant reflector origin of the
narrow line.

The remaining possibility is that an absorption feature from
an outflow overlaps in energy with the narrow Fe Kg line. To
address this, we incorporated two pion components into the
baseline model; one for the known outflow at 0.19¢ and another
for the absorption at Fe KB. The best-fit parameters for the new
pion component are as follows: logé = 2.9 + 0.1, column den-
sity = 5.9+1.3x10%2 cm~2, outflow velocity = 3720+480kms™!,
and velocity dispersion = 1470 + 530kms~". In fact, this addi-
tional component absorbs the continuum around 7 keV, causing
the Fe K@ line to appear as if it is missing, because the emission
line happens to “fill in” the absorption dip in the continuum.

Including this component improves the C-statistic by 19.
Taking into account the LEE, in the same way as for the UFO
component (Sect. 2.3.2), yields a random probability of approx-
imately 3 x 107>. The outflow velocity associated with this com-
ponent is significantly higher than that of the normal warm
absorbers in NGC 3783, yet lower than the UFO components.
Looking at past observations, another transient outflow compo-
nent that also obscured the Fe Kf line is the high-ionization com-
ponent reported in Mehdipour et al. (2017) using XMM-Newton
CCD data. This component had a velocity of about 2300 km s™!
and a column density of 1-2 x 10?* cm~2, identified during an
obscuration event in 2016.

The 3700kms~! component appears to be transient, possi-
bly related to the launch of the UFO at 0.19¢ (~57 000 km ™).
As this paper focuses on the UFO component, the nature of
3700 kms~' component will be discussed in a separate paper.

2.3.4. Search for outflows in other phases

A visual examination of Fig. 5 suggests the potential pres-
ence of further absorption features in the other phases of the
flare. To systematically search for absorbers, we scanned the
phase-resolved spectrum using a pion component added to the
baseline model. In each iteration (n), the bulk velocity of the
pion component was set to n X 1000kms~!, while its column
density, ionization parameter, and velocity dispersion were set
as free parameters. The normalization and photon index of the
power law, along with the normalization of the comt component,
were also left free. Meanwhile, the warm absorbers and emission
components remained fixed at their time-averaged values.

As shown in Fig. 6, the statistical significance of the pion
component is plotted against the scanning velocity of n X
1000 kms™!. To evaluate the contribution of random variations,
we present a comparison in Fig. 7 between the observed AC dia-
gram and the expected distribution derived from Poisson data. To
maximize statistical significance, we combined the rise, decay,
after-, and post-flare phases in the comparison. The pre-flare
phase was excluded due to its potential broad absorption fea-
tures, which would have resulted in bins that are not fully inde-
pendent. The comparison indicates that features detected with
AC < 9 are likely due to Poisson noise. Peaks with AC > 9 may
have a higher likelihood of being real. Their actual significance
will be evaluated considering the LEE, which will be detailed
in Appendix A. We also attempted to enhance the detection of
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Fig. 6. Potential features identified with the pion scan on the Resolve
data. The curves show the AC obtained in each step of the scan. The
most prominent feature in each phase is highlighted with a thick line.
In the bottom panel, all individual curves from the upper panels are
combined and presented on a common AC scale for comparison.

the potential outflow by combining the Resolve data with those
from other instruments. The likelihood presented in Table 1 takes
into account the best-fit and the LEE simulations from all instru-
ments. It can be inferred that the CCD instruments show qualita-
tive agreement with the presence of the pion component during
all phases, though the overall improvement on the detection sig-
nificance remains modest except for the decay phase.

The relatively large uncertainties in the column densities
listed in Table 1 suggest a low confidence level for the fast out-
flow feature, except during the decay phase. However, we cau-
tion that the error on the hydrogen column density may not be
an ideal indicator of significance, as it can be highly degenerate
with the ionization parameter for a single absorption feature.

As detailed in Table 1, the pre-flare phase is characterized
by a significant outflow with a velocity of 0.05¢ and a velocity
dispersion of 4500 kms~'. These kinematic parameters show a
good agreement with component X, which was identified in the
time-averaged Resolve spectrum and reported in Paper I of the
NGC 3783 series (Mehdipour et al. 2025).

To enable a direct comparison with component X, we fixed
the ionization parameter (log &) of the pre-flare component at 4,
aligning with the value assumed in Paper I. This yielded a best-fit
column density of 1.1x10%} cm~2, which agrees with component

100
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o
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Fig. 7. LEE in the pion scan. The black histogram shows the combined
AC distribution from the rise, decay, after, and post-flare phases. The
blue line represents an exponential fit to this histogram, following a
form similar to that described in Sect. 2.3.2. The dashed red lines mark
the AC values of the most prominent features identified in these phases.

X. This indicates that, when accounting for the potential degen-
eracy in the parameter space between the ionization parameter
and the column density, the 0.05¢ component in the pre-flare is
indeed consistent with the component X identified in the time-
averaged spectrum.

In the post-flare phase, Fig. 5 reveals a potential extra nar-
row emission component at around 6.6 keV. This feature is well
described by a narrow Gaussian with o ~ 200kms~!, improv-
ing the C-stat by 18. Since it may form a P-Cygni profile with
the adjacent Fe XXV absorption feature from the warm absorber,
this emission could be associated with slow outflows.

Although the statistical uncertainties on the outflow velocity
are less than 1000 kms~! from the rise to the post-flare phases,
the systematic uncertainties may be larger. Taking the decay
spectrum as an example, the current best-fit solution associates
the main absorption dip at ~8.4keV with Fe XXVI, with a sec-
ondary feature at ~8 keV corresponding to Fe XXV. The overall
outflow velocity is then approximately 0.19c. However, as shown
in Fig. 6, the pion scan suggests an alternative possibility with
an outflow velocity of 0.24¢, where the main dip at ~8.4keV is
instead caused by Fe XXV absorption. Although this alternative
model has a AC value worse by 8 compared to the best-fit, it can
be considered a source of systematic uncertainty on the outflow
velocities.

In summary, we identify a potential outflow event during the
strong soft flare in NGC 3783, with the most significant fea-
ture observed at v = 0.19¢ during the decay phase. Furthermore,
Resolve spectra suggest the potential presence of outflow signa-
tures in other flare phases as well, exhibiting velocities that rise
from 0.05¢ to 0.3¢ within a total time span of 3 X 10 s.

3. Discussion

In this section we closely examine the observed physical prop-
erties of the potential outflow and explore the various processes
that could potentially explain its observed kinematics.
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3.1. Constraints on the ionization and column density

As shown in Fig. 8, the ionization parameter of the UFO exhibits
an increase from 2.7 + 0.1 during the pre-flare phase to 3.3 +
0.1 during the rise phase, followed by a smooth decline back to
2.7+0.1. Since the continuum luminosity in the 1-1000 Rydberg
range approximately doubles from the pre- to rise phases and
then decreases by a factor of 1.7 during the rise to post-flare
transition, the observed change in ionization parameter broadly
agrees with the flaring luminosity variation. This suggests that
the upper limit on the temporal change in the product of density
and squared distance (nR*) across the flare is approximately a
factor of 2.

Figure 8 also shows that the observed column density
remains relatively stable within the range 2—4 x 10?>cm™2,
except possibly during the decay phase, where it is about 3-5
times higher than the average. This suggests that while the out-
flow is generally stable, a denser clump may enter the line of
sight during the flare decay. These column densities are con-
sistent with recent XRISM measurements of UFOs in PDS456
(Xrism Collaboration 2025), and higher than the column den-
sity of 3 x 10?! cm™2 found in PG 1211+143 with the Chandra
grating (Danehkar et al. 2018). Considering relativistic effects
as discussed in Luminari et al. (2020), the actual column densi-
ties are likely underestimated; applying their correction implies
~2x10%3 cm™? during decay and around 4x 10%> cm™~2 otherwise.

A key systematic uncertainty in the column density measure-
ment arises from the covering factor of the outflow component.
In our analysis, we assumed full coverage of the X-ray source,
but in principle, the outflow could be only partially covering
the source. To investigate this, we refit the spectrum by man-
ually varying the covering factor of the pion component. As
shown in Fig. 8, the column density of the UFO increases from
~1x 10 cm™2 to about 4 x 10> cm™2, while the covering factor
decreases from 1 to 0.4. The C-stat remains nearly unchanged
across this range. A covering factor below 0.4 results in dips that
are too shallow to reproduce the observed 8.4 keV feature. This
suggests that the projected area of the outflow cannot be much
smaller than the X-ray emitting region at this energy.

3.2. Constraints on the density and location

To better understand the physical properties of the outflow, we
estimated the density and distance constraints based on geo-
metrical considerations. Assuming that the cloud thickness (AR)
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equals its distance from the black hole (R), the column density
(Ny) and the minimum density (n),,) are related by

NH = nlOWR. (1)

Combining this with the definition of the ionization parameter
yields

ENG
Now = T,
where £ is the ionization parameter and L is the ionizing lumi-
nosity. The maximum distance Ry, follows as

@

L

Nlow f .

3

Rupp =

Using the observed parameters, the outflow density exceeds
1 x 10° cm™3 during the decay phase and averages around 1 x
10*cm™ in other phases. Due to the loose lower limit on den-
sity, the distance constraint remains broad, with Rypp ~ 1 X 10°
R,.

: A second constraint can be obtained by assuming the out-
flow is just capable of escaping the gravitational potential of
the supermassive black hole. The boundary between escaping
and failed outflow occurs when the outflow velocity equals
V2G Mgy /R, where G is the gravitational constant, and Mgy =
2.8 x 10" M, (Bentzetal. 2021). By substituting the escape
velocity-based distance into the ionization parameter definition,
the density can be expressed as

Lv*

, 4
4GP MR & @)

Nesc =

where v is the outflow velocity that can be approximated by the
radial velocity listed in Table 1 for an order-of-magnitude esti-
mate. As shown in Fig. 9, n serves as an upper limit, which in
turn provides a lower limit on the distance R.s.. During the decay
phase, the outflow density is constrained to be below 102¢m—3,
while the corresponding distance is likely above 50 Rg.

While the above two approaches offer loose constraints on
the density and location of the UFO, we next considered a more
speculative scenario to obtain a tighter limit. The UFO is a
stream — a broad and relatively diffuse outflow launched ver-
tically from the accretion disk (Fukumura et al. 2010). As illus-
trated in Fig. 9, at each phase a portion of this stream passes
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Fig. 9. Constraints on the density and distance of the outflow. Top: schematic illustrating a simple scenario: a clumpy outflow stream moving
vertically from near the accretion disk, with the clump represented by the circle. Bottom: Density (left) and distance (right) constraints derived
from the geometrical limits (7210 and Ryyp) and escape velocity (mesc and Req). Stars mark the density and distance values assuming that a clumpy
component, observed during the decay phase, was launched at the pre-flare onset. The dashed line shows the density and distance limits estimated

from the duration of the 8.4 keV dip during the decay phase.

through our line of sight within the 6.0—-10.0 keV energy range.
During the pre-flare, rise, after, and post-flare phases, we observe
the stream itself, allowing us to track velocity changes over time.
We speculate that a dense and discrete clump, which is embed-
ded within and comoving with the stream (Takeuchi et al. 2013),
enters our line of sight at the start of the decay phase and exits
by its end. The decay phase thus offers a unique ~40ks window
to directly study the properties of this clump.

Although this is a speculative model, it provides a reasonable
explanation for the observed constant column density, which
only increases during the decay phase (Fig. 8). An alternative
idea is that the clump is always visible but only fully covers the
hard X-ray line of sight during the decay phase, with partial cov-
ering at other times. While plausible, this alternative scenario
would not change the main conclusions derived from our pro-
posed stream model.

Based on the observed radial velocities listed in Table 1, and
an inclination angle of 23° reported in GRAVITY Collaboration
(2021), we can estimate the vertical velocity of the stream at
each phase. Assuming that the main clump was launched at the
start of the pre-flare phase and followed the stream velocity dur-
ing its lift-up, its vertical displacement would reach approxi-

mately 120 R, by the decay phase. This corresponds to a radial
distance of roughly 130 R,. Based on the observed luminos-
ity and ionization parameter, the inferred density is approxi-
mately 1x10'! cm=3. This value is consistent with the constraints
obtained above, nyoy and neg. It is also in agreement with densi-
ties reported in other UFO studies (Fukumura et al. 2018).

This geometrical model suggests a launch radius of approx-
imately sin(23°) x 130 = 50 R, for the UFO. This loca-
tion is noteworthy because, according to the standard thin disk
model (Shakura & Sunyaev 1973), using the black hole mass of
2.8x 107 M (Bentz et al. 2021) and an Eddington accretion rate
of 0.07 (Summons et al. 2007), the dynamical timescale of the
disk at 50 R, is estimated to be T4y, ~ 1 X 107 s. Interestingly,
this timescale closely matches with the observed duration of the
soft X-ray flare (Fig. 1). At the same radius, the disk rotation
timescale is 2774y, ~ 6% 10%s, suggesting that orbital motion
likely has a limited impact on the outflow kinematics over the
observed period.

Our geometrical scenario, as illustrated in Fig. 9, further sug-
gests that the clump obscures and passes through the X-ray emis-
sion region within the decay phase, over a timescale of no more
than 4 x 10*s. This implies that the transverse travel distance
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is at least equal to the combined diameters of the clump and
the X-ray corona at 8 keV. Assuming the clump fully covers the
emission region during this phase, both the clump and the hard
X-ray corona would have diameters of 12 R,. If the covering fac-
tor is less than 1, the clump size would decrease while the corona
size increases. As shown in Fig. 8, the minimal covering factor
is about 0.4, corresponding to a clump diameter of 10 R, and
corona size of 16 R,. Therefore, we considered 12 R, to be the
upper limit for the clump diameter.

Assuming that the outflow stream also has a thickness of
12 Ry, we derive a lower limit on the density of the clump
of approximately 3 x 10° cm™>. This places the radial distance
of the outflow during the decay phase at less than 1000 R,
(Fig. 9). These constraints are consistent with all the previous
limits derived earlier. This estimate is based on the assumption of
a spherical clump; if the clump itself is stream-like with a smaller
thickness, the actual radial distance could be further smaller.

In summary, the observed properties can be adequately
explained by a relativistic outflow originating at about 50 R,
from the innermost region of the disk. This is in broad
agreement with the UFO detected in PDS 456 with XRISM
(Xrism Collaboration 2025). The prominent feature during the
decay phase can be attributed to a major clump within this flow,
with a density of about 1 x 10" cm™3.

3.3. Constraints on the velocity and acceleration

In Fig. 10 we show the evolution of the outflow velocity obtained
from the Resolve data, along with the corresponding accelera-
tion. The best-fit velocity increases from 0.05¢ to 0.3¢ over about
2 x 10° s, with the acceleration peaking at roughly 0.6km s>
around the time of 2.8 x 10° s.

Assuming that the outflow is launched at 50 R,, the observed
radial velocity of 0.05¢ at the pre-flare phase (Table 1) falls well
below the escape velocity of 0.19¢. This implies that the outflow
in the pre-flare phase would not escape without significant accel-
eration. The acceleration that in fact occurs during the soft flare,
however, propels the outflow to 130 R, by the decay phase. At
this point, its observed velocity of 0.19¢ (Table 1) now signifi-
cantly exceeds the local escape velocity of 0.03¢, confirming that
the outflow has successfully escaped and is propagating away.

The direct acceleration on the wind gained by absorbing or
scattering photons can be calculated as

[F(E)[1 - T(E)|dE
a =

cfmyNy ’ ©)
where F(E) is the incoming energy flux, T(E) is the transmis-
sion, c is light speed, m,, is the proton mass, Ny is the column
density, and f is the dimensionless factor related to the mass den-
sity via p = fnpm,, with nyg being the hydrogen density. Using
the observed flux, column density, and ionization parameter dur-
ing the decay phase (Table 1), and assuming a wind density of
1x10'" cm™3, the resulting acceleration is on the order of 3 ms~2.
This is two orders of magnitude smaller than the observed peak
acceleration of 600 m s~ shown in Fig. 10, indicating that radia-
tion pressure alone is unlikely to drive the observed UFO accel-
eration.
The mass outflow rate can be estimated as
M = 47ranmpsz, (6)
where b is the covering factor of the outflow, v is the velocity
at distance R. Taking a density of 1 x 10'' cm™ and velocity of
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0.2c at distance of 50 Ry, the mass loss rate is 7b solar mass per
year. The actual value of b is unconstrained with current data,
though it is likely small. The corresponding mechanical power
is about 8b x 10 ergs~!, which is roughly the Eddington lumi-
nosity scaled by b.

In fact, it is unlikely that the acceleration is fully con-
tinuous. A stable acceleration of 600ms=2 would cause the
central velocity of the absorption line to increase continu-
ously by 24000kms~! during the decay phase, far exceed-
ing the observed velocity dispersion of only about 1200 kms~!
(Table 1). This discrepancy suggests that the acceleration is
impulsive rather than steady. Instead of a smooth and persistent
increase, the outflow probably accelerates in short and intense
bursts, followed by periods of much weaker acceleration. Such
impulsive behavior is characteristic of energetic solar phenom-
ena (VrSnak et al. 2007 and references therein), which will be
discussed in the following section.

3.4. Comparison with coronal mass ejection events

We further compare the evolution of UFO velocity and accel-
eration with the X-ray and optical/UV light curves in Fig. 10.
The optical/UV light curve is derived from XMM-Newton Opti-
cal Monitor (OM) data, as outlined in Appendix B. We observe
a 6.6% increase in the UV flux of NGC 3783 following the soft
X-ray flare, with its temporal behavior consistent with a smooth
burst model. Interestingly, the UFO velocity appears to corre-
late with the rise in UV flux, and the peak outflow acceleration
coincides with the maximum in the 0.3—0.6 keV band. The hard
X-ray light curve reaches its maximum before both the UV and
soft X-ray light curves.

It has been proposed that some of the UFOs might originate
from MHD acceleration (Fukumura et al. 2018). This scenario
may resemble the physics of coronal mass ejections (CMEs),
which are massive eruptions of plasma and magnetic fields from
stellar coronae into space. CMEs are often observed alongside
flares, current sheets, and plasma eruptions, likely driven by
rapid magnetic reconnection (Di Matteo 1998; Patel et al. 2020).
Statistical analyses of CMEs during their early near-Sun evolu-
tion (Zhang & Dere 2006; Temmer 2016) suggest a two-phase
process: an initial slow rise lasting tens of minutes, followed by
a rapid acceleration to reach maximum velocity. Comparing the
temporal evolution of observed UFO and CMEs reveals potential
similarities: the velocity appears to track emission in the longer
wavelength (soft X-ray for CMEs and UV for the UFO), while
the acceleration correlates better with emission at shorter wave-
length (hard X-ray for CMEs and soft X-ray for the UFO).

To compare their characteristic outflow velocities, we uti-
lized the Alfvén speed as a proxy,

B
N

where B is the field strength, yg is permeability of free space,
and p is the mass density. For CMEs, adopting B = 10 Gauss
and p = 107 gcm™ in the corona (Aschwanden 2005), the
Alfvén speed is about 1000kms~'. As for the UFO, assum-
ing a magnetic field strength of 10* Gauss and mass density
of 107 gem™! in the AGN corona (Merloni & Fabian 2001),
the Alfvén speed becomes about 0.3c. This scaling shows a
rough agreement with the observed outflow velocities in typical
CME:s and the UFO in NGC 3783. The assumed field strength
of 10* Gauss is consistent with the maximum expected value
derived from the a-disk prescription (see Shakura & Sunyaev
1973, Eq. (2.19)).

(N

VA =
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Fig. 10. Comparison of UFO and CME dynamics. Left: Evolution of the UFO velocity (in black). Middle: Evolution of the UFO acceleration (in
orange). Both panels are overlaid with the XMM-Newton OM (blue), soft-band (gray), and hard-band (red) X-ray light curves. Right: Schematic
view of the early dynamic evolution of a typical CME event close to the Sun, adapted from Temmer (2016). We see that the UFO and CME patterns
are similar to each other, with the acceleration phase aligning with the hard-band flare and the velocity correlating with the soft-band flare.

Following, for example, Ohyama & Shibata (1997) and
Tsuneta et al. (1997), the total energy release rate from a mag-
netic reconnection event can be described by

B? Euro + E
ﬂvinﬂowl‘r > W,
where vinfow 1S the reconnection inflow speed, L, is the character-
istic scale of the reconnection region, Eypo is the kinetic energy
of the UFO, and Ey is the total radiative energy enhancement
in the flare. The left side represents the energy input from recon-
nection, which is likely larger than the right side, as some energy
may be channeled into other forms such as conductive flux.

Here we assumed that the reconnection region has a scale
similar to the clump size of the UFO, L, = 12R, (see details
in Sect. 3.2). Taking B = 10* Gauss and vipgow = 0.lva
(Di Matteo 1998), the total energy release rate through recon-
nection is approximately 2 x 10* ergs™'. This is an order-of-
magnitude estimate. Comparing this with the observed broad-
band X-ray luminosity enhancement during the flare, which is
roughly 2 x 10 erg s7!, indicates that about 10% of the injected
energy is radiated away in X-ray.

Furthermore, as discussed in Sect. 3.3, the kinetic power of
the outflow is estimated as 8b x 10 ergs~!, where b is the UFO
covering factor. From Eq. (8), this implies a small covering fac-
tor of b < 0.02. The small covering is physically plausible, con-
sidering the potential filamentary nature of the outflow suggested
in Fig. 9.

As reported in, for example, Kontar et al. (2017), the velocity
dispersions of the CME ejecta are on the order of ~100kms™!,
which are much lower than their bulk velocities of ~1000 km
s~!. This suggests that a coherent magnetic structure driving the
CME would suppress small-scale motions. Similarly, as shown
in Table 1, the bulk flow represents the dominant form of kinetic
energy in the UFO in NGC 3783.

Evidence of CME-like eruptions during soft X-ray flares
has been observed in Galactic microquasars (Fender et al. 1999)
and in Sgr A*. Although the origin of this correlation remains
uncertain, theoretical and simulation studies suggest that rotat-
ing magnetic field lines inflate and reconnect above the disk,
rapidly heating the corona during flares, while simultaneously
expanding and launching plasma-loaded magnetic flux tubes
that constitute the UFO (Yuan et al. 2009). Reconnection could
involve poloidal fields (El Mellah et al. 2023), toroidal fields on

®)

the disk (Machida & Matsumoto 2003), or a combination of the
two. A few MHD simulations have also explored the connec-
tion between such eruptions and various accretion disk config-
urations, including magnetically arrested disks (Narayan et al.
2003).

It is plausible that magnetic reconnection-triggered UFOs
induce quasi-periodic X-ray flares (Ripperda et al. 2020). The
periodicity of these flares is crucial for constraining the recon-
nection rate. While the X-ray light curve of NGC 3783, shown
in Fig. 1, exhibits features resembling quasi-periodic variations,
a comprehensive quantitative search for periodicity remains non-
trivial and will be addressed in a subsequent study. The XRISM
campaign on NGC 3783 offers a promising vision; to fully
understand UFO launching and energy transport in the innermost
regions of the accretion disk, it is still essential to collect more
flare—UFO cases across different systems. Long-term monitor-
ing and high-resolution spectroscopy with XRISM and upcom-
ing missions such as NewAthena (Cruise et al. 2025; Peille et al.
2025) will be vital for advancing this research.

4. Summary

The ten-day spectroscopic campaign that observed NGC 3783,
conducted with XRISM in combination with six other X-ray
and UV observatories, offered an unprecedented opportunity for
unexpected discoveries. The X-ray light curve shows multiple
flares, including a major event characterized by initial hard X-
ray peaks followed by a strong soft X-ray peak. During the decay
of this soft flare, an absorption feature at 8.4 keV in the Resolve
spectrum suggests the presence of a UFO with a radial velocity
of 0.19¢ (~57000kms~!). This outflow may not be an isolated
event but rather part of a broader outburst that lasted approxi-
mately three days. A secondary outflow, with a velocity of about
3700 km s~!, was also detected coincident with the UFO. Based
on the physics constraints derived from the Resolve data, it is
plausible that magnetic fields within the accretion disk serve as
the central engine driving the UFO launch in this low-L/Lgqq
AGN. This mechanism may also be linked to the observed soft
flare.
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Appendix A: Look elsewhere effect in the phase-resolved spectra
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Fig. A.1. Histogram of AC distributions for Resolve. The black histogram shows the results from 1.3 x 10° Monte Carlo simulations per phase,
and the observed distribution is shown in red. Vertical lines mark the positions of the best-fit features.

In this appendix we present additional information that addresses the LEE in the phase-resolved spectra of the soft flare. The
approach has been detailed in Sect. 2.3.2 for the potential detection of UFOs in the decay phase. Here, we applied the same method
to the other phases and provide the corresponding significance.

For each phase, we simulated a set of 1.3 X 10° spectra for Resolve, and 1 x 10* for other instruments, based on the baseline
model. For each simulated spectrum, we scanned the 7.0 — 9.0 keV range with the pion model for the UFO and computed the AC
relative to the baseline. In Fig. A.1 we plot the observed and simulated AC diagram for Resolve. The original AC improvements of
12, 10, 12, and 9 for the pre-, rise, after-, and post- flare phases, become 11.5, 9.5, 11.4, 8.3 after correcting for the LEE. The effect
of LEE is reflected in the significance shown in Table 1.

For all phases, the data from the CCD instruments agree with the best-fit model shown in Table 1. In the decay phase, the
collection of CCD data boosts the significance of the UFO feature. In the other phases, since the possible features are much weaker,
the LEE effect becomes more dominant; therefore, the relative boost from the CCD data to the total significance is less pronounced
than in the decay phase.
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Fig. A.2. Left: Comparison of the time-averaged XMM-Newton OM spectrum from the current 2024 campaign with 2001 data. Right: Fluxes of
different OM filters, scaled to the UVWI1 filter, derived from the 2024 time-average spectrum. The best-fit phenomenological model is shown in
red. The 0.3-0.6 keV X-ray light curve is overlaid for comparison.

Appendix B: XMM-Newton Optical Monitor data

The XMM-Newton OM observed the AGN using a sequence of different filters, with one filter active at a time. As shown in Fig. A.2,
the average UV photometry is broadly consistent with archival UV data from 2000-2001, although the new spectrum appears
slightly softer. This likely reflects a change in the disk component.

To construct a continuous light curve from the discontinuous photometric filter data, we calculated the average count rate ratios
between UVW1 and the other filters, using the time-averaged data. This enabled us to scale the count rates from other filters to
the UVW1 reference. In doing so, we assumed the optical/UV spectral shape remained constant during the observation, while the
overall flux varied. As shown in Fig. A.2, the scaled data form a quasi-continuous light curve, capturing both the soft flare and a
subsequent period. The scaled UVW I-equivalent count rate exhibits a smooth rise of approximately 6%, peaking at t ~ 3—4x 107 s,
followed by a gradual decline toward ¢ ~ 5 x 103 s. To model this behavior, we fit the light curve with a smooth burst profile plus a
constant component. The fit, shown in Fig. A.2, describes the light curve well, indicating a peak increase of 6.6 x2.1% at 3.4x 107 s.

According to Mehdipour et al. (2017), the host galaxy contributes approximately 35% of the total UVW1 flux. Accounting for
this, the observed increase in the OM flux corresponds to about 10% of the intrinsic UV disk flux. As shown in Fig. A.2, the OM
light curve peaks with a delay of ~1 x 10° s relative to the peak of the flare in the 0.3-0.6keV.
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