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Abstract: The highly energetic outflows from Active Galactic Nuclei detected in X-rays are one
of the most powerful mechanisms by which the central supermassive black hole (SMBH) interacts
with the host galaxy. The last two decades of high resolution X-ray spectroscopy with XMM-
Newton and Chandra have improved our understanding of the nature of these outflowing ionized
absorbers and we are now poised to take the next giant leap with higher spectral resolution and
higher throughput observatories to understand the physics and impact of these outflows on the host
galaxy gas. The future studies on X-ray outflows not only have the potential to unravel some of
the currently outstanding puzzles in astronomy, such as the physical basis behind the Mgy — ¢
relation, the cooling flow problem in intra-cluster medium (ICM), and the evolution of the quasar
luminosity function across cosmic timescales, but also provide rare insights into the dynamics and
nature of matter in the immediate vicinity of the SMBH. Higher spectral resolution (< 0.5eV at
1 keV) observations will be required to identify individual absorption lines and study the asym-
metries and shifts in the line profiles revealing important information about outflow structures and
their impact. Higher effective area (> 1000cm?) will be required to study the outflows in distant
quasars, particularly at the quasar peak era (redshift 1 < z < 3) when the AGN population was the
brightest. Thus, it is imperative that we develop next generation X-ray telescopes with high
spectral resolution and high throughput for unveiling the properties and impact of highly en-
ergetic X-ray outflows. A simultaneous high resolution UV + X-ray mission will encompass
the crucial AGN ionizing continuum (1 eV — 100 keV), and also characterize the simultaneous
detections of UV and X-ray outflows, which map different spatial scales along the line of sight.

1. Introduction and our current knowledge

It is nowadays well accepted that most galaxies have passed through a recurrent active galac-
tic nucleus (AGN) phase. During the active phase, the supermassive black hole (SMBH) at the
center of the galaxy accretes matter (feeding) at a significant rate and thus shines brightly in most
spectral bands. During this phase, the SMBH ejects energetic particle outflows in the form of jets
and/or winds which interact with the host galaxy and the ambient medium (feedback), such as in-
terstellar medium, inter-galactic medium (IGM), and intra-cluster medium (ICM) thus regulating
the SMBH-galaxy co-evolution across cosmic time. The blue-shifted absorption (and sometimes
emission) lines in the energy range 0.2 — 10 keV, arising out of ionic transitions from several as-
trophysically abundant elements (C, N, O, Ne, Fe etc) are signatures of highly energetic X-ray
outflows, which are a crucial form of AGN feedback mechanism. Since X-rays probe some of
the most energetic environments near the SMBH, these X-ray outflows are also important sources
of information for the dynamics and state of matter in the strong gravity regime of the SMBH.
To accurately quantify the physical state and dynamics of these outflows we need to measure the
properties of the outflowing plasma/gas, such as the 1. ionization parameter (§), 2. equivalent
neutral hydrogen column density (Ny), 3. velocity (v), 4. electron density (ne), 5. distance (r) of
these ionized absorbers from the SMBH and 6. covering factor of the outflows.

1.1 Advances in the last two decades of high resolution X-ray spectroscopy
In the last two decades of high resolution X-ray spectroscopy with Chandra and XMM-Newton

we have greatly improved our understanding of X-ray ionized outflows. Several sample studies of
local Seyfert galaxies have found that the warm absorbers (WA) are present in almost ~ 70% of the
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nearby AGN and they have an ionization parameter in the range log& /ergems™! = —1 to 3, col-
umn density in the range log Ny /cm~2 = 20 — 22 and outflow velocities of v = 100 — 2000 kms~!
[6, 24]. Detailed X-ray spectroscopic studies on several bright nearby sources such as MCG-6-30-
15, IRAS 13349+2438, NGC 4051 have revealed stunning spectral signatures and multi-zone out-
flowing absorbers hinting at complex acceleration mechanisms at work, which need to be revealed
more clearly with next generation instruments. The higher velocity outflows (with v ~ 10,000 —
30,000 kms™~!) known as the ultra-fast outflows (UFOs) on the other hand, have been detected up

to ~ 40% of the local AGN with extreme physical parameters such as log(& /ergcms™
and column density in the range log(Ng/cm™

current status on the most prominent issues of X-ray ionized outflows:

(a) Presence of dust: In several Seyfert

galaxies such as MCG-6-30-15 and IRAS 1334942438,

the warm absorbers have been found to be as-
sociated with dust [27, 26]. For MCG-6-30-15
(see Figure 1), the dust column density mea-
sured in X-rays agrees with that obtained from
optical reddening studies, confirming the pres-
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portant role in accelerating the outflows, even

. Figure 1: The X-ray warm absorber features revealed
for sub-Eddington sources. & Y %

in the high resolution XMM-Newton RGS spectra of
(b) The unresolved transition array (UTA) MCG-6-30-15. [24].

of Fe M shell: A deep absorption trough is de-

tected in some of the X-ray spectra of AGN ex-

hibiting WA in the wavelength range 15 — 17A, which is commonly known as the Fe M-shell
UTA absorption, which arises due to the 2p — 3d inner-shell absorption by iron M-shell ions [37].
These features have been suggested to carry a large fraction of the mass outflow rates in the warm

absorbers [24] and hence serve as an important tool for feedback.

(c) Asymmetry in absorption features: One of the most detailed high spectral resolution views
of a warm absorber has been obtained for NGC 3783 using a 900ks Chandra exposure [20]. The
spectrum revealed absorption lines from H and He like ions of N, O, Ne, Mg, Al, Si and S, and
most absorption lines showed asymmetry having more extended blue wings than red wings. These
may be due to an asymmetric outflow geometry or a systematic velocity gradient of the absorbers
along our line of sight, intercepting different (kinematic) parts of a continuous outflow.

(d) The gap in the ionization parameter: Studies of WA in samples of local Seyfert galaxies by
Laha et al. [24] and McKernan et al. [32] have found a gap in the ionization parameter in the range
logé =0.5— 1.5, which could be attributed to unstable clouds in these ionization states, which are
short lived and hence not detectable [2, 1], or have very weak and narrow signatures which are not
resolved by current instruments. Holczer et al. [16] and Behar [4] have also found similar gaps in



the ionization parameter (bimodal distribution of &) using dedicated studies of individual sources.

(e) Outflows in other wavelength-
bands and their connection with X-ray
outflows: There have been several at-
tempts to understand if the UV and -t
the X-ray outflows are similar in na- MMWWW |
ture and whether they exist in multi- ™
phase outflowing gas/plasma (e.g., the
unified absorber scenario by Mathur
et al. [31]). However, the current in-
sufficient spectral resolution in the X-
rays does not allow us to make a direct
comparison with the UV. Several large
and deep campaigns of bright nearby
AGN such as Mrk 509, NGC 5548,
NGC 7469, NGC 3783 have revealed
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) Figure 2: The absorbed and unabsorbed X-ray spectra of
the presence of multiphase outflows NGC 5548 demonstrating the effect of the transition of variable
[20, 8, 18]. obscuring clouds along the line of sight. The cloud obscures
(f) The time variable ‘eclipsing’ X- almost ~ 90% of the source and are detected as broad absorp-
ray and UV outflows: Obscuring out- tion line troughs simultaneously in X-rays and UV. Courtesy:
flows produced by “eclipsing clouds” Kaastra et al. (2014) [19].
orbiting at broad line region (BLR) scale have been detected in the X-ray and UV spectra of sev-
eral Seyfert Galaxies undergoing significant flux and spectral variations. Their outflow velocity is
half way between warm absorbers and UFO. Figure 2 shows the line-of-sight-obscuration variabil-
ity in X-rays for the source NGC 5548 due to the passage of a thick ‘eclipsing cloud’ . Such events
have also been observed in Mrk 335 [28], NGC 5548 [19], NGC 985 [9], NGC 3783 [33, 21].

2. The key questions to be answered in the next decade.

Below we discuss the key science questions, along with the observational requirements and the
key instrument parameters required to achieve the observational aims.

(1) Where do the X-ray ionized outflows originate?

The origin of the X-ray outflows is still debated and the answer very much depends on the
knowledge of the location where these absorbers originate. Several competing theories propose
different regions of origin based on the physical nature of the outflows. For example, the highly
ionized high velocity outflows are possibly launched at the inner accretion disk where the radiation
is intense, while the lower ionization slower components originate further out in the accretion disk
or in the broad line region (BLR) or the torus. An accurate estimate of the distance r = (ﬁ‘e—"g ) 172 of
the ionized outflows in a statistical sample of sources is necessary to understand their origin, where
Lion, ne and & are the ionizing luminosity (integrated over 13.6 eV — 13.6 keV), electron density
and ionization parameter of the plasma respectively.

Observational aim: Constraining the location at which the wind is launched from the AGN,
for a statistical sample of AGN in the local Universe, by estimating Liqy, ne and &.

Key parameters required: High spectral resolution, of < 0.5eV at 1 keV to detect individ-
ual de-blended absorption lines to estimate n. and &. Also a simultaneous view of UV to X-ray
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(~ 1eV —100keV) spectral energy distribution (SED) is needed.

(2) What powers the X-ray outflows?

The acceleration mechanism of X-ray outflows is still an open question. For highly ionized,
high velocity absorbers, where the atoms have been stripped of most of their electrons, it has
been proposed that magneto-hydrodynamic processes help to accelerate the plasma [5, 12]. On the
other hand, for the low ionized clouds, with sufficient opacity to the incident radiation, a radiatively
driven scenario is more plausible [35]. In this scenario the presence of dust also plays a crucial
role, because the presence of dust enhances the thrust due to radiation and thus helps to acclerate
clouds even for sub-Eddington accreting sources. Thermally driven winds have been postulated to
arise when the central AGN irradiates the accretion disk and heats it up to a larger height [3, 22].

Observational aim: Each acceleration scenario makes specific predictions. The individual ab-
sorption lines need to be fit as per the predictions from these theoretical models. For e.g., Fukumura
et al. [13] detected MHD driven winds in the source NGC 3783 with a long 900 ks exposure with
Chandra HETG. In addition, response of the cloud parameters such as &, Ny and v to the changes
in the continuum flux can also provide insights into its acceleration mechanism [23].

Key parameters required:The spectral resolution should be < 0.5 eV at 1 keV, along with high
effective area (> 1,000cm?) to fit individual line profiles.

(3) What is the density and density-profile of the outflows?

Both the density and the density profile (n. o< r~%) are important quantities in estimating the
mass outflow rate (Mo, =471 r NgvoumpCy) and kinetic luminosity (Exg = Moy X Vour) of the out-
flows, where m;, and Cy are the mass of proton and covering factor of the outflows respectively.
Both My, and Ex measures the impact of an AGN on the host galaxy gas. The density ne gives
us a measure of the distance r (see Section 2.1) and the density profile constrains the distribution
of matter along the outflow. The density also serves as an important indicator of the origin of the
outflow, as different regions in the vicinity of the AGN have different density.

Observational aim: To calculate the density of the clouds from the density diagnostic ‘metastable’
absorption line ratios [30]. Also, the density can be estimated using the recombination timescales
of ionized clouds, as obtained from the response of the ionization parameter to changes in the
source luminosity.

Key parameters required:The spectral resolution of < 0.5eV at 1 keV is necessary. For e.g.,
the density diagnostic metastable and ground state transitions for Si IX are separated by ~ 0.05A
at 55A, which requires a resolving power of at least R ~ 1100 [30]. Next generation X-ray tele-
scopes Athena and Lynx will be able to achieve these qualifications. Also a simultaneous view
of UV to X-ray (1 eV — 100 keV) spectral energy distribution (SED) is necessary for an accurate
characterization of the ionization parameter of the absorbing ionized gas.

(4) What is the link between the AGN accretion rate and the outflow kinematics (accretion-
ejection connection)?

A recent study by Ricci et al. [36] has shown how the environments close to an SMBH are
shaped due to the feedback from the central AGN, indicating a clear connection between feeding
and feedback. The X-ray outflows originate in close proximity to the SMBH and are thus the most
probable cause for blowing away material from the vicinity of the SMBH, thereby quenching the



accretion. Moreover recent theoretical studies [34, 14] have predicted the presence of multi-phase
gas in the vicinity of the AGN (10 — 1000 pc) which are both signatures of feeding and feedback.
The hot gas (detected in X-rays) is possibly a result of intense AGN feedback while the co-spatial
cooler gas (detected in radio and IR) is likely the result of hot gas condensation, which later rains
toward the AGN inner accretion region via Chaotic Cold Accretion [15], thus feeding the SMBH.

Observational aim: Detecting inflows and outflows in spatially resolved multi-waveband ob-
servations in AGN.

Key parameters required:X-ray high spectral and spatial resolution. X-ray spatial resolution
comparable to that of optical and mm-wave studies (a few milli-arc-seconds) will be ideal to detect
and characterize the multi-phase gas.

(5) How do the X-ray outflows drive large scale UV and molecular outflows and impact the
host galaxy?

The AGN are possibly one of the main drivers behind the kpc scale molecular outflows [11,
25,7, 42]. These large scale molecular outflows carry large amount of kinetic luminosity and mass
outflow rate and are capable of removing materials from the host galaxy and also regulate the star
formation rate. However, the exact mechanism by which the AGN interacts with the molecular gas
in the host galaxy and drives the outflows is not known, and X-ray outflows are a very important
candidate for such an interaction [40, 11, 29]. In addition, as discussed earlier, the origin and
acceleration of the multi-phase outflows from AGN detected in X-rays and UV are not yet known.
Several studies have examined the correlation and coupling between the UV and X-ray outflows,
but there hasn’t been any consensus as to whether they are a part of the same outflow, or X-ray
outflows drive the UV outflow.

Observational aim: A simultaneous UV + X-ray spectral view is required to characterize the
broad band SED from AGN and simultaneous detection of UV outflows with X-ray outflows which
probe different spatial regions. In addition, spatially resolved mm-wave and IR spectroscopic
studies need to be carried out to detect outflows at different distance scales and estimate their
driving mechanism and impact on the host galaxy.

Key parameters required: UV + X-ray simultaneous high resolution spectral view. In addition
mm-wave probe of the host galaxy molecular gas for feeding and feedback.

(6) Do X-ray ionized outflows play an important role in the evolution of the quasar luminosity
function?

We still do not know the reason behind the quasar luminosity function evolution. It is postulated
that the central AGN at a certain stage of its accretion grows bright enough to self-quench itself by
removing the fuel (gas and dust) from its vicinity, through radiation and outflows. It is therefore
imperative to study statistically the presence of X-ray outflows in quasars across cosmic time (z=0-
2), to investigate the role of feedback in quasar luminosity function evolution.

Observational aim:To study the high resolution X-ray and UV spectra of sizeable samples of
AGN at different redshift ranges, to detect and characterize X-ray and UV ionized outflows.

Key parameters required:The throughput of the X-ray telescopes should be larger by several
factors than the existing XMM-Newton-RGS, i.e > 1000 cm?. This is to ensure enough flux for
bright sources at z = 1 — 2, the quasar peak era.
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