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Abstract

The origin of the narrow Fe-Ka fluorescence line at 6.4 keV from active galactic nuclei has
long been under debate; some of the possible sites are the outer accretion disk, the broad line
region, a molecular torus, or interstellar/intracluster media. In February—March 2016, we per-
formed the first X-ray microcalorimeter spectroscopy with the Soft X-ray Spectrometer (SXS)
onboard the Hitomi satellite of the Fanaroff-Riley type | radio galaxy NGC 1275 at the center
of the Perseus cluster of galaxies. With the high energy resolution of ~ 5 eV at 6 keV achieved
by Hitomi/SXS, we detected the Fe-Ka line with ~ 5.4 o significance. The velocity width is
constrained to be 500-1600 km s—! (FWHM for Gaussian models) at 90% confidence. The
SXS also constrains the continuum level from the NGC 1275 nucleus up to ~ 20 keV, giving an
equivalent width ~ 20 eV of the 6.4 keV line. Because the velocity width is narrower than that
of broad Ha line of ~ 2750 km s~!, we can exclude a large contribution to the line flux from
the accretion disk and the broad line region. Furthermore, we performed pixel map analyses
on the Hitomi/SXS data and image analyses on the Chandra archival data, and revealed that
the Fe-Ka line comes from a region within ~ 1.6 kpc from the NGC 1275 core, where an ac-
tive galactic nucleus emission dominates, rather than that from intracluster media. Therefore,
we suggest that the source of the Fe-Ka line from NGC 1275 is likely a low-covering fraction
molecular torus or a rotating molecular disk which probably extends from a pc to hundreds pc
scale in the active galactic nucleus system.

Key words: galaxies: active — galaxies: individual (NGC 1275) — galaxies: Radio galaxy — X-rays: galax-

ies —Methods: observational

1 Introduction

Fluorescent Fe-Ka emission is the most ubiquitous atomic fea-
ture in the X-ray spectrum of non-blazar type active galactic
nuclei (AGN; e.g. Pounds et al. 1990; Nandra & Pounds 1994).
The line is produced by the irradiation of low- and intermediate-
ionization circumnuclear gas by the hard X-ray continuum emit-
ted from the corona of the accreting supermassive black hole
(SMBH). Thus, it provides a powerful probe of the circumnu-
clear environment of an AGN.

There are at least three observable Fe-K emission com-
ponents.  Irradiation of the inner accretion disk gives a
relativistically-broadened line (Fabian et al. 1989; Tanaka et al.
1995) that can be used to constrain the inclination of the inner
disk and the black hole spin (Iwasawa et al. 1996; Brenneman et
al. 2011). The much more distant interstellar medium and disk
winds can be photo-ionized and produce narrow ionized (Fe
XXV and Fe XXVI) iron lines (Yaqoob et al. 2003). Finally,
most AGN display a relatively narrow (< 3000 km s~ ') and
neutral Fe-Ka line at 6.4 keV. The origin of this line is un-

*The corresponding authors are Hirofumi Noda, Yasushi Fukazawa,
Frederick S. Porter, Laura W. Brenneman, Koichi Hagino, Taiki Kawamuro,
Shinya Nakashima, Christopher S. Reynolds, and Takaaki Tanaka.

clear, with candidates being the outer edge of the accretion disk,
the broad line region (BLR), the dusty torus of unified AGN
schemes (Antonucci 1993; Urry & Padovani 1995), or the larger
scale reservoir from which the AGN is fueled.

To date, most studies of the narrow Fe-Ka line have fo-
cused on X-ray bright Seyfert galaxies utilizing both disper-
sive high-resolution spectrometers such as the Chandra/High-
Energy Transmission Grating (HETG; Canizares et al. 2000)
and non-dispersive moderate-resolution spectrometers such
as Chandra/Advanced CCD Imaging Spectrometer (ACIS;
Garmire et al. 2003) and XMM-Newton/European Photon
Imaging Camera (EPIC; Turner et al. 2001; Striider et al. 2001).
Using HEG data, Shu et al. (2010; 2011) reported that the nar-
row Fe-Ka line from typical Seyfert galaxies exhibits velocity
widths greater than ~ 2000 km s~' (FWHM). Subsequently,
Gandhi et al. (2015) and Minezaki & Matsushita (2015) com-
pared object-by-object velocity widths of the Fe-Ka line, the
broad Balmer lines of hydrogen and those corresponding to
dust sublimation radii, and found that the Fe-Ka source lies be-
tween the BLR and dust sublimation radius. In contrast, the
origin of the Fe-Ko line from radio-loud AGN remains un-
clear in spite of observations with these high-performance X-
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ray spectrometers, principally due to their relatively low equiv-
alent widths and fluxes (see Fukazawa et al. 2011). We need the
leap in the sensitivity and resolution provided by the Soft X-
ray Spectrometer (SXS; Kelley et al. 2016) onboard the Hitomi
satellite (Takahashi et al. 2016) to establish an picture for the
circumnuclear distribution of gas in AGN via studies of the Fe-
Ka line.

In this paper, we focus on the X-ray properties of the radio-
loud AGN NGC 1275 which resides at the center of the Perseus
cluster of galaxies (z. = 0.017284; Hitomi Collaboration
2017a). Chandra and XMM-Newton observations reveal sig-
natures of interaction between the jets from NGC 1275 and the
cool-core of the intracluster medium (ICM), most notably the
presence of kpc-scale cavities and weak shocks or sound waves
in the ICM (e.g., Fabian et al. 2006). There is compelling evi-
dence that these jet-ICM interactions in cool core galaxy clus-
ters heat the ICM, preventing the ICM core from undergoing a
cooling catastrophe. Being the brightest example, the Perseus
cluster and NGC 1275 have thus been recognized as one of the
most important targets for gaining an understanding of the feed-
back loop that allows a central AGN to regulate a cluster core
(e.g., McNamara & Nulsen 2007). For this reason, the core of
the Perseus cluster was the first science target for the SXS on-
board Hitomi. This X-ray micro-calorimeter observation pro-
duced a spectrum of the ICM with unprecedented spectral res-
olution, finding a surprisingly quiescent turbulent velocity of
~ 160 km s™' despite the vigorous AGN feedback (Hitomi
Collaboration et al. 2016). This same observation gives us our
first view of an AGN, NGC 1275, with an X-ray microcalorime-
ter — that is the focus of this paper.

The X-ray properties of NGC 1275 have been studied for
many years. Fabian et al. (2015) compiled a 40 year X-ray
light curve from archival and historical multi-mission data, and
They
found that the X-ray and radio flux were correlated. They also

compared it to the 90 GHz flux over the same time.

found that the source was very bright in the 1970-80s, fading
to a minimum in 2000-2005, and has been slowly brighten-
ing since that time. The X-ray spectrum observed by XMM-
Newton in 2001 exhibited the presence of a clear narrow Fe-Ka
line with an equivalent width (EW) of ~ 165 eV relative to the
AGN continuum (Churazov et al. 2003). A later XMM-Newton
observation in 2006 found that the EW had decreased to 70—
80 eV (Yamazaki et al. 2013), mostly due to an increase in the
AGN continuum flux, while the line flux was roughly constant.
However, the line width has never been successfully measured,
and hence, it was not known which region mainly generates the
Fe-Ka emission in NGC 1275. Here we report the first mea-
surements of the Fe-Ka line width in NGC 1275, providing the
such measurement from a radio-loud, central cluster AGN. This
is the first X-ray spectroscopy of an AGN with an X-ray mi-

crocalorimeter.

NGC 1275 harbors a SMBH with a mass Mpu ~ 3.4 X
108 Mg (Wilman et al. 2005) or ~ 8 x 10% M (Scharwichter
et al. 2013), and exhibits a relatively low Eddington ratio,
Lp/Lgaa ~ 3 x 107* (e.g., Sikora et al. 2007). The AGN
has been often classified as a Fanaroff-Riley type-I (FR I) ra-
dio galaxy (Laing et al. 1983), but it is still unclear whether
or not this system has a Seyfert-like BLR. While a broad Ho
line with velocity width of ~ 2750 km s~ (FWHM) was ob-
served during the bright phase in 1984 (Ho et al. 1997), no op-
tical broad lines were detected by HST when the source was in
the faint phase in 2000 (Balmaverde & Capetti 2014). In the
infrared band, Scharwichter et al. (2013) reported [Fe II], Ho,
He I, and Brvy lines with velocity widths of ~ 380-1000 km s~*
(FWHM) from a resolved rotating molecular disk which has a
size of a few hundreds pc.

In the present paper, we analyze not only the Fe-Ka line
emission from NGC 1275 but also the broad-band continuum
from this AGN. The continuum studies are enabled by fact that
the SXS (at the focal point of one of the Hitomi Soft X-ray
Telescopes; SXT) has sensitivity up to ~ 20 keV, an energy at
which the AGN dominates over the ICM emission, and a very
low background. In Section 2, we briefly describe the Hitomi
observation and data reduction as well as the data from other
satellites that we shall use in this investigation. Our analyses
and results are reported in Section 3, focusing firstly on the
nature of the Fe-Ka line (Section 3.1) and then on the broad-
band AGN emission (Section 3.2). We discuss the astrophysi-
cal implications in Section 4, developing the case that the Fe-
Ka line originates from the torus or the molecular disk seen by
Scharwichter et al. (2013). Unless otherwise stated, tables and
figures use 90% and 1o error ranges, respectively. All abun-
dances are quoted relative to the Lodders & Palme (2009) solar
abundance set. Photoelectric cross-sections for the absorption
model are obtained from Balucinska-Church & McCammon
(1992).

2 Observation and Data reduction
2.1 Hitomi

The Hitomi observations of the core of the Perseus cluster and
NGC 1275 were performed on 2016 February 24-27 and March
4-7 with three different nominal pointing positions. Here, we
utilize the SXS data obtained on February 25-27 and March 4—
6 (OBSID 100040020-100040050) which were derived at the
same nominal position with a total on-source exposure of ap-
proximately 240 ksec. The SXS successfully achieved an un-
precedented in-orbit energy resolution of ~ 4.9 eV at 6 keV in
35 calorimeter pixels which covered a field of view (FOV) of
~ 3’ x 3’ (Porter et al. 2016; Leutenegger et al. 2016). The SXT
focuses X-rays onto the SXS with a half power diameter (HPD)
of 1.2’ (Okajima et al. 2016). The in-orbit energy resolution and
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Table 1. A list of the archival data of XMM-Newton and Chandra.

OBSID Observation date  Exposure (ksec)  Angular offset (') Source / BGD extraction regions
XMM-Newton/PN and MOS
0085110101 2001 January 30 60“ 0.001 147 circle / 60" —63" 1
-circle —63""-annulus
0305780101 2006 January 29 141¢ 0.038
Chandra/HEG
333 1999 October 10 27 0.011 yo
4" -circle / None
428 2000 August 25 25 0.011
Chandra/ACIS
6139 2004 October 4 56 0.007
4946 2004 October 6 24 0.007
4948 2004 October 9 119 0.007
4947 2004 October 11 30 0.007
4949 2004 October 12 29 0.007 P b
4" 45" -annulus / off-source 50" -circle
4950 2004 October 12 97 0.007
4952 2004 October 14 164 0.007
4951 2004 October 17 96 0.007
4953 2004 October 18 30 0.007
6145 2004 October 19 85 0.007
6146 2004 October 20 47 0.007

* The integrated total exposure for all the detectors, PN and MOS.

the HPD were better than the formal requirements of 7 eV and
1.7" (Takahashi et al. 2016), respectively. Although energies be-
low ~ 2 keV could not be observed by the SXS due to the closed
gate valve on the cryostat (Eckart et al. 2016), the extension
of its bandpass up to ~ 20 keV, which was also much beyond
the requirement of 12 keV (Takahashi et al. 2016), proves ex-
tremely useful for this investigation of NGC 1275. The Soft X-
ray Imager (SXI; Tsunemi et al. 2016), the Hard X-ray Imager
(HXT; Nakazawa et al. 2016) and the Soft Gamma ray Detector
(SGD; Watanabe et al. 2016) were inactive during the observa-
tions of the Perseus cluster we utilize in the present paper.

The SXS cleaned datasets were reduced via the pipeline
version 03.01.006.007 (Angelini et al. 2016). In order to uti-
lize the energy range above 16 keV, we apply sxsextend in
HEAsoft-6.20 to the cleaned datasets, and extract events with
the screenings which use the relation between energy and a
rise time of every X-ray event, and with the removals of frame
events using the time coincidence among pixels. Moreover, we
select events with the high primary grade to use the highest res-
olution events. Spectra are extracted via xselect. After these
reductions, we further apply two types of gain corrections; one
is the “z correction” and the other is the “parabolic correction”.
The z correction is a linear gain correction to all the pixels in or-
der to align the central energy of the 6.7004 keV Fe XXV Hea

emission line seen in the emission from the hot gas in the

Perseus cluster to the redshift of NGC 1275 of 0.017284. The
parabolic correction is applied to align the central energies
of emission lines in the 1.8-9.0 keV band, with the function
APFEcore = A(Bobs — Eres)? + B(Eobs
FEes are the observed energy and the redshifted Fe XXV Hea
energy, respectively. The two gain corrections are the same as

— FEyes), where Eops and

those used in Hitomi Collaboration (2017b), and are on the or-
der of 1 eV (see Appendix in Hitomi Collaboration 2017b for
further details). In the present paper, we use the datasets after
both z correction and parabolic correction are applied, unless
otherwise stated.

In spectral analyses, the Non-X-ray Background (NXB;
Kilbourne et al. 2016) events are modeled by sxsnxbgen in
ftools. The Redistribution Matrix File (RMF) is prepared by
sxsmkrmf in HEAsoft-6.20 as the extra-large matrix which
can include the escape peak and electron loss continuum ef-
fects. The Ancillary-Response Files (ARFs) are prepared via
aharfgen in HEAsoft-6.20. The ARF for a point-like source
is created, assuming a point-like source at (2000, d2000) =
(3"19™48%.16, 41°30'42".10). The ARF for a diffuse source
is created using input a sky image from Chandra in the 1.8—
9.0 keV band where the AGN region within 10 arcsec from
NGC 1275 is replaced with the average adjacent brightness.



8 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0

2.2 Other X-ray satellites: XMM-Newton and
Chandra

To discuss the spatial extent of the Fe-Ka line source
(Section 3.1.3), we utilize archival datasets taken with XMM-
Newton and Chandra, complementary to the Hitomi data. The
XMM-Newton and Chandra data are reprocessed using the
SAS-16.0.0 and CIAD-4.8 software, respectively.

XMM-Newton observations with nominal positions very
close to NGC 1275 were conducted in January 2001 and 2006.
We use the two long datasets (> 60 ksec) with the EPIC MOS
and PN detectors (see Table 1). Exploiting the moderate angular
resolution of ~ 15” (HPD), we analyze the AGN spectra.

Chandra has been intensively used to study the Perseus clus-
ter, resulting in 31 publicly available archival datasets as of
2016. The unprecedented angular resolution (< 1) enables
us to precisely localize the Fe-Ka line by discriminating be-
tween the AGN and emission from the cluster gas. We utilize
all the datasets of the HETG read out onto the ACIS. The dis-
persed High-Energy Grating (HEG) data are analyzed, whereas
the dispersed Medium-Energy Grating (MEG) data are not used
because it does not cover the Fe-Ko line energy. The other
Chandra datasets were taken with ACIS in the imaging mode.
Although pile-up is significant in the central region (< 4”'; see
the detail in Section 3.1.3), possible Fe-Ka line flux in the outer
region (> 4”) can be constrained. We select (1) the data sets
which have an angular offset from NGC 1275 less than 0.1 in
order to make use of high angular resolution (0.5”), and (2)
those taken in 2004 to reduce systematic uncertainties associ-
ated with the aging of the instruments. The final datasets we
use are summarized in table 1.

3 Data Analysis and Results
3.1 Fe-Ka spectral and spatial analyses

We begin by examining the spectral and spatial structure of the
neutral Fe-Ka line emission.

3.1.1 The SXS spectrum

We analyze a spectrum extracted from a field of 3 x 3 pix-
els (pixel #0-8) of the microcalorimeter array centered on
NGC 1275 (which is in pixel #4), since ~ 95% of the AGN
counts are contained in this region (Hitomi Collaboration et al.
2016). Figure 1 shows this 9-pixels NXB-subtracted spectrum
in the 6.1-6.45 keV (observed) range; a clear emission line
can be seen at ~ 6.28 keV which corresponds to ~ 6.40 keV
in the rest frame. Detailed spectral fitting at microcalorime-
ter resolution must account for the fact that the neutral Fe-Ka
line is actually a doublet with intrinsic energies 6.404 keV and
6.391 keV for Fe-Ka; and Fe-Kaa, respectively. We fit this
section of the spectrum with a model consisting of a power-
law (representing the sum of the ICM and AGN continuum)

0.2 T T T T T T

Counts s keV!

6.1 6.15 6.2 6.25 6.3 6.35 6.4 6.45
Energy (keV)

Fig. 1. The 6.1-6.45 keV SXS spectrum including the neutral Fe-Ka line at
~ 6.4 keV in the rest frame. It is fitted with the model of powerlaw + zgauss
+ zgauss, which corresponds to a sum of spectral continua from the ICM
and AGN, an Fe-Ka1, and an Fe-Kaz emission line, respectively.

12

Normalization (10 photons cm? s™')

0.016 0.0165 0.017 0.0175 0.018

Redshift

Fig. 2. Contours of confidence level of 68% (red), 90% (green), and 99%
(blue), between the normalization (Ka1 +Kasz) and redshift in the Fe-Ka line
region fitting.

and two redshifted Gaussian lines with intrinsic energies of
Fe-Kai and Fe-Kas (XSPEC model powerlaw + zgaussl +
zgauss2). Atomic physics dictates that the intrinsic intensity
of Fe-Ka is twice of that of Fe-Kas, and so the relative nor-
malization of the Gaussian lines are linked accordingly. Free
parameters of the model are the photon index I" and the normal-
ization Npr, of powerlaw, the redshift z and overall intensity of
the Fe-Ka /Fe-Kas doublet, and the (common) velocity width
o of the Fe-Ka1/Fe-Kas doublet. Fitting is performed using
microcalorimeter energy bins of 1 eV; we do not further bin
the spectrum. We perform the spectral fitting with C-statistics
(Cash 1979), because of the modest count rate in each bin.
This simple model provides a good description of the spec-
trum (with C-statistics/d.o.f. = 326.2/344"). The best fitting
parameter values are summarized in table 2. Despite the fact
that the sum of the EWs of the two Fe-Kq lines (EW; + EW3)

! C-statistics is distributed as x? in the case of a large number of samples
(Cash 1979).
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Table 2. Results of the fit to the 6.1-6.45 keV spectrum of the SXS on-core 9 pixels, with and without the z and parabolic corrections.

Component Parameter w/ z and parabolic corr.  w/o z and parabolic corr.
powerlaw r 2.4919-58 2.5519-89
N3 0.0770:52 0.08%0:52
zgauss1 FE1 (keV) 6.404 (fix)
o1 (eV) 7.791530 8.93152%
21 0.0170219-50059 0.0173310:00005
NP 4.301155 4.48%13
zgauss?2 FEs (keV) 6.391 (fix)
g2 (CV) =01
z2 =2Zz1
NP =0.5x N,
EW; + EW; (eV) 89751 9.2752

C'-statistics/d.o.f.

326.2/344 325.5/344

 The powerlaw normalization at 1 keV, in units of photons keV ~*
2 —1

" The zgauss normalization, in units of 10~° photons cm =2 s

is just ~ 9 eV, they are detected with a high significance level
of ~ 5.4 o thanks to the high energy resolution of the SXS.
This clearly illustrates the line detecting capability of X-ray mi-
crocalorimeters. After including the effects of the instrumental
broadening in the modeling, the Fe-Ka lines have a resolved
velocity width with the Gaussian sigma of 4.4-13.1 eV (90%
confidence range), corresponding to a velocity width of 500—
1500 km s~ (FWHM; 90% confidence range). A Gaussian
model is a good fit to the data.

Figure 2 shows the confidence contours between the Fe-
Ka intensity (sum of two lines) and redshift. The redshift of
0.0170275-05959 is consistent, within 90% errors, with the value
(z+ = 0.017284) measured by optical emission lines of stars in
NGC 1275 (Hitomi Collaboration 2017a). This shows that the
center energies of the Hitomi detected lines are consistent with
the neutral values of Fe-Kay and Fe-Kaw lines at 6.404 and
6.391 keV, respectively, at the redshift of NGC 1275. However,
the derived AGN redshift is inconsistent with that of the of the
ambient ICM emission (zicm = 0.01767 £ 0.00003; Hitomi
Collaboration et al. 2016).
(2017a) for more discussions about the redshift difference be-
tween NGC 1275 and ICM.

Refer to Hitomi Collaboration

In order to consider systematic errors which come from
the SXS gain uncertainty and the spatial distribution of the
ICM bulk motion, we next fit the 6.1-6.45 keV spectrum ex-
tracted from the event sets with neither the z nor parabolic
correction, with the same models and parameter settings as
above. As shown in table 2, the Gaussian sigma becomes 5.2—
14.4 eV (90% confidence range after including the instrumen-
tal broadening in the modeling) which corresponds to the 90%

cm~2s lat1keV.

1

confidence range of the velocity width of 600-1600 km s~
(FWHM). The line detection significance is still ~ 5.4 o. The
systematic increase of the line width is ~ 1 eV, and this is con-
sistent with that due to the gain uncertainty of the SXS and/or
the region-by-region ICM bulk motion (Hitomi Collaboration
2017a). The redshift becomes 0.0173370 0005 which is con-
sistent, within statistical 90% error, with that derived from
the spectrum with the gain corrections, and with the optically-
measured value (z. = 0.017284). Thus, even when the system-
atic errors are taken into account, the central energies of the
Fe-Ka lines are consistent with their neutral values. Hereafter,
we thus utilize the velocity width range of ~ 500-1600 km s~*
(FWHM), taking into account the systematic uncertainties.

3.1.2 Spatial Distribution from SXS Data
The Perseus cluster possesses a system of atomic and molecu-
lar filaments that extend throughout the inner core of the cluster
(see the detail in §4.1). The origin of this cold gas which is
embedded within the hot ICM is still debated; it may be con-
densing via thermal instability from the hot ICM, or it may be
cold gas from the galaxy that is uplifted into the ICM by AGN
activity. Either way, as discussed more extensively below, ir-
radiation of this cold gas by the hot ICM and the central AGN
can produce spatially extended Fe-Ka fluorescence. We begin
our exploration (and ultimate rejection) of this possibility for
the observed Fe-Ka fluorescence by using the imaging capabil-
ity of the SXS to directly examine the spatial distribution of the
Fe-Ka emission.

We start by extracting spectra from individual pixels of the
SXS microcalorimeter array. To select time intervals when the
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Fig. 3. Left: The SXS pixel distribution of the Fe-Kc count rate. Right: A plot of extent of source versus x? values when the extent of the simulated 2-D
Gaussian source, which is fitted to the Fe-Ka map (left panel), is changed as 5, 15, ... , 65 arcsec.

satellite pointing was stable, we use the GTI with a condition of
the 1st Euler angle of 49.93-49.9325 degree and the 2nd angle
of 48.4812-48.4826 degree. We use the same RMF and ARF as
those utilized in §3.1.1 (see §2.1). The individual pixel spectra
are then fitted with the same model employed above, except that
o1 and o2 are fixed at 7.79 eV which is same as that in table 2.
As a result, we can derive a pixel distribution of count rate of
the Fe-Ka line photons as shown in figure 3(left). It includes 1o
uncertainties of 6 x 10~7 and (2—3) x 10~" photons cm ™2 s+
in the peak position (Pixel 4) and in the faint end (Pixel 9, 11,
19, 21, 23, 24, 26, 30, 32, and 34), respectively.We find that
the Fe-Ka count rate in the on-core pixel is highest as expected,
and those in the surrounding 8 pixels are higher than off-AGN
regions, consistent with the Hitomi PSF, as detailed below.
Using this observed distribution of the count rate of Fe-Ka
photons, we constrain the source extent by comparing with
model distributions blurred by the 2-dimensional SXT Point
Spread Function (PSF) as computed using the simxv2.4.1 pack-
age. We use the PSF 2-dimensional data file’ taken by the
beam-line experiment of the flight SXT-S at ISAS/JAXA in
2014. Firstly, data from the Hitomi star-trackers are used to
determine the precise location of NGC 1275 on the SXS array
which we determine to be (DETX, DETY) = (4.85, 2.21). Next,
we simulate the SXS image of a point source of 6.4 keV line
photons, producing a grid of models with different source loca-
tions. We produce an 11x11 grid of DETX and DETY with a
step size of 0.2 pixels. Comparing these models to the observed
Fe-Ko count rate map using the x? statistic and making a con-
fidence contour of DETX vs. DETY, we confirm that the best-
fit location of the Fe-Ka source becomes (DETX, DETY) =
(4.740.4, 2.5+0.4), consistent with the position of NGC 1275.
Finally, we simulate a source that has an extended Gaussian
profile, centered on NGC 1275, with o = 5,15,25,...,65 arc-

2 sxt-s-PSFimage-150120.fits packed in the simxv2.4.1 package

0.8
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Fig. 4. Comparison of the Fe-Ka fluxes among different satellites, instru-
ments, years, and regions. Open squares, filled circles, and filled triangle
show the Fe-Ka fluxes obtained by Chandra, XMM-Newton, and Hitomi, re-
spectively. Error bars show 90% confidence ranges.

sec. The angular resolution of the SXS + SXT is not enough,
and the ratios between the Fe-Ka and continuum count rates in
the SXS pixel map are too low to limit complex source emis-
sion models which have effective extents smaller than the PSF.
Hence, we choose a Gaussian as a simple model which can fit
the data and constrain the source extent, considering a relatively
smeared structure better than peakier models. The change in >
statistic as a function of extent is shown in figure 3(right). Thus,
the Hitomi SXS data show that the Fe-Ka source is constrained
to have an extent of less than ~ 42 arcsec or ~ 17 kpc at the
distance of NGC 1275.

3.1.3 Fe-Ka Comparison with Chandra and XMM-Newton
Historical variability of the Fe-K« line intensity is useful to di-
agnose the location of the fluorescing matter. We begin with
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Table 3. Results of the spectral fits to the XMM-Newton, Chandra/HEG, and Chandra/ACIS spectra in the 4-8 keV band.

Component Parameter XMM-Newton/PN and MOS  XMM-Newton/MOS  Chandra/HEG  Chandra/HEG
in 2001 in 2006 in 1999 in 2000
(Simultaneous fitting)
constant Clinst 0.85+0.07
powerlaw r 1.2440.19 1.50£0.14 0.76 £0.58 2.0110:53
N3 135795 2.7970:72 0.561032 9.81%.%8°
zgauss FE (keV) 6.40 (fix)
o (eV) 10 (fix)
z 0.017284 (fix)
NP s 12591822 1326199 2.3575°72
C-statistics/d.o.f. 1418.03/1445 820.86/788 615.14/789
Component Parameter Chandra/ACIS in 2004 (Simultaneous fitting)
apec Te (keV) 4.22+0.09
A (Solar) 0.47+0.01
Zapec 0.017284 (fix)
Napec 3.70 +0.08
zgauss E (keV) 6.40 (fix)
o (eV) 10 (fix)
Zzgauss = Zapec
Nisanss 1.90%1:39
C-statistics/d.o.f. 3232.51/2999

-2 —1

2 The powerlaw normalization at 1 keV, in units of 10~ photons keV ™" cm™? s

-2 -1

" The zgauss normalization, in units of 10~ photons cm ™2 s

¢ The apec normalization, in units of (10~ '° /47 (Da (1 + 2))?) [ nenudV, where Dy is the angular size distance to the source (cm),

ne and ny are the electron and H densities (cm™2).

a comparison to the archival XMM-Newton data taken in 2001
and 2006. The procedures of the data reduction as described be-
low are based on the XMM-Newton ABC guide®. The raw PN
and MOS data are reprocessed using pipelines, epchain and
emchain, respectively.

We filter the duration where the background activity is high,
judged from the background light curve in the 1012 keV band.
We also impose the event pattern selection, PATTERN < 4 (sin-
gle and double events) for PN, and PATTERN < 12 (single,
double, triple, and quadruple events) for MOS. To determine the
source region, pile-up is checked with the SAS tool epatplot,
and we find it is significant in the vicinity of the AGN. Hence,
depending on its strength, on-core 7/~14"" and 8'—14"-annular
regions are adopted for the 2001 and 2006 data, respectively, to
exclude the pixels suffering from pile-up. Note that the PN data
in 2006 is not used because the pile-up effects the entire extrac-
tion region for NGC 1275. The background spectra including
the ICM emission is estimated from a 60-63" annular region
following Yamazaki et al. (2013). We combine the spectra from

3 https://heasarc.gsfc.nasa.gov/docs/xmm/abc/

the two individual MOS detectors.

Our main focus is accurate measurement of the Fe-Ko flux,
and thus we have to determine the continuum level with the
least bias. For that purpose, we analyze the 4-8 keV spec-
tra to reduce the systematic uncertainty caused by the ICM
emission subtraction. The spatial variation of the ICM emis-
sion also makes suitable background subtraction difficult. The
RMFs and ARFs are generated in a standard manner appropri-
ate to a point source. We fit these data with a model consisting
of a powerlaw continuum and a Gaussian Fe-Ka emission line
(powerlaw + zgauss). When fitting the PN and MOS spec-
tra in 2001, the systematic uncertainty between the two is taken
into consideration by applying the constant model to the to-
tal (Clinst in table 3). The photon index and normalization of
the powerlaw, and the normalization of thezgauss are left free,
while the line energy, its width, and the redshift of zgauss are
fixed at 6.4 keV, 10 eV, and 0.017284, respectively. Table 3
summarizes the fitting results. The Fe-Ka fluxes are measured
to be (12.597%22) x 107® photons cm~2 s™! in 2001, and
(13.261595) x 1075 photons cm ™2 s~ * in 2006 (errors are 90%
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Fig. 5. (a) The broad-band spectrum obtained by the SXS on-core 9 pixels, fitted with the model of the ICM plus AGN emission. Black is the on-core 9-pixels
SXS spectrum, while red is the spectrum of NGC 1275 derived by the PSF photometry method. The black and red solid lines are the best-fit bbvapec and
pegpwrlw component, respectively, derived by the fit to only the SXS on-core 9-pixels spectrum. (b) Enlargement of panel (a) around the Fe-Ka line region

without the models.

confidence). The line fluxes are in good agreement with that
in 2016 obtained from the Hitomi data despite the significant
brightening of the AGN continuum (powerlaw) emission indi-
cating a lack of immediate response of the line to continuum
changes.

To extract the AGN spectra from the HEG data, we run
chandra_repro with the default parameter set. There is no evi-
dence for pile-up using the CIAO tool pileup-map. The source
region is a rectangle surrounding dispersed X-rays with the
width of ~
ICM emission is two rectangles with the width of ~ 22" located

4.8", whereas that for the background including the

on either side along the source region. The RMFs and ARFs
are produced by assuming a point source. To get a stronger
constraint on the Fe-Ka flux, we simultaneously fit the 4—
8 keV spectra in 1999 and 2000 using the model of powerlaw +
zgauss. We determine the continuum component (powerlaw)
independently in the two spectra but tie the Fe-Ka line intensity.
The resultant intensity is (2.3515 73 ) x 10~ photons cm 2 s,
consistent with those in the XMM-Newton (2001 and 2006) and

Hitomi (2016) observations.

In the same manner as for the Chandra/HEG data, we re-
process the Chandra/ACIS data, and find that while the nuclear
region (< 4”) is badly affected by pile-up, the outer regions
are not affected. Hence, the Chandra/ACIS allows us to in-
vestigate if there is an Fe-Ka source other than the AGN. The
SXS pixel distribution of the Fe-Ko flux has already limited
the extent of the Fe-Ka emitter to be < 42", so we use the
Chandra/ACIS data to constrain the flux in the 4/—45" annu-
lar region around the AGN. The background region is a 50"
circle, where no other source is present. The 4-8 keV spec-
tra are extracted from all the Chandra/ACIS archival data listed
in table 1. With RMFs and ARFs optimized for the extended
source, we perform a simultaneous fitting to the 11 spectra with

a model consisting of thermal plasma emission from the ICM
and a neutral Fe-Ka line (apec + zgauss). All parameters in
the ICM model except for the redshift of 0.017284 (i.e., the
electron temperature, elemental abundance, and normalization)
are left free, while zgauss is treated in the same manner in the
HEG analysis. The neutral Fe-Ka line flux is constrained to
be (1.907759) x 107° photons cm ™2 s~'. Although the de-
tection is significant at ~ 97% confidence level, the resultant
flux is significantly smaller than those measured with XMM-
Newton/MOS and PN, Chandra/HEG, and Hitomi/SXS. We
— 427
annulus from the core does not significantly contribute to the

conclude that the Fe-Ka emission in the region in the 4”

Hitomi detection and thus the Fe-Ka flux observed with the
SXS comes mainly from the nucleus region within a 4"/ radius,
or ~ 1.6 kpc from NGC 1275.
likely located within the circumnuclear material.

Hence, the Fe-Ko emitter is

3.2 Broad-Band Spectral Analysis

3.2.1 Direct fit to the SXS on-core 9-pixels spectrum

We now turn to a broad-band spectral analyses of the SXS data
in order to constrain the AGN continuum. This requires a care-
ful decomposition of the spectrum into ICM and AGN compo-
nents; indeed, the spectrum of the AGN is important for any
detailed studies of the ICM emission. Because the spectral con-
tinuum of the AGN is different from that of the ICM, it is ef-
fective to study the broadest band as possible. In spite of its be-
ing, nominally, a soft X-ray instrument, the combination of the
SXT+SXS possesses sufficient sensitivity to detect NGC 1275
at ~ 20 keV. At such high energies the AGN dominates the SXS
signal (see figure 5). The fact that the SXS gate-valve was still
closed during this observation limits the analysis to energies
above 1.8 keV. We use the same RMF as in §3.1.1 (see §2.1).
We use the diffuse and point-like source ARFs for the ICM and
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Table 4. Results of the fits to the SXS on-core 9-pixels spectrum and the PSF-photometry spectrum in the baseline case, and in the

cases utilizing the ARFs correspoding to the ground and orbital calibration.

Component Parameter Baseline Ground calibration  Orbital calibration
Direct fit to the SXS on-core 9-pixels spectrum

pegpvwrlw r 1.607:8:}? 1.997:8:% 1.71f8'&?
Fiiorev 2317055 3.93%058 3.0515 30

zgaussx2 EW (eV) 26,5737 16.4116 20.7+23

C-statistics/d.o.f. 10562.2/11120 10559.6/11120 10560.9/11120
Fit to the PSF-photometry spectrum

pegpwrlw r 1.83£0.04 1.79£0.04 1.76 £0.04
F3 16 kev 2.97+£0.06 2.85£0.06 2.98 £0.06

zgauss X2 EW (eV) 20.3+0.3 20.9+0.3 19.8+0.3

x*/d.of. 21.0/39 25.2/39 20.1/39

2: The 2-10 keV flux of the pegpwrlw in units of 107" ergcm™2 s~

AGN model component, respectively. The ARF for the AGN
model is same as that used in §3.1.1 (see §2.1).

We perform the direct fit to the 1.8-20 keV spectrum from
the 3 x 3 pixels (#0-8) region of the SXS centered on the AGN,
which is same as that in §3.1.1, with a model consisting of ICM
and AGN components. Both the ICM and AGN components
are modified by the effects of Galactic absorption (described us-
ing the XSPEC model TBabs) with a column density of 1.38 x
10*' cm™?2 derived from the Leiden/Argentine/Bonn (LAB)
Survey of Galactic HI (Kalberla et al. 2005). The ICM emission
is modeled with zashift*bvvapec, which is the redshifted
thermal plasma model including thermal and turbulent line
broadening, together with the AtomDB version 3.0.9 #. Avoiding
the mismatch of line ratio due to resonance scatterings (Hitomi
Collaboration 2017c), we exclude Fe XXV He« resonance
line from the model, and instead we introduce one Gaussian
model to represent this resonance line. Hence, the model fit-
ted to the ICM is TBabs*zashift*bvvapec + gauss. Light
elements, He through to Al, are assumed to have solar abun-
dances (as defined by Lodders & Palme 2009) because the
relevant lines of these elements are out of the SXS energy
range. The abundance of other elements are allowed to be non-
solar, but those of P, Cl, K, Sc, Ti, V, Co, Cu, and Zn are all
tied to that of Fe, following Hitomi Collaboration (2017b).
The AGN component is modeled by a powerlaw plus the iron
fluorescence lines (Fe-Kai+Fe-Kao), pegpwrlw + zgauss +
zgauss, where the normalization ratio of two Gaussians is fixed
to 1: 2 as described in §3.1.1. We perform the spectral fit in the

* Because treatments of some Fe-K lines are updated from AtomDB version
3.0.8, finally we use version 3.0.9 in the present paper. The APEC version
3.0.8 and 3.0.9 produce just small difference in the photon index of ~ 0.05
in the AGN spectral fitting.

1

Table 5. The abundance values of the ICM modeled by bvvapec
in the direct fit to the SXS on-core 9-pixels spectrum?.

Element Abundance (Solar)
Si 0.671515
P - AFe
S 0.7519:99
Cl = AFe
Ar 0.6410:05
K == AFe
Ca 0.7155:29
Sc = AFe
Ti = AFe
\Y == AFe
Cr 0.3570 35

Mn 0.54%0:33
Fe 0.6570 08
. .14
Ni 0.7179013
Cu = AFe
7Zn = AFe

? Are is the Fe abundance in a unit of the Solar abundance.

energy range of 1.8-20 keV with C-statistics. The spectrum is
grouped so as to have at least one photon in each channel.

As a result, the SXS spectrum is well fitted by this model
with C-statistics/d.o.f.= 10562.2/11120, as shown in fig-
ure 5(a). The direct fit results of the AGN parameters are sum-
marized in the Baseline column of table 4. The ICM parameters
become zicnm = 0.0172975:09092 T, = 3.82 4 0.07 keV, and
Viarb = 158.6711°7 km s™! which are almost consistent with
those reported by Hitomi Collaboration (2017a, b). The ICM
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abundance values of the various elements are summarized in ta-
ble 5, and their ratios are confirmed to be consistent with those
reported in Hitomi Collaboration (2017d). Hence, we do not
furthermore discuss the ICM parameters in the present paper.

3.2.2 Analyses of the PSF-photometry spectrum

Although the statistical errors on the AGN spectral slope and
flux are rather small as shown in Table 4, they are correlated
with the ICM parameters, and potentially, susceptible to sys-
tematics resulting from uncertainties in the calibration and mod-
eling. In fact, the powerlaw photon index is distributed widely
from 1.4 to 2.2 when we use the different gain calibration, RMF
size, and ARF effective area . This is because the AGN com-
ponent is buried in the ICM emission especially below 6 keV
and hence, the spectral slope can be significantly affected by
a small change of the calibration and modeling. Therefore,
we perform a model-independent evaluation of the AGN spec-
trum via the image analysis, employing the PSF photometry on
the SXS pixel maps derived in multiple narrow energy bands
(see Appendix 1 for further details of the creation of the PSF-
photometry spectrum). The derived PSF-photometry spectrum
is shown in figure 5(a). It is successfully determined up to
20 keV, and the Fe-Ka line also clearly appears as shown in
figure 5(b).

We fit the PSF-photometry
sorbed powerlaw model with two Gaussians modeled as
We fix the
Galactic absorption column density to that used in the direct fit

spectrum with an ab-
TBabs* (pegpwrlw + zgauss + zgauss)

in §3.2.1. Because the binsize of the PSF-photometry spectrum
is much larger than that of the SXS on-core 9-pixels spectrum,
we fix the parameters of two Gaussians at the best-fit values
with the gain corrections in table 3. Because the errors, given
by the PSF photometry method (see Appendix 1), do not
follow a Poisson distribution, we use x? statistics in place of
C-statistics. As shown by the Baseline column in table 4, the
fit is successful with x*/d.o.f= 21.0/39, and the pegpwrlw
photon index and flux in 2-10 keV become 1.83 % 0.04
and (2.97 +0.06) x 107 erg cm™2 s~
EW of the Fe-Ko line against the AGN continuum becomes

!, respectively. The

20.3 + 0.3 eV. Incorporating the PSF photometry method, we
thus obtain the AGN spectrum which is slightly steeper than
that derived by the direct fit in §3.2.1. Note that these AGN
parameters based on the PSF photometry manner are employed
in the other Hitomi papers of the Perseus cluster of galaxies
(Hitomi Collaboration 2017a, b, c, d, e).

> Note that, as described in §2.1, we use the additional gain calibration in
addition to that used in the default pipeline processing of the SXS data.
Furthermore, there are four options on the RMF size in the SXS RMF gen-
erator sxsmkrmf. These RMFs are different in not only size but also some
response issues considered in the calculation. See §3.2.2 for the system-
atic errors due to the ARF effective area.

¢ Because we do not use AtomDB in the fit to the PSF-photometry spectrum,
the results in this subsection are not related to the AtomDB version update.

3.2.3 Broad-band comparison with Chandra and XMM-
Newton including systematic errors

Finally, in order to compare the AGN parameters in 2016 with
those in the previous occasions by the different satellites, we
check parameter changes due to the effective area uncertain-
ties, which mainly produce large systematic errors. The ef-
fective area calculated by the aharfgen is different from that
measured in the ground calibration by up to ~ 7% (Hitomi
Collaboration 2017a, e), and that investigated in the orbital cal-
ibration by utilizing the Crab ratio by up to ~ 10% (Tsujimoto
et al. 2017; Hitomi Collaboration 2017a, e). Then, we modify
the ARF, according to the differences from the ground and or-
bital calibration individually, and again perform the fits to the
SXS on-core 9-pixels spectrum and the PSF-photometry spec-
trum. Results are summarized in table 4. Consequently, con-
sidering the systematic uncertainties of the direct fits, which
are wider than those in the fits to the PSF-photometry spec-
trum, the parameter range of the powerlaw photon index is de-
termined to be 1.45-2.06. The 2-10 keV flux range is (1.96—
4.35) x 107! erg cm ™2 s~!, which is comparable to the AGN
brightness around 1980-90s (Fabian et al. 2015). The range
of the Fe-Ka EW against the AGN continuum becomes 15.3—
30.2 eV.

How different are the AGN spectral shape and flux obtained
by the SXS in 2016 from those in the past X-ray observations?
First, we check the Chandra/HEG 0.5-7 keV spectra obtained
in 1999 and 2000 (see table 1). The Chandra/HEG source and
background spectra, the RMFs and ARFs are all same as those
in §3.1.3, but the energy band is changed to 0.5-7 keV. We
fit the HEG spectra with the model of TBabs*(pegpwrlw +
zgauss), where the parameter settings of TBabs and pegpwrlw
are same as in §3.2.2, while those of zgauss are fixed at the
values with the gain corrections in table 3 except for its normal-
ization left free. As shown in table 6, the fits are successful,
and the 2-10 keV flux in 1999 is significantly lower than 2016,
while that in 2000 is compatible to 2016.

The XMM-Newton broad-band spectrum in 2001 and 2006
were already reported by Churazov et al. (2003) and Yamazaki
et al. (2013), respectively. However, as shown in §3.1.3, we uti-
lize the different source- and background-extraction regions to
avoid pile-up effects, and hence, we reanalyze the 0.7-8 keV
spectra in both 2001 and 2006. The source and background
spectral files, the RMS and ARFs are identical to those in §3.1.3,
and the energy band is broadened to 0.7-8 keV. We fit the
MOS and PN spectra simultaneously in 2001, while only the
MOS spectrum in 2006, using the model of TBabs* (pegpwrlw
+ zgauss) with the same parameter settings as those in the
Chandra/HEG 0.5-7 keV analyses. The fits are both success-
ful as shown in table 6, and their 2-10 keV fluxes become be-
tween those by Chandra/HEG in 1999 and 2000, and signifi-
cantly lower than that by SXS in 2016. Comparing the results
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Table 6. Results of the fits to the 0.5-7 keV Chandra/HEG and 0.7-8 keV XMM-Newton spectra.

Component Parameter Chandra/HEG  Chandra/HEG ~XMM-Newton/PN and MOS ~ XMM-Newton/MOS
in 1999 in 2000 in 2001 in 2006
pegpwrlw r 1.66 +0.07 2.1240.05 1.7440.02 1751092
F& lowev  1.05+0.07 2.44+0.11 1.17 +0.03 1.56 +0.03
C'-statistics/d.o.f. 2857.4/3537 2937.1/3655 2707.7/2768 1591.5/1447

2: The 2-10 keV flux of the pegpwrlw in units of 107" ergcm™2 s~

by the Chandra/HEG, XMM-Newton and the SXS with the sys-
tematic errors, the relation between the photon index and the
flux of the AGN continuum is confirmed to be consistent with
the trend of “steeper when brighter”, which is often seen in the
AGN slope variability.

4 Discussion
4.1 The origin of the Fe-Ka line from NGC 1275

The Fe-Ka velocity width of ~ 500-1600 km s~* (§3.1.1)
is significantly below that of the broad Ha emission line (~
2750 km s~ ') reported by Ho et al. (1997). Applying sim-
ple Keplerian arguments (assuming that the black hole mass of
8 x 10® M, dominates the potential and that the distribution is
an edge-on disk) suggests that the fluorescing matter is ~ 1.4—
14 pc from the black hole — the inclusion of the stellar mass
and finite inclination effects would further increase this distance
estimate. We conclude that the matter responsible for the Fe-Ka
emission line in NGC 1275 is exterior to the BLR, possibly be-
ing associated with the dusty torus of unification schemes, or
the circumnuclear molecular disk (Scharwichter et al. 2013).
Furthermore, the inner parts of the cluster-scale CO clouds illu-
minated by the ICM X-ray emission should be also considered
as a possible site, because they were reported to have a velocity
field which matches that derived in the present study (Salomé et
al. 2006). The cluster-scale origin of Fe-Ka line emission was
originally predicted by Churazov et al. (1998), and discussed as
well by Fabian et al. (2015).

The constraint imposed by the SXS pixel map (§3.1.2) and
the Chandra imaging (§3.1.3), namely that the line emission is
within 1.6 kpc of NGC 1275, firmly places the fluorescing ma-
terial in the region where the AGN continuum (as opposed to
the ICM emission) is the dominant source of irradiation that
drives the fluorescence. Thus, we can essentially rule out domi-
nant contributions from the extended CO clouds illuminated by
the ICM X-ray emission. Although the CO molecular clouds
in the centrally concentrated region within 1.6 kpc (Salomé et
al. 2006) could be illuminated by the AGN emission, we con-
firm that Fe-Ka flux from them is too small (the EW is just less
than 0.15 eV) to explain the Hitomi observed Fe-Ka flux, by
incorporating the Monte-Carlo simulation (see Appendix 2 for

1

details). As Chandra might have detected the Fe-Ka line from
the 445 arcsec region with a ~ 97% confidence level, a rel-
atively small fraction of the line flux detected by Hitomi could
be produced by the CO gas irradiated by collimated and beamed
X-rays from a relativistic jet observed in NGC 1275 (Abdo et
al. 2009). This possibility is discussed in §4.2.

The Fe-Ka line flux is found to be almost constant over
a 16 year duration from the 1999-2000 Chandra to the 2016
Hitomi datapoint (§3.1.3), despite a flux change of the pow-
erlaw continuum by an order of magnitude shown in Fabian
et al. (2015). The most obvious interpretation for the lack of
line variability is to invoke light travel time effects in an ex-
tended source. Depending upon the precise geometry, the lack
of time variability and the width of the Fe-Ka lines are con-
sistent with source of at least ~ 5 pc. Of the known structures
within the NGC 1275 system, we conclude that the most likely
origin of the fluorescent Fe-Ka line is the putative dusty torus,
or the observed circumnuclear molecular disk which extends
to distances of 50—100 pc from the black hole (Scharwichter
et al. 2013). However, the dusty torus, if it is present, would
have a relatively low-column density and/or low-covering frac-
tion, and be rather different from that assumed in other works
on the Fe-Ka line in Seyfert galaxies, because the EW of the
Fe-Ka line in NGC 1275 is 2 5 times less than what typical
Seyferts have. This is consistent with the picture that AGNs
with low Eddington ratios (which may include NGC 1275 with
Lp/Lgaa ~ 3 x 10™*; Sikora et al. 2007) have low covering
fractions of the dusty torus (e.g., Kawamuro et al. 2016; Ramos
Almeida & Ricci 2017; Ricci et al. 2017). This point is also
discussed in §4.3.

If we assume that the structure is Compton-thin, we can
“count” fluorescing atoms to obtain an estimate of the mass of
cold gas in this structure. Following the simple analytic argu-
ments of Reynolds et al. (2000) to relate the (average) EW of
the fluorescent line Wr. to the column density N, iron abun-
dance Zr. and covering fraction feo. of the fluorescing material
as seen from the AGN, we obtain

Zre Nu
Wire 63 Jeor (z—@) (Tem) W

Taking the Hitomi value of Wge ~ 20 eV, which is derived
against only the AGN continuum (table 4), and assuming so-
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lar abundances for the circumnuclear matter, we conclude that
Ny feov ~ 3.0 x 10?2 cm ™2, Placing this matter at a distance
of = 100 pc from the AGN, the resulting total mass of gas is
M = 4772 feoy N pim,, which evaluates to M ~ 4 x 107 M.
To put this number into perspective, if this material were to un-
dergo efficient accretion into the central SMBH, it could power
the observed AGN for about a Hubble time. If the accretion
were highly inefficient (say 0.1%), this quantity of gas could
power the observed AGN for approximately an ICM core cool-
ing time. We note that Scharwichter et al. (2013) estimated the
electron density of the [Fe II] emitters to be ~ 4000 cm 3. For
this to be consistent with our conclusions requires either a small
covering fraction (fcov = 0.02), a clumpy or shell-like medium,
or both.

4.2 Consideration of Multi-Wavelength Results

NGC 1275 has arelatively high 12 pm luminosity from the cen-
tral ~100 pc region (Asmus et al. 2016), and the ratio between
the X-ray and mid-infrared (MIR) is consistent with what ex-
pected from the X-ray and MIR luminosity relation in AGN
with normal dusty tori (Ichikawa et al. 2017). Hence, the MIR
luminosity apparently supports the presence of a normal dusty
torus, and that picture looks inconsistent with the picture ob-
tained in §4.1. However, because NGC 1275 is a well-known
GeV/TeV gamma-ray emitter (Abdo et al. 2009; Aleksi¢ et al.
2012), the jet emission could strongly contribute to the MIR
band, and a large fraction of the MIR luminosity could be ex-
plained by the jet emission. If so, the normal dusty torus is
not required, and the picture is thus consistent with that in §4.1.
To examine whether or not the jet emission significantly con-
tributes to the MIR band, we need further studies of the spectral
energy distribution (SED) of the jet emission.

If a strongly beamed jet X-ray emission, which is out of our
line of sight, could illuminate a part of CO molecular clouds
extended outside the AGN (Salomé et al. 2006), a high Fe-Ka
line flux might be generated, even though the solid angle of the
clouds from the central engine is small. From the Gamma-ray
observations, the jet power of NGC 1275 has been estimated to
be ~ 10** erg s~ (Abdo et al. 2009), or higher (Tavecchio &
Ghisellini 2014), and hence, the X-ray luminosity of the beamed
jet reaches = 10**~** erg s™!. This could produce the Fe-Ka
line flux enough to explain EW~ 20 eV against the jet X-ray
continuum with the luminosity of ~ 10** erg s~'. Thus, this
picture may explain all or some fraction of the observed Fe-Ka
line flux with neither a dusty torus nor a circumnuclear molec-
ular disk in NGC 1275. In order to test this, understandings of
the SED of the jet component are important as well as detailed
studies of the velocity field of the extended molecular clouds.

Furthermore, we consider a possible contribution of proton-
induced Fe-Ka line. Such an origin has been suggested to ex-

plain the diffuse 6.4 keV line at the Galactic center (Nobukawa
et al. 2015). At the central region of NGC 1275, cosmic-ray
protons could be enhanced by jet-induced shock acceleration
(Kino et al. 2016).
with an index of —2.5 and an energy density of 20 eV cm™
in 0.1-1000 MeV, Nobukawa et al. (2015) estimated the in-
tensity of proton-induced Fe-Ka line to be Is axev = 6.6 X
10% (Nu/10** cm™?) (U,/20 eV em™®) (S/1pc?) erg s
Because the Fe-Ko flux derived by the SXS corresponds to the

By assuming a proton energy spectrum
3

much higher luminosity of ~ 7 x 10%° erg s~*, we find that the
nominal proton energy density of several eV cm ™2 cannot ex-
plain the Hitomi result, and a much broader region needs to be
illuminated by MeV protons with much higher energy density.
However, we need further limitations of the geometry of proton
injection and molecular clouds to more accurately estimate the
proton-induced Fe-Ka flux.

4.3 Comparison with other types of AGN

The origin of the Fe-Ka line of NGC 1275 in 2016, possibly
identified to be the low-covering fraction and/or low-column
density torus, or the circumnuclear molecular disk, is clearly
distinct from those in normal Seyfert galaxies claimed to be lo-
cated at a region inside the dusty torus (e.g., Shu et al. 2010,
2011). This may reflect some distinction of BLR and dusty
torus structures between NGC 1275 and Seyfert galaxies. A
BLR should be present in 2016, because NGC 1275 was at com-
parable flux in the Hitomi observations to that of the early 1980s
when the broad Ha line was detected (Ho et al. 1997), and
contemporaneous HST optical data derived on 2016 January 7
show an composite Ha line whose profile is similar to that re-
ported by Ho et al. (1997). Thus, we expect a BLR FWHM of
~ 2750 km s~! in 2016, which rules out a large contribution of
the BLR to the much narrower Hitomi Fe-Ka line.

Although we do not have other information relevant to
if a torus was present during the Hitomi observations, the
Eddington ratio might drive the structure of the dusty torus as
inferred by Kawamuro et al. (2016). When an AGN is less lu-
minous than the critical luminosity, its dusty torus might not be
able to sufficiently inflate and cover a large enough solid an-
gle to produce a high EW Fe-Ka line. Presumably related to
this, Ramos Almeida & Ricci (2017) and Ricci et al. (2017)
showed that the fraction of the obscured AGN decreases with
Ly $10"2 erg s7' and Lp/Lgaa < 1077, respectively. Our
results show that NGC 1275 follows this pattern like other low-
luminosity AGN, and thus, its Fe-Ka line profile might be dif-
ferent from those from normal Seyfert galaxies.

Another possibility is that AGN emission line structures are
different in radio-loud and radio-quiet AGN even when their lu-
minosities are similar. This picture is consistent with the fact
that the amount of reflection, strength and width of the Fe-Ka
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lines are different in radio-loud AGN (e.g., Tazaki et al. 2011,
2013). Because of the lower EW of Fe-Ka lines and lower
X-ray fluxes, the study of Fe-Ko line emission in radio-loud
AGN at high energy resolution with the Chandra gratings has
been difficult except for a few brightest sources (e.g., Tombesi
et al. 2016).
satellites, such as the X-ray Astronomical Recovery Mission

Thus, X-ray microcalorimeters onboard future

(XARM) and the Athena X-ray observatory, are essential for
further works in this field as shown by the ability of the SXS on-
board Hitomi to detect the weak emission line with EW ~ 9 eV
in NGC 1275, the 50th brightest AGN.

5 Conclusion

The SXS onboard the Hitomi satellite detected and resolved
the fluorescence Fe-Ko line emission from the radio galaxy
NGC 1275 at the center of the Perseus cluster of galaxies. This
is the first observation of the Fe-Ka line from an AGN with the
unprecedentedly high energy resolution at ~ 6.4 keV provided
by an X- ray microcalorimeter. The well-constrained line veloc-
ity width of 500-1600 km s~ allows us to rule out the possi-
bility that the Fe-Ko line originates from an accretion disk and
a BLR. Moreover, analyzing the Chandra and XMM-Newton
archival data, we can limit the outer boundary of the Fe-Ka
source region to be within ~ 1.6 kpc from the central engine.
Taking into account the small EW of the Fe-Ka line ~ 20 eV
against the AGN continuum, the lack of time variability of the
line, and its low physical width, the origin of the Fe-Ka line is
likely to be a low-covering fraction and/or low-column density
molecular torus or a circumnuclear molecular disk associated
with infrared [Fe II] lines, unlike normal Seyfert galaxies. The
present result demonstrates power of the X-ray microcalorime-
ter spectroscopy of AGN Fe-Ka lines, even if lines are very
weak with EW ~ 9 eV. Future XARM and Athena observations
are expected to bring us many discoveries and important results
in the AGN science.
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Appendix 1 The SXS PSF-photometry
analyses

When we apply the PSF-photometry analyses to the SXS pixel
map, we require that the satellite attitude is stable, and hence,
we utilize the same GTI as used in §3.1.2. In detail, we create an
SXS count map in 20 energy bands, where energy boundaries
are logarithmically spaced in 2-15 keV. Because photon statis-
tics in the higher energy bands are limited, we use wider energy
bands abovel5 keV; 15-17 keV and 17-20 keV. In addition,
we apply finer energy bands around the Fe-Ka line and Fe-K
edge, avoiding the Fe XXV Hea and Fe XXVI Ha line com-
plex; 6.0575-6.25, 6.25-6.26, ...(0.01 keV step) , 6.32-6.33,
6.33-6.47, 6.62-6.78, 6.90-6.92, ...(0.02 keV step), 7.06-7.08,
and 7.08-7.41 keV. We then fit each count map with a spatial
model consisting of ICM + AGN + background as shown in
figure 6. The spatial distribution of the ICM in each band is
assumed to follow that of the Fe XXV He« line complex (6.52—
6.59 keV), with an iterative correction applied to account for
the (small) contribution of the AGN to this band. Background
counts are estimated from the public SXS background data, and
then, it is assumed to be uniform over all the SXS pixels.

In the estimation of the AGN emission spatial distribution,
we create a spatial model by using the count map in 10—
12 keV, and subtracting the best-fit ICM emission and back-
ground model from the source image. In the count map fits,
the AGN spatial model is not complete because of the PSF sys-
tematic errors and the attitude fluctuation, and hence, the count
maps are not well reproduced around the AGN. Therefore, we
include the systematic errors to the estimated counts derived by
the PSF photometry, so that the reduced x? value of the count
map fitting becomes 1. After fitting the SXS pixel map in each
energy band, we calculate the model count rate of AGN in each
energy bin in the center on-core 9 pixels, and their errors are
propagated from the image fitting errors. As a result, we derive
a PSF-photometry spectrum of the AGN shown in figure 5 red.

Because the AGN continuum shape looks different between
the direct fit to the SXS on-core 9-pixels spectrum and the PSF-
photometry spectrum fit as shown in figure 5(a), the consistency
between them should be checked. Then, we fit the SXS on-
core 9-pixels spectrum with the same model as that in §3.2.1,
but with the pegpwrlw photon index and the 2-10 keV flux
limited to be free within the 90% error ranges derived by the
PSF-photometry spectrum fit (the Baseline column in table 4).
Figure 7 shows the result, and the ICM emission parameters
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Fig. 6. The SXS image fitting results of the 11.087-12.261 keV band (panel
a) and the 2.705-2.991 keV band (panel b) in the PSF photometry method.
Triangle data show a photon count in each SXS pixel. Blue, green, and cyan
represent a model component of ICM, AGN, and background, respectively,
while red shows a total model.
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Fig. 7. Same as panel (a) in figure 5 except for the absence of the PSF-
photometry spectrum, but the AGN fitting parameters are limited within 90%
errors which are derived in the fit to the PSF-photometry spectrum.

do not significantly change from those without the AGN pa-
rameter limitations (§3.2.1), as ziem = 0.0172970:0000%, T, =
3.8040.06 keV, and Viurp = 157.8411.8 km s~ 1. The fit gives
C-statistics/d.o.f.= 10568.6/11120, and its difference (AC-
statistics) from the direct fit is only 6.4, which is statistically
allowed. Thus, the PSF-photometry spectrum is confirmed to
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Fig. 8. The Monte-Carlo simulation result by using MONACO. Red shows
a direct X-ray continuum, while blue represents a reprocessed emission in-
cluding Fe-Ka;; and Kas lines.

be consistent with the AGN spectral shape derived by the direct
fitin §3.2.1.

Appendix 2 Monte-Carlo Simulation

Usually, the fluorescence narrow and neutral Fe-Ka line of
AGN is thought to come from a BLR and/or a molecular torus.
Estimation of such a Fe-Ka line intensity has been reported by
various authors (e.g. Ikeda et al. 2009; Murphy & Yaqoob 2009;
Liu & Li 2014; Furui et al. 2016). However, the central domi-
nant galaxy in the cluster of galaxies like NGC 1275 has other
candidates of the fluorescence Fe-Ka line source, as suggested
by Churazov et al. (1998). Around NGC 1275, prominent Ho
filamentary structure and CO molecular clouds were reported
(e.g., Salomé et al. 2006). When such CO clouds are illumi-
nated by the AGN or the ICM X-ray continua, fluorescence
Fe-Ka line can be generated. Then, we employ the Monte-
Carlo simulation to estimate Fe-Ka flux from the molecular
clouds by utilizing the MONACO framework (Odaka et al. 2011;
Hagino et al. 2015). Mass of each molecular cloud is set to
be 10° exp (—r/14) M against the distance r kpc from the
NGC 1275 center, and the hydrogen number density is assumed
to 10> cm™3, which means that the typical cloud radius is ~
0.2 kpc. Radial distribution of clouds is calculated by differenti-
ating the accumulated mass profile of 4.02 x 10°log (0.917) Mg,
with 5 kpc grids, and the clouds are placed spherically symmet-
ric with a random angular distribution. We assumed an intra-
cloud velocity dispersion to be 300-8 km s~ *, and a bulk cloud
velocity as 200 km s~* in random directions. All of the phys-
ical properties defined above are based on the observed cloud
properties reported in Salomé et al. (2006).

The AGN input continuum spectrum is assumed to follow a
powerlaw with a photon index of 1.7. ICM emission spectrum
is assumed to follow a bremsstrahlung emission with a temper-
ature of 3.8 keV, and radial intensity distribution to follow a /3

model with a core radius of 26 kpc and a 3 of 0.53 (Zhuravleva
etal. 2015). As shown in figure 8, the EW of Fe-Ka line against
the input continuum spectrum becomes 0.15 eV and 0.004 eV
for illuminating source of AGN and ICM, respectively. Thus,
the Monte-Carlo simulation with the MONACO framework re-
vealed that the molecular clouds outside the NGC 1275 gener-
ate too small Fe-Ka flux to explain EW~ 20 eV obtained by
Hitomi/SXS, even when we consider an entire region of the
15 kpc filament.



