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Abstract

The anti-correlation between the equivalent width of the neutral narrow Fe Ka line and the
2-10 keV luminosity (the Iwasawa-Taniguchi effect) in the nuclear regions of active galactic
nuclei has been debated in recent years. With the high angular resolution of Chandra, an
increasing number of Compton-thick sources have been found to show extended narrow
Fe Ka emission on scales from tens of parsecs to kiloparsecs, attributed to reprocessing
of nuclear radiation by surrounding Compton-thick material. We analyze eight Compton-
thick sources with prominent extended Fe Ka emission. We confirm the Iwasawa-Taniguchi
effect in the extended component relative to the reflection spectrum, with a steeper slope,
indicating reduced production efficiency of neutral Fe Ka photon outside the nucleus. Both
the reflection spectrum and Fe Ka luminosities correlate positively with intrinsic AGN
luminosity, suggesting that the nucleus drives the extended emission. Finally, we find a
linear relationship between redshift and the equivalent width of the nuclear Fe Kx line,
with no such trend in the extended component.

Keywords: active galaxies; Iwasawa-Taniguchi effect; Compton-thick; equivalent width; Fe
Ka line

1. Introduction

Compton-thick AGNs are obscured by a circumnuclear torus with a column density
greater than the inverse Thomson scattering cross section, o, i.e., Ny > 10%* cm 2. At such
high column densities, the primary nuclear emission is reprocessed by the circumnuclear
material, producing a Compton reflection continuum together with an associated fluorescent
Fe K« line at 6.4 keV [1-4]. The spectra of Compton-thick Seyfert 2 galaxies are dominated
in the X-ray band by reflection components from both cold and ionized circumnuclear
material [5]. In recent years, substantial evidence has emerged for extended narrow Fe Ka
emission on scales ranging from tens to thousands of parsecs in several nearby Compton-
thick AGNs [6-15]. The material producing this line must therefore be neutral and relatively
cool [16]. The high angular resolution of Chandra enables investigation of these extended
clumpy structures beyond the nuclear region with arcsecond spatial resolution. Molecular
and geometrically thick obscuring material has been reported at distances beyond the
torus, for example, by Hicks et al. [17] at ~30 pc, while Prieto et al. [18] considered whether
kiloparsec-scale dust filaments could account for a significant fraction of obscuration.

The equivalent width (EW) of the narrow core of the neutral Fe Ka fluorescence
line has been observed to anti-correlate with the underlying intrinsic X-ray continuum
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luminosity. This effect was first reported by Iwasawa and Taniguchi [19] for a sample of
37 largely unobscured AGNs observed with the Ginga satellite. They obtained the relation
log(EWgexy) o« —0.20 £ 0.031og(Ly _19kev)- This inverse correlation is analogous to the
well-known Baldwin effect, in which the EW of the C1v A1550 A line anti-correlates with
the AGN ultraviolet continuum [20]. Bianchi et al. [21] referred to the X-ray Baldwin effect
as the ‘Iwasawa-Taniguchi’ effect.

The Iwasawa-Taniguchi effect has since been explored in more detail across differ-
ent AGN classes. Page et al. [22] found log(EWgex,) o« —0.17 £ 0.081log(L, _19kev) for
53 type I AGNs observed by XMM-Newton, consistent with the slope obtained by Iwa-
sawa and Taniguchi [19]. With a larger sample of 101 AGNS, Jiang et al. [23] reported a
similar trend, log(EWgek,) o« —0.20 £ 0.0410g(Ly_1pkev)- By excluding radio-loud AGNs
from their sample, they also measured a shallower anticorrelation, log(EWpek,) o« —0.10 £
0.051og(Ly_1pkev ), for 75 radio-quiet AGNs. The reduced slope was attributed to contamina-
tion by relativistic jets in radio-loud AGNs, which can enhance the observed continuum.

The conventional Iwasawa-Taniguchi effect describes the strength of the Fe Ka line
relative to the intrinsic continuum (L, _1gkev). However, in Compton-thick sources (N >
10%* cm~2), the X-ray spectrum below 10 keV is strongly depleted and flattened because of
the interplay of photoelectric absorption and Compton down-scattering. As a result, there
is a prominent direct intrinsic power-law component lacking, making the EW difficult to
measure. Meléndez et al. [24] showed that the luminosity [O IV] 25.89 um correlates well
with the very hard X-ray luminosity (14-195 keV) measured by Swift/BAT and is much less
affected by extinction. Using [O IV] emission as a proxy for AGN intrinsic luminosity, Liu
and Wang [2] derived the relation between log Lre and log L(oy; for different Seyfert galaxy
types. Meanwhile, Ricci et al. [25] reported a significant detection of the Iwasawa-Taniguchi
effect in both Seyfert 1s and 2s, finding log(Lgeka / L1050 kev) &< —0.11£0.0110og(L1g_50kev)-
This study was the first to investigate the effect in obscured sources using the harder
10-50 keV band to characterize the intrinsic continuum. Using the 12-um mid-infrared
continuum as a proxy for bolometric luminosity, Boorman et al. [26] found log(EWFpe ks )
—0.08 £ 0.0410g(L12 ;im) for 72 Compton-thick AGN.

In general, these studies have focused on the AGN nuclear core. In this Letter, we report
the discovery of extended components in the 4-6 keV hard continuum and 6.4 keV Fe K«
emission, suggesting scattering in the interstellar medium of photons escaping the nuclear
region. The purpose of this paper is to explore the differences and connections between the
Fe Ka line in the nuclear and extended regions. Previous results indicated that the nuclear
region follows the Iwasawa-Taniguchi effect. Here, we analyze and discuss this effect for
the extended narrow Fe Ka emission on scales from tens to thousands of parsecs. The paper
is organized as follows. Section 2 describes the observations and data reduction, Section 3
presents the spectral analyses, and Sections 4 and 5 provide discussion and conclusions.

2. Observations and Data Reduction

At present, only a few sources have been reported to show obvious extended structures
in the hard X-ray band (>3 keV) [6-15]. Table 1 summarize the observational information
for these sources. The data were reduced with the Chandra Interactive Analysis of Ob-
servations (CIAQ; version 4.12) and the Chandra Calibration Database (CALDB; version
4.9.3), following standard procedures. Event files were generated with the CIAO tool CHAN-
DRA_REPRO and merged following the CIAO merge threads', using the longest observation
as astrometric reference. High background flares (>30) were filtered out. After cleaning for
background flaring, point sources in the field of view were identified with the WAVDETECT
tool and removed. The total net counts in the 3 to 8 keV band above the background are
listed in the last column. Table 2 shows excess counts above the background level in different
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bands within the extended region (1-10 arcsec). For NGC 424, NGC 1125, NGC 3281, NGC
4500, and ESO 005-G004, the exposure times are extremely short. Moreover, the counts
within the extended regions are insufficient for robust spectral analysis. For MKN 573, no
significant Fe Ka line signal was detected in its extended region. For NGC 1386 and NGC
7212, the limited number of Fe Ka photons and the relatively low signal-to-noise ratio of the
extended spectra prevent a reliable characterization of the line. Consequently, we selected
the remaining 8 sources that have adequate exposure times and sufficient counts in their
extended regions for spectral analysis.

Table 1. Observation log.

Source ObsID Exposure Time (ks) Instrument Net Counts
12823 152.36 ACIS-S 22,274 + 149
Circin 12824 38.89 ACIS-S 5647 + 75
fremus 4770 55.03 ACIS-S 5071 + 74
4771 58.97 ACIS-S 5260 £ 72
21422 44.76 ACIS-S 456 + 21
25843 29.15 ACIS-S 301 £17
25844 22.41 ACIS-S 216 £ 15
ESO137-G034 25845 28.50 ACIS-S 283 £ 17
27770 34.05 ACIS-S 340 £ 18
28912 26.39 ACIS-S 275 £ 16
4866 29.78 ACIS-S 279 £ 16
ESO 428-G 014 17030 43.50 ACIS-S 448 + 21
18745 81.16 ACIS-S 882 + 30
370 11.47 ACIS-S 1055 &+ 32
344 47.44 ACIS-S 2163 + 46
29071 10.25 ACIS-S 938 £ 30
NGC 1068 29072 9.33 ACIS-S 860 + 29
9148 79.57 ACIS-S 2899 + 54
9149 88.73 ACIS-S 3209 + 57
4868 29.33 ACIS-S 146 + 12
12290 69.16 ACIS-S 333+19
20496 48.25 ACIS-S 277 £17
20497 39.54 ACIS-S 243 + 16
20498 44.52 ACIS-S 301 £17
NGC 3393 21039 44.47 ACIS-S 235 £15
21047 95.84 ACIS-S 562 + 24
21048 40.43 ACIS-S 244 £+ 16
22077 47.15 ACIS-S 276 £17
22078 79.06 ACIS-S 454 +£21
864 49.12 ACIS-S 639 + 26
14984 128.76 ACIS-S 3882 £ 62
NGC 4945 14985 68.73 ACIS-S 2235 + 47
4899 77.37 ACIS-S 1155 + 34
4900 95.60 ACIS-S 1351 + 37
17031 72.12 ACIS-S 787 £ 28
NGC 5643 17664 41.53 ACIS-S 529 £23
22582 49.42 ACIS-S 801 £ 28
22583 29.68 ACIS-S 499 £+ 22
23041 13.89 ACIS-S 223 +15
23042 25.73 ACIS-S 428 + 21
23043 19.81 ACIS-S 331+ 18
NGC 5728 23221 15.86 ACIS-S 261 + 16
23249 29.68 ACIS-S 253 + 16
23254 19.82 ACIS-S 376 £19
25006 21.79 ACIS-S 345+ 19

25007 16.37 ACIS-S 296 + 18
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Table 1. Cont.

Source ObsID Exposure Time (ks) Instrument Net Counts
3146 9.18 ACIS-S 282 £17
NGC 424 21417 15.28 ACIS-S 291 £19
NGC 1125 21418 53.15 ACIS-S 278 £17
NGC 3281 21419 9.13 ACIS-S 385+ 19
NGC 4500 21420 18.13 ACIS-S 154 + 13
ESO 005-G004 21421 21.94 ACIS-S 183 + 14
7745 38.08 ACIS-S 207 £ 14
12294 9.92 ACIS-S 44 +7
MKN 573 13124 52.37 ACIS-S 286 +17
13125 16.83 ACIS-S 82 +10
4076 19.64 ACIS-S 92 £10
12289 17.32 ACIS-S 68+9
NGC 1386 13185 29.67 ACIS-S 161 +13
13257 33.82 ACIS-S 160 £+ 13
4078 19.9 ACIS-S 214 £15
20372 49.42 ACIS-S 496 + 23
NGC7212 21668 51.38 ACIS-S 529 + 23
21672 27.21 ACIS-S 227 £16

Column 1: galaxy name; Column 2: observation ID (ObsID); Column 3: exposure time; Column 4: instrument;
Column 5: total net counts in the 3-8 keV band above the background.

Table 2. Excess counts (>1") above background in the extended region.

Source Circinus ESO 137-G 034 ESO 428-G 014 NGC 1068
3-8 keV 11735 + 108 713 £ 27 455 £ 21 4322 £+ 67
6-7 keV 3831 + 62 231+ 15 98 + 10 1017 £+ 32
6.2-6.5 keV 2489 £ 49 130 £ 11 62+9 449 +£ 21
Source NGC 3393 NGC 4945 NGC 5643 NGC 5728
3-8 keV 852 £ 30 7028 £ 85 253 £ 16 1446 + 38
6-7 keV 242 + 15 1953 4+ 44 88 +9 540 £ 23
6.2-6.5 keV 134 £ 11 1098 + 33 65+ 8 301 £17
Source NGC 424 NGC 1125 NGC3281 NGC 4500
3-8 keV 61 £10 89 £12 86 £10 29+ 6
6-7 keV 16 £4 21+5 20+5 5£3
6.2-6.5 keV 7+£3 7+£3 7+£3 3£2
Source ESO 005-G004 MKN 573 NGC 1386 NGC 7212
3-8 keV 25+ 6 128 + 12 174 + 14 329 £19
6-7 keV 8+3 28+ 6 45+ 8 73£9
6.2-6.5 keV 7+£3 14 +4 34+6 32+6

To quantify the significance of extended components, we simulate the contribution of
the ACIS-S PSF in the 4-6 keV and 6.2-6.5 keV bands using the simulation tools ChaRT>
and MARX? [27]. The first band (4-6 keV) was chosen to image the circumnuclear material
responsible for the Compton reflection continuum, while excluding strong line contribu-
tions; the second band (6.2-6.5 keV) was chosen to map the neutral Fe Ka emission. The
peak of the simulated PSF emission was normalized to the peak of the observed source
radial profile. We calculated the excess counts above the PSF outside the central 1” radius
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circle in the 4-6 keV, 6-7 keV, and 6.2-6.5 keV bands. In all cases, the signal-to-noise ratio
exceeded that of the PSE. The results are presented in Table 3.

Table 3. Excess counts above the PSF from regions outside the central 1” radius circle in selected

energy bands.
Galaxy Exp. Time 4-6 keV 6-7 keV 6.2-6.5 keV
ks >1" S/N >1" S/IN >1" S/N
Circinus 305.25 3138 + 65 42 2391 + 62 33 1530 & 50 26
ESO 137-G034 185.26 144 £ 16 7 179 £ 15 10 100 £ 11 8
ESO 428-G014 154.44 114 +13 8 114 £ 12 8 62 110 5
NGC 1068 246.79 862 + 35 22 503 £ 30 14 269 £ 21 11
NGC 3393 537.75 226 + 17 11 152 £ 15 8 81 +11 6
NGC 4945 357.58 2884+54 52 1783 +44 38 970 £33 28
NGC 5643 113.65 56 +9 5 39+9 3 29 +8 3
NGC 5728 242.05 432 £24 17 368 + 23 14 105 £ 17 13

S/N = (Sext - SPSF)/\/m~

The first two columns of Figure 1 show the radial profiles of the source and the ACIS-
S point spread function in both the hard continuum and Fe Ka bands. We divided the
6.2-6.5 keV image by the 4.0-6.0 keV image and smoothed the resulting ratio map with a
Gaussian kernel of 2 pixels. Adopted as a proxy for the EW, this map (shown in the third
column of Figure 1) indicates the relative strength of Fe Ka emission with respect to the
associated reflection continuum. The Fe Ka signal may extend to kiloparsec scales. Its EW
excess is clumpy and roughly axisymmetric with respect to the nucleus. Table 4 summarizes
the properties of the 8 Compton-thick Seyfert 2 galaxies studied in this work. Throughout
the paper, we focus our analysis on energies above 3 keV to eliminate contributions from
diffuse soft-emitting gas. PIMMS® estimates that the pileup fraction is at most 3% for all
sources except the Circinus galaxy and NGC 1068, which have acceptable pileup fractions of
~8% and ~15%. For Circinus and NGC 1068, we corrected for the pileup effects following
the procedure of Davis [28].

Table 4. Properties of eight Compton-thick Seyfert 2 galaxies.

Source RA Dec z llplylc 11\(])P214cm—2 d ]e“:;/(SLM_“SkEV)
Circinus 14:13:09.95 —65:20:212* 0.001448 30 431 156" 42,07
ESO137-G034 16:35:13.995 —58:04:47.91%  0.009483 195 2.87¢ 1.85¢  42.63

ESO 428-G 014 7:16:31.21 —29:19:286"% 0.005664 117 > 10/ 1.7f -

NGC 1068 2:42:40.711 —0:00:47.81* 0.003793 78 > 108 1.81 42.08

NGC 3393 10:48:23.46 —25:09:434°¢ 0.012786 261 2.58°¢ 1.72¢ 4298

NGC 4945 13:05:27.4775 —49:28:05.566* 0.001878 39 3.97¢ 1.95¢ 4235

NGC 5643 14:32:40.743 —44:10:27.86*  0.003999 83 2.69°¢ 155¢  41.77

NGC 5728 14:42:23.8968 —17:15:11.091*  0.009186 189 1.36 ¢ 155¢ 4321

Column 1: galaxy name with extended Fe Ka line emission. Columns 2-3: right ascension and declination (ICRS).
* Positions taken from NASA /IPAC Extragalactic Database (NED; https:/ /ned.ipac.caltech.edu/); (a) [29]; (b) [14];
(c) [12]. Column 4: redshift, from NED. Column 5: angular scale (https:/ /www.astro.ucla.edu/~wright/CosmoCalc.
html). Column 6: hydrogen column density; (d) [30]; () [4]; (f) [9]; (g) [31]. Column 7: photon index; (h) [7]; (i) [32].
Column 8: 14-195 keV luminosity from the Swift/BAT 105-Month Hard X-ray Survey [33] (https:/ /swift.gsfc.nasa.
gov/results/bs105mon/), accessed on 5 January 2025.


https://ned.ipac.caltech.edu/
https://www.astro.ucla.edu/~wright/CosmoCalc.html
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Figure 1. (Left): Radial profiles of the sources and the ACIS-S PSF in the 4.0-6.0 keV band. (Center):
Radial profiles of the sources and the ACIS-S PSF in the 6.2-6.5 keV band. Surface brightness was
extracted in concentric annuli of a 1-pixel radius for both the source and the PSE. The PSF radial profile
was normalized to the peak of the source. All profiles are background-subtracted; the background
level is indicated by the dashed horizontal line. (Right): Ratio between the Fe Ko and continuum images,
adopted as a proxy for EW. The region between the two green circles marks the extended area.

3. Spectral Fitting

Spectra from the nuclear source were extracted from a circular region with a radius
of 1 arcsec. Background spectra were extracted from a circular region of radius 5 arcsec,
free of sources, and away from diffuse emission. For the nuclear region, the spectra were
binned to at least 15 counts per background subtracted spectral channel, allowing the use
of x? statistics. For NGC 5643, given the low photon counts in the extended region, we
followed Lanzuisi et al. [34] and used the Cstat statistic’, a modified version of the Cash
statistic [35]. Spectral modeling was performed with XSPEC 12.10.1 [36]. Throughout this
paper, we adopt standard cosmological parameters: Hy = 70 km s~ Mpc !, Q = 0.73,
and Q),;;, = 0.27.

To eliminate the contribution from diffuse, soft X-ray emitting gas, we restrict our
analysis to the energy band above 3 keV. The primary emission is reprocessed by neutral
material, producing a Compton reflection continuum and an associated Fe K« line. The
nuclear spectrum shown in Figure 2 was extracted from within a radius of 1 arcsec centered
on the hard X-ray peak. We fit the spectrum with two models: (i) a simple phenomenological
model absorbed power law plus Gaussian lines, and (ii) an absorbed pexrav (reflection
continuum) plus Gaussian lines. Pexrav models computes reflection off a slab of infinite
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extent and optical depth covering between 0 and 27t Sr of the sky relative to the illuminating
source, corresponding to R between 0 and 1. The pexrav component physically simulates
the reflected continuum, while the Gaussian component corresponds to the Fe Ka lines
produced in the same process. The detection of a narrow Fe Ka emission line in the extended
component strongly suggests the presence of cold, dense material being illuminated by a
hard X-ray source. To model this X-ray reflection process physically, we also employed
the pexrav model plus Gaussian lines. For ESO 428-G014, we incorporated a powerlaw
component into our model to better characterize the spectral energy distribution. The
extended region spectrum are shown in Figure 3. The photon index of the power law is
fixed to values reported in the literature, as listed in Table 4.

The EW errors were assessed using Monte Carlo simulations. For each best-fit model,
1000 fake spectra were generated and refitted to propagate the uncertainties associated with
the continuum. The resulting EW distributions were well described by Gaussian functions.
We adopted the centroid of the Gaussian as the final EW value and report the £10 (68%)
confidence interval in Table 5. Detailed results of these fits are presented in Appendices A-C.

Table 5. Fitting parameters for the nuclear and extended regions.

Nucleus Model 1

Source Epeka EWFeka log(L Feka) log(Lp2-10kev)) x*/dof
keV eV erg/s erg/s
Circinus 6417001 150523 39.97+007 40917018 472.42/329
ESO 137- G 034 6.33+001 827117 40471002 41.08700] 51.15/57
0.01 117 +0.02 +0.02
ESO 428- G 014 6.39" 001 779115 39.827 009 40.497005 64.94/52
NGC 1068 6.381003 1005473 40.211002 40.9870101 347.25/243
NGC 3393 6.31001 49988 40501002 41117008 44.71/49
NGC 4945 6.38*001 18741177 39.16+001 4024001 127.77/87
0.01 194 0.03 +0.02
NGC 5643 6.39"0 01 1103% 5, 39.94700% 40.4510 03 54.28/53
NGC 5728 6407001 734 177 4066001 41227502 68.08/65
Nucleus Model 2
Circinus 6411007 1462138 39.97+001 40.887047 455.28/330
ESO 137-G 034 6.33+001 8341130 40.47+001 41.087003 50.57/56
+0.02 +118 +0.02 +0.01
ESO 428-G 014 6391002 7621118 39.8310-03 40.467001 60.38/52
NGC 1068 6387007 935.5772 40211009 40.94100) 289.44/222
NGC 3393 6.317001 455.4% 40477098 411270018 35.86/46
NGC 4945 6.38+00! 16827137 39.167002 4027001 109.15/86
+0.019 +191 +0.03 +0.02
NGC 5643 63970000 10821101 39.9410-00 40491902 49.69/53
NGC 5728 6407501 712 T84 40.67100 41247007 67.31/64
Extended region Model 3
Source E[Fele]ext EW[FeKtx]ext log(L[Fele]eXt) log(L[Z—lo]ext) Xz/dOf
keV eV erg/s erg/s
Circinus 6411000 1439°% 39.46 1001 40.017001 298.17/292
0.01 418 0.04 0.01
ESO 137- G 034 6.3218_8% 1314; i 39.84188% 40.46%882 11.94/15
ESO 428- G 014 6.3418:8% 2342?1:,2)&.)28 39.2818;(1)1 39'8418:8 " 32.32/23
NGC 1068 640700 771 00 3985 500 40657300 164.24/137
NGC 3393 6'3018:8% 539_+15341 39'6918:83 40.50;8;8% 42.61/28
NGC 4945 6387001 87275, 917 001 3989 o1 259.57/239
NGC 5643 6367010 19291761 38.9910 00 39.5670 07 45.31/37
NGC 5728 6357501 528750 40.04700 40657502 106.92/65

Model 1: zTBabs X (pow-+zgauss lines); Model 2: zTBabs x (pexrav+zgauss lines); Model 3: pexrav+zgauss lines.
For ESO 428-G014, we incorporated a powerlaw component into our model to better characterize the spectral
energy distribution. Errors are quoted at the 68% confidence level.
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Figure 2. Energy spectra with model fits for the nuclear regions. The red line shows a simple absorbed
power-law model, while the blue line shows a pexrav reflection model
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Figure 3. Spectra of the extended regions. The dashed curves represent the individual model compo-
nents: the continuum emission and the Gaussian line features.
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We then fit linear relationships between the equivalent width of the Fe Ka line and
the luminosity of 2-10 keV, separately, for the nuclear and extended regions. To address
the limitation of a small sample size, we employed Monte Carlo and bootstrap methods
(3000 iterations each) to robustly estimate the slope parameter. The results are summarized
in Figures 4-6. To clearly illustrate the relationship between the fitted curves and the data
points, we display only 100 randomly selected fits (in Figures 4a—6a). The slope distribu-
tions (in Figures 4b—6b) are approximately Gaussian, and their confidence intervals were
used to assess uncertainties. The distributions of the Spearman correlation coefficient r (in
Figures 4c—6¢), concentrated mainly between —0.4 and —0.9, suggest a negative correlation
between the two quantities. This result is further supported by the bootstrap-derived slope
distributions and their confidence intervals (in Figures 4d—-6d). The dotted lines represent
the 68% confidence intervals, while the red line indicates the centroid of the Gaussian fit
to the Monte Carlo slope distribution, demonstrating good agreement between the two
approaches. Given that less than one-third of the p-values (in Figures 4e—6e) are below
0.05, the statistical evidence for a negative correlation is insufficient. For the nuclear re-
gion, we find log(EWg,) « (—0.31 +0.05) log(L, _19xev) for the power law model and
log(EWEe) o (—0.30 £ 0.06) log(Ly_1pkev) for the pexrav model. For the extended region,
the best-fit relation is log(EWge) o (—0.45 £ 0.08) log(Ly 10xev)-

Our preliminary analysis suggests a possible difference in the slope of the Baldwin
effect between the nuclear and extended regions. The observational data indicate that the
slope in the nuclear region (~—0.3) is flatter than that in the extended region (~—0.45).
However, given the small sample size, this result should be considered exploratory. Esti-
mates derived from limited samples often carry substantial uncertainties. Therefore, the
robustness and general applicability of the observed negative correlation require con-
firmation with larger samples. Should this trend be verified in future studies, it would
indicate potential differences in the mechanisms responsible for Fe K« line production
in nuclear versus extended regions, suggesting that the ‘Iwasawa-Taniguchi” effect may
exhibit region-dependent characteristics.

Apart from the Fe Ka line, for both the nuclear region and the extended region, we have
carried out fittings for other emission lines. These emission lines are presented in Table 6.
For the nuclear regions of most active galactic nuclei in Table 6, the additional Gaussian
emission lines at approximately 6.7 keV and 6.9 keV correspond to the Fe XXV Heu line,
line and the Fe XXVI Ly « respectively. The appearance of such spectral lines indicates that
there is a highly heated thermal plasma with a high metallicity in the nuclear region, which
is usually associated with extreme physical processes such as the innermost region of the
black hole accretion disk or high-speed outflows. In the extended region, the Fe XXV Hex
line is more prevalent. It is likely that there exists a spatially dispersed hot gas region
within this extended area. The temperature of this hot gas region ranges from approximately
15 million to 70 million Kelvin (1.3-6 keV), and it is abundantly rich in iron elements.
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Figure 4. (a) MC-MC method fitting linear relationships between the equivalent width of the
Fe Ku line and the luminosity of 2—10 keV (b) MC-MC method slope distribution. Red lines: The
distribution of the slopes from the 3000 Monte Carlo fits is well-represented by a Gaussian distribution.
The red line is the Gaussian curve fitted to this distribution (¢) MC-MC method Spearman correlation
coefficient r (d) bootstrap methods slope distribution (e) MC-MC method p value distribution.
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Figure 5. (a) MC-MC method fitting results linear relationships between the equivalent width of the
Fe Ku line and the luminosity of 2—10 keV (b) MC-MC method slope distribution. Red lines: The
distribution of the slopes from the 3000 Monte Carlo fits is well-represented by a Gaussian distribution.
The red line is the Gaussian curve fitted to this distribution (¢) MC-MC method Spearman correlation
coefficient r (d) bootstrap methods slope distribution (e) MC-MC method p value distribution.
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Figure 6. (a) MC-MC method fitting results linear relationships between the equivalent width of the
Fe Ku line and the luminosity of 2—10 keV for extended region (b) MC-MC method slope distribution.
Red lines: The distribution of the slopes from the 3000 Monte Carlo fits is well-represented by a
Gaussian distribution. The red line is the Gaussian curve fitted to this distribution (¢) MC-MC method
Spearman correlation coefficient » (d) bootstrap methods slope distribution (e) MC-MC method
p value distribution.



Universe 2025, 11, 348 15 of 31
Table 6. The remaining emission lines present in the spectrum.

Nuclear Region Extended Region

Source
1 2 3 1 2 3

Circinus
Energy (keV) 6.671005  7.057001 671700 7.061002
flux(107° phem=2s71) 2017008 446700 04541008 1.0470:0
ESO 137-G 034
Energy (keV) 6.91190¢ 6.72190
flux (1075 phem=2s71)  0.1347004 0.054 002
ESO 428-G 014
Energy(keV) 6.78008
flux(10~° phem 2 s71) O.lfg:g%
NGC 1068
Energy (keV) 670100 6.98702 6.66700  7.0170%
flux(107° phem=2s71) 268703 173702 077100 051197
NGC 3393
Energy(keV) 6.651008  7.02%004
flux(10™° phem 2 s71) 0.16f8:8é 0.25f8:8§
NGC 4945
Energy(keV) 6.687002  7.0570% 3.147000  6.697001
flux(107° phem=2s71) 0477005 05705 0.23131 0.8793
NGC 5643
Energy(keV) 6.91f828i
flux(10°> phem =257 1) O.24f8:82
NGC 5728
Energy(keV) 6.63101 6917500 6.941902
flux(10~° phem~2s71) 031017 0437507 0.1475%

4. Discussion
4.1. The Impact of the Nucleus on the Extended Region

We further explored the relationships between nuclear luminosity and the luminosity
of the extended region, as well as between nuclear luminosity and the line luminosity of
Fe Ka in the extended region. To ensure the robustness of the linear fits, all subsequent
related analyzes in this study employed a combined Monte Carlo and bootstrap resampling
approach. Figure 7 shows a positive correlation between the luminosity of the nuclear
and extended regions, with log LS, /, .v = (0.96 £ 0.06) log L5, .v + (0.96 £ 1.12) and a
Spearman rank correlation coefficient ranging from 0.75 to 0.92. Similarly, the relationship
between the Fe Ka line luminosity in the extended region and the nuclear luminosity is
given by log L&t = (0.91 £ 0.05) log L5, .y + (2.56 £ 2.13), with a Spearman rank
coefficient ranging from 0.8 to 0.95, as shown in Figure 8. This suggests that the Fe K«
line luminosity in the extended region is positively correlated with the nuclear luminosity.
While statistical significance was achieved (all p-values < 0.05), the small sample size may
limit the generalizability and robustness of these effects.
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Figure 7. (a) MC-MC method fitting results linear relationships between nuclear 2-10 keV luminosity
and the 2-10 keV luminosity of the extended region (b) MC-MC method slope distribution. Red
lines: The distribution of the slopes from the 3000 Monte Carlo fits is well-represented by a Gaussian
distribution. The red line is the Gaussian curve fitted to this distribution (¢) MC-MC method Spear-
man correlation coefficient r (d) bootstrap methods slope distribution (€) MC-MC method p value

distribution.



Universe 2025, 11, 348

17 of 31

ext nuc
LogLis ko v8 LogLy™p kv
T T

40.5

40 -

LogLi ko

39 -

38.5 -

38 I I I

39.5 40 40.5 41 415 42
LogLy g kev
180 T . . . . . 1400 f . . . .
160 (c)
1200
140
1000 -
120
> >
2 100 2 8o0p
(7] [7]
= =
g g
£ %0 2 600t
60
400
40
200
20
0 O 1 T 1 1 1 il
0.75 0.8 0.9 0.95 1 1.05 0.75 0.8 0.85 0.9 0.95
slope r
400 300
350 (e)
250
300
200
250
& g
g 8
= 200 A 150
[ o
w w
150 -
100
100 -
50
50 -
0 | | 0 | | |
-1 -0.5 0.5 1 1.5 2 0 0.005 0.01 0.015 0.02
slope p value

Figure 8. (a) MC-MC method fitting results linear relationships between nuclear 2-10 keV luminosity
and the luminosity of Fe Ku line in the extended region (b) MC-MC method slope distribution.
Red lines: The distribution of the slopes from the 3000 Monte Carlo fits is well-represented by a
Gaussian distribution. The red line is the Gaussian curve fitted to this distribution (c) MC-MC method
Spearman correlation coefficient r (d) bootstrap methods slope distribution (e) MC-MC method

p value distribution.
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We also analyzed the nuclear luminosity in the harder 14-195 keV band [33], listed
in Table 4, to assess the potential influence of the intrinsic continuum on the extended
regions, as photoelectric absorption is less significant at these energies. The fitted relations
are log LS, .y = (0.57 +0.03) log L7 oo\ v + (16.46 +1.07) and log L, = (0.51 &
0.04) log L7} 195 ey + (17.87 & 1.57). The corresponding fits are shown in Appendix D
Figures A4 and A5.

The Spearman rank correlation coefficients for both relations exceed 0.5, indicating
moderate positive correlations between the extended region luminosity (and its Fe K«
luminosity) and the nuclear luminosity. However, ninety percent of the p-values exceed 0.05.
The limited sample size reduces the statistical significance of these results, underscoring

the need for confirmation with larger samples.

4.2. The Production Efficiency of the Fe Ka Line

We investigate the relationship between the luminosity of the Fe Ka line and its
corresponding reflection spectrum in both the nuclear and extended regions. For the
extended region, the relation is log L}, o« (0.86 4= 0.04) log L§*", ), .y, With Spearman
correlation coefficients > 0.8, p value <0.05. For the nuclear region, we find log L{{%, &
(1.21 £0.09) log L") ey» With Spearman correlation coefficients > 0.9, p value < 0.05.
Detailed results of the linear fits are presented in Appendix D Figures A6 and A7.

From these fits, it follows that the Fe Ka luminosity is related to its respective reflection
continuum. Combining with previous results, we find that the equivalent widths of the Fe
Ku line in both the nuclear and extended regions may exhibit the Iwasawa-Taniguchi effect,
though with different linear correlation coefficients.

Figure 9 illustrates the Iwasawa-Taniguchi effect in both the nuclear and extended
regions. Points A and B mark the equivalent width values of the nuclear region correspond-
ing to a 1 dex change in luminosity. When the equivalent width is expressed as the ratio
of the Fe Ku line luminosity to the continuum luminosity, comparison of Points A and

B
B shows that FEK“ > F‘“—K‘* . While both the Fe Ka line and the continuum luminosities

COI’\

LB
“’“ > LE‘EK“ In other
C

words, the continuum rises more steeply than the Fe Ku line. Slmllarly, in the extended

increase with rising 2-10 keV luminosity, we find L&, < LB, and

region (Points C and D), the enhancement of the continuum exceeds that of the Fe Ka line.
However, due to the difference in slope between the two regions, the relative strength of
the continuum increase differs. For the nuclear region,

10g< FeKa> 10g< FeKa>
=L =03

1

LE LS
We define 5+ as the production rate of the Fe Ka line, and m

LA /Lo as the relative

production rate. For the extended region, the slope is steeper:

10g( FeKa) 10g( FEK(X)
7 — 045,

1

/LE /LY T .
Fe Ka” Zcon FeK:x con

yielding -7 LA LA, — =05and IC /o = 0.35. Thus, as luminosity increases, the relative
production efficiency of the Fe Ka line in the extended region is lower than in the nuclear

region. Equivalently,

LB LB LD LD

Fe Ka con FeKa __ con
Dis =05 gn, S =035 78
Fe Ka con Fe Ka con
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If the continuum increases by a factor of 10 in both regions, the Fe Ka line increases by
a factor of ~5 in the nuclear region but only ~3.5 in the extended region. Therefore, Fe Ko
emission from extended regions is more easily overwhelmed by the rising continuum. In
summary, the Baldwin effect may differs between the nuclear and extended regions.

This difference could partly reflect variations in iron abundance. However, enhanced
iron abundance is typically associated with delayed SN Ia enrichment over ~1 Gyr
timescales. Such an iron enrichment on these time-scales cannot remain constrained in a
region of tens of parsecs [7,8,13,37].

Tzanavaris et al. [13] used Monte Carlo simulations to show that the Fe Ka equivalent
width in extended regions depends on Ny when Ny > 4 x 102 cm~2. In addition, the
angle of inclination® can also influence the efficiency of Fe Ka production. However, the
limited spectral quality and lack of high-energy coverage prevent simultaneous constraints
on column density and inclination with the MYTORUS model [38] in extended regions [8].

Thus, the production efficiency of the Fe Ka line probably depends on multiple factors,
including iron abundance, Ny, and inclination, which require further investigation.

3.6 T T T T T
Extended region: Log EW o —0.45LogLs_10 kev

Nucleus: Log EW o —0.30LogLs 10 kev

32

LogEW
w
T

26

24 1 1 1 1 1
39 39.5 40 40.5 41 415 42

LogLy_ 19 kev

Figure 9. Compare the Iwasawa-Taniguchi effect in both the nuclear and extended regions. The
equivalent width values corresponding to a 1 dex change in luminosity are marked by points A and
B in the nuclear region, and by points C and D in the extended region. Red lines: Linear regression
fit representing the Iwasawa—Taniguchi effect for nuclear region. Blue lines: Linear regression fit
representing the Iwasawa—-Taniguchi effect for extended region.

4.3. Twasawa-Taniguchi Effect and Redshift

Although the Baldwin effect is generally understood as an anticorrelation between
equivalent width and luminosity, Green et al. [39] argued that the EW in their data was more
strongly correlated with redshift than with luminosity. We therefore investigate whether
this relationship holds consistently in both the extended and nuclear regions.

For the nuclear region, the equivalent width and redshift show a significant linear
correlation, expressed as log EWRY = (—0.50 £ 0.05) log(z) + (1.82 4 0.13), with Spear-
man correlation coefficients ranging from —0.97 to —0.65, with p value < 0.05. In contrast,
the equivalent width in the extended region does not show significant dependence on the
redshift: log EWSY = (—0.25+ 0.08) log(z) + (2.46 & 0.2), with Spearman correlation
coefficients ranging from —0.4 to —0.2, with p value > 0.05. The corresponding fitting re-
sults are presented in Appendix D Figures A8 and A9. In the nuclear region, the equivalent
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width of Fe Ka is inversely correlated with both nuclear luminosity (L,_1¢kev) and redshift,
but the inverse correlation with redshift appears to be stronger.

We emphasize that our sample is confined to the local Universe (see Table 4). Our
study focuses on these nearby galaxies in order to leverage the high spatial resolution
of the Chandra telescope to clearly distinguish the nuclear regions from the extended
structures—a task that becomes prohibitively challenging at higher redshifts because the
angular size of these structures diminishes with distance. Consequently, this study presents
a high-resolution analysis of these sources in the local universe and is not suited for
investigating cosmological evolution with redshift, which distinguishes it from the study
by Green et al. [39], whose sample reached redshifts up to 3. Furthermore, we also note that
for the galaxies in our sample, Hubble distances may be non-negligibly affected by local
peculiar velocities, adding a source of uncertainty to any distance-dependent quantities.

5. Conclusions

We analyzed eight Compton-thick Seyfert 2 galaxies with obvious extended structures
in both the Fe Ku line band and the hard continuum band. By separating the nuclear and
extended components, we draw the following conclusions:

1. Our preliminary analysis suggests a possible difference in the slope of the Baldwin effect
between the nuclear and extended regions.The observational data indicate that the slope
in the nuclear region (~—0.3) is flatter than that in the extended region (~—0.45), sug-
gesting that the ‘Iwasawa-Taniguchi” effect may exhibit region-dependent characteristics.

2. The production efficiency of the Fe Ka line appears to be higher in the nuclear region
than in the extended region. This difference may result from multiple factors (e.g.,
iron abundance, angle of inclination, and column density), which require further
investigation.

3. Both the Fe Ka line luminosity and reflection continuum luminosity in the extended
region correlate positively with the nuclear luminosity, indicating that the central
AGN may influences the extended emission.

4. In the nuclear region, the Fe Ka equivalent width is inversely correlated with both
nuclear luminosity and redshift, with the correlation with redshift appearing stronger.
Conversely, in the extended region, no significant inverse correlation with redshift
is discernible.

5. The above conclusions are all derived from the preliminary fitting results based on
a small sample of eight cases, and thus have certain limitations. Due to the limited
sample size, the observed relationships or trends may be influenced by random fluctu-
ations and may not stably reflect the overall situation. The current analysis is still in
the exploratory stage, and the patterns or associations discovered need to be further
verified through larger and more representative samples as well as more appropriate
models. Increasing the sample size and adopting more rigorous statistical methods in
the future will help improve the reliability and general applicability of the conclusions,
thereby clarifying the true relationships among the variables.
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Appendix A. Nuclear Region EW for Powerlaw Model
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Figure A1. Cont.
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Figure A1. Monte Carlo simulation results for nuclear region with Powerlaw Model.

Appendix B. Nuclear Region EW for Pexrav Model

Circinus ;=1.462 keV, 0=0.0576 keV

0.03 T
histogram
Gaussian Fiting
0.025 - 1
=y
@
&
© 002
z
o
©
8 0015
a
o
@
N
® 0.01
£
S
z

0.005

1.35 1.4 1.45 15 1.55 16

EW (keV)

ESO 428-G014 ;1=0.7622 keV, 0=0.1183 keV

istogram
Gaussian Fitting

0.03 —

0.025 1

0.02

0.015

Normalized probability density

0.005

0.5 0.6 0.7 0.8 0.9 1 1.1
EW (keV)

NGC 3393 ;1=0.4554 keV, 5=0.0869 keV
0.035 T T T T

0.03

0.025

°
o
N

0.015

Normalized probability density
o
=2

0.005

EW (keV)

Figure A2. Cont.

Normalized probability density Normalized probability density

Normalized probability density

0.035

ESO 137-G 034 ;;=0.8367 keV, 0=0.1502 keV

0.03

0.025

4
<3
o

0.015

=3
2

0.005

0.025

0.6

0.7 0.8 0.9 1
EW (keV)

NGC 1068 ;1=0.9355 keV, 5=0.0759 keV

1.1

histogram
Gaussian Fitting

1.2 1.3 14

0.02

0.015

0.01

0.005

0.8

0.85 0.9 0.95
EW (keV)

NGC 4945 ;1=1.6821 keV, 5=0.1371 keV

1

T
stogram
Gaussian Fitting

1.05 1.1

0.05 —

0.045

0.04

0.035

0.03

0.025

0.02

EW (keV)

istogram
e Gaussian Fitting | 7




Universe 2025, 11, 348

23 of 31

0.04

NGC 5643 ;= 1.0818 keV, 0=0.1910 keV

0.035

o
=3
@

0.025

4
o
IS

0.015

Normalized probability density

=3
=

0.005

istogram
Gaussian Fiting | |

0.8 1 12 1.4 16 18 2
EW (keV)

0.025

NGC 5728 u= 0.7115keV, 0=0.0838keV

0.02

0.015

0.01

Normalized probability density

0.005

0.55

histogram
Gaussian Fitting

0.6 0.65 0.7 0.75 0.8 0.85 0.9
EW (keV)

Figure A2. Monte Carlo simulation results for nuclear region with Pexrav Model.
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Figure A3. Monte Carlo simulation results for extended region with Pexrav Model.
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luminosity and the luminosity of the Fe Ka line in the extended region; (b) MC-MC method slope distri-
bution; (¢) MC-MC method Spearman correlation coefficient; r (d) bootstrap method slope distribution;
(e) MC-MC method p value distribution.
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Figure A9. (a) MC-MC method fitting results: linear relationships between extended region Fe Ko EW
and the redshift; (b) MC-MC method slope distribution; (¢) MC-MC method Spearman correlation
coefficient;  (d) bootstrap method slope distribution; (e) MC-MC method p value distribution.

Notes

AN U = W N =

http://cxc.harvard.edu/ciao/threads/merge_all/, accessed on 1 October 2023.

http:/ /cxc.harvard.edu/ciao/PSFs/chart2/, accessed on 5 March 2024.

http:/ /cxc.harvard.edu/ciao/threads/marx/, accessed on 5 March 2024.

PIMMS v4.14; https:/ /cxc.harvard.edu/toolkit/pimms.jsp, accessed on 2 July 2024.

Extensive tests of Cstat with binned data and comparisons with X% are presented in the Appendix of Lanzuisi et al. [34].

The inclination angle [38] between the observer’s line-of-sight and the symmetry axis of the torus is given by 8,5, where 6}, = 0°
corresponds to a face-on viewing angle and 6,5 = 90° corresponds to an edge-on viewing angle.
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