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ABSTRACT

The Fe Ka emission line is a potentially powerful diagnostic tool in the X-ray spectra of AGNs, however,
this feature has previously been observed with relatively poor spectral resolution. The Broad Band X-Ray
Telescope (BBXRT) has provided us with the first high-quality, medium-resolution X-ray spectral data. We are
able to constrain the width of the 6.4 keV Fe K« line in NGC 4151 to be less than 160 eV FWHM (7,500 km
s™1), in contrast with former measurements of the line width. Also, we have limited information on the shape
of the line profile. In addition to the strong narrow Fe Ku feature, we detect weaker broad residuals between

5-8 keV.

Subject headings: galaxies: individual (NGC 4151) — galaxies: nuclei — galaxies: Seyfert

1. INTRODUCTION

NGC 4151 is one of the best studied Seyfert 1 galaxies at
X-ray wavelengths (Yaqoob & Warwick 1991, and references
therein). It is also one of the intrinsically weakest Seyferts,
having an observed Ly, ;o) ~ 7 x 10*? ergs s~ '. X-ray con-
tinuum variability time scales of order days have been seen as
well as marginal evidence for a flux-index correlation (Yagoob
& Warwick 1991, hereafter YW91). NGC 4151 has a fairly
complex continuum shape which has previously been mea-
sured by instruments on HEAO I, Einsteiny EXOSAT and
Ginga. The 2-10 keV spectrum consists of an absorbed power
law with a variable photon index, ranging from 1.35-1.7
(YW91). Below ~4 keV, there is a soft X-ray excess above
absorption by a uniform intrinsic absorber, which has been
interpreted as partial covering of the central source (Holt et al.
1980). The measured column density is ~1023 cm~2 and
appears to be variable on time scales of months to years
(Yagoob, Warwick, & Pounds 1989). NGC 4151 has an
unusually strong 6.4 keV Fe Ka emission feature, with a pos-
sibly variable equivalent width (YW91). The high equivalent
width (~160 eV) has previously been explained in terms of
geometrical effects, possible time lag effects (Makishima 1986)
and/or a high Fe abundance. To date, the intrinsic line width
has not been measured due to the poor spectral resolution of
proportional counters (~20% at 6 keV). BBXRT, with ~3%
resolution at 6.0 keV offers the first opportunity to directly
measure the width of the Fe K« line.

2. INSTRUMENT DESCRIPTION

The Broad Band X-ray Telescope, which flew successfully on
the Space Shuttle Columbia as part of the Astro-I mission in
1990 December, consists of two identical telescopes with light-
weight nested foil mirrors to focus X-rays onto two segmented
(five elements, hereafter referred to as pixels) solid state detec-
tors. This design allows for crude spatial resolution for diffuse
sources as well as improved background discrimination. The
radius of the central pixels (designated AO or BO) is 2’, and the
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total diameter of the outer 4 pixels (A-B; 1-4) is 17'. The
bandpass of BBXRT is 0.3—-12 keV, which offers improvement
over proportional counters and previous solid-state detectors
in that both the soft and medium X-ray regimes are covered
simultaneously. A full discussion of the instrument and cali-
bration can be found in Serlemitsos et al. (1991) and Weaver
(1993).

Observations of the on-board Fe® calibration source were
made throughout the mission. The final energy scale was deter-
mined by a quadratic fit to the in-flight calibration data as well
as some lower energy atmospheric lines: argon and oxygen
fluorescence as well as Si ximr and Mg x1 from scattered solar
X-rays. We were able to view the Crab nebula, a standard
X-ray calibration source, five times: both centered and offset
by ~4'. The effective area curves for the 10 BBXRT pixels were
refined based on fitting the Crab spectrum as well as other
bright sources (Weaver 1993). Between 3-7.5 keV, the residuals
to the Crab are no more than 5%, while some residuals still
remain at the 10% level for energies greater than 7.5 keV
(Fig. 1).

Since the spectrum of NGC 4151 is known to be complex at
low energies we restrict ourselves to data above 2 keV in this
analysis. The low internal detector background at high ener-
gies is found to scale with the detector guard rate, a house-
keeping parameter indicating the rate of particle interactions
with the plastic scintillator surrounding most of the detector
(Jahoda et al. 1993). The external background at energies
greater than 2 keV is approximately constant provided we
were not observing during a solar flare. In order to perform a
proper background subtraction, night background data was
accumulated and then renormalized to the guard rate for each
source observation and subtracted. Since the 2-10 keV back-
ground count rate (~0.01-0.04 counts s~ ! pixel ™) is much
smaller than the source count rate (1.2-2.2 counts s ! pixel ~1),
this simple one step method is very reliable.

Pointing inaccuracies present the largest problem for the
data analysis due to the effects of energy-dependent vignetting
at higher energies as a function of off-axis position. A log of
BBXRT observations of NGC 4151 is listed in Table 1. The
total time spent on source was 6116 s and was divided among
six observations. Two pointings placed the source in the
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FiG. 1.—Plot of the 3-10 keV residuals of the Crab data to the best-fit
model (N, = 0.3 x 1022cm™2, T = 2.1) using the 1992 June 1 response matrix.
The data are binned so that each bin is about 250 eV wide (on the order of
twice the energy resolution of the instrument).

central pixels. The other four are located in sets of outer pixels,
between 5'-9' off-axis. The exact position of the source in
detector coordinates is not known as aspect camera data,
allowing the matching of stars in the field, are not available for
the NGC 4151 pointings. However from the ratios of count
rates in all detector elements along with knowledge of the
mirror point response function, we are able to obtain fairly
accurate off-axis positions. The uncertainty in each estimate is
~1-2".
3. RESULTS

The 2-10 keV data were fit with a partially covered power
law continuum [the photon index T is defined as N(E) occ E™"]
and a narrow Gaussian. Multiple pulse-height data files
extracted for a specific pixel during a given time range were fit
simultaneously using the XSPEC spectral fitting package
(Shafer et al. 1989) with appropriate detector response
matrices. In order to use chi-square statistics, the data were
binned to have a minimum of 20 counts per bin. For each
observation listed in Table 2, the A and B pixel data were fit
together. Observations 1 and 2 represent fits utilizing two data
files. Observations 3 and 4, being closely spaced in time, were
fit simultaneously as were observations 5 and 6 (four data files
each). The observed values of I' ~ 1.65 and Ny ~ 7 x 1022
cm 2 listed in Table 2 are consistent with previous observa-
tions for NGC 4151. Fitting the 2-10 keV data alone do not
constrain either parameter well enough to test for variability.
The observed covering fraction of ~91% is also typical for this
source (Holt et al. 1980).

TABLE 1
LoG oF BBXRT OBSERVATIONS OF NGC 4151

MET? Total 2-10 keV

(decimal  Duration Count Rate

Observation day) (s) Pixel Off-Axis (counts s~ ')
1 3.833 8979 A3/B1 55 4.66 + 0.12

2 5.618 691.2 A3/B1 6.0 4.08 +0.22

3 5.906 1079.1 A2/B4 40 5.60 + 0.12

4 5927 1150.2 A0/BO 0.0 553 £0.10

5 6.605 747.7 A2/B4 45 3.50 + 0.08

6 6.622 1555.2 A0/BO 1.5 3.57 + 0.06

2 0" MET is 1990 day 336 06"49™01° UT.
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One of our primary goals is measuring the profile of the Fe
K« emission feature at ~ 6.4 keV which is thought to arise due
to reprocessing of the X-ray continuum by fluorescence of iron
in a cold (T < 10° K) gas (Lightman & White 1988). Fitting a
Gaussian to the BBXRT data gives a Ay? of 40 which is signifi-
cant at > 99% confidence. The major component of the Fe Ka
line measured with the best signal-to-noise (S/N) observation,
is narrow, with a 90% confidence upper limit of 160 eV (7500
km s~ ') FWHM. This is in strong contrast with a FWHM of
~38,000 km s~ ! previously seen in this object (YW91). The
measured line peak energy of 6.35 + 0.03 is consistent with
redshifted cold iron (z = 0.003) at 90% confidence, and the
ionization state is restricted to be less than Fe xmi The
maximlum allowed energy shift for cold iron is 0.070 keV (3300
kms™).

An important discriminator between different theories for
the origin of the Fe Ka line is its variability. We observed the
2-10 keV source flux increase by ~40% in 8 hours and simi-
larly decrease over a period of 17 hours (Fig. 2a). Only the last
two observations had sufficient S/N to test the variability of
the Fe Ka line. During this time, the line flux remains constant
at a value of 0.0003 photons s~ ! (Fig. 2b), while there is a weak
trend (more than 75% confidence) for the equivalent width
(EW) to increase from ~90 eV to ~170 eV (Fig. 2c). The
one-dimensional error contours are shown in Figure 3 (insert)
which also illustrates the best fit to the Fe Ka line using the
summed central pixel data only.

Next, we investigated the Fe K-edge, utilizing the highest
S/N observations (Nos. 3-6). The days 5 and 6 A0 and BO data
were added together and fit simultaneously with the summed
A2 and B4 data. To determine the edge energy the data were fit
from 3-10 keV with an absorbed power law and Gaussian, but
setting the Fe abundance to zero. First an edge was added with
an optical depth © = 0.1, corresponding to solar Fe abundance
as compared to the low-energy absorbing column Ny~ 7
x 1022 ¢cm~2. This gives an edge energy of 7.46 + 0.23 keV
(90% confidence) and a Ax? of 12 which is significant at greater
than 99% as measured by an F-test. The lowest allowed
energy, 7.23 keV, is slightly higher than an edge for neutral iron
of 7.1 keV and represents an ionization state of Fe v—xvii
(Makishima 1986).

After including a solar Fe K-edge, a feature remains in the
data at the 10% level appearing as an excess of counts sur-
rounding Fe Ka (Fig. 4). The observed excess can be partially
modeled by allowing the edge optical depth to be free which
gives 7 = 0.28 £ 0.1 (90% confidence) and a Ay? of 8, which is
significant at greater than 99% confidence for the addition of
one free parameter. This corresponds to a factor of 2.8 + 1.0in
the abundance of iron, which is in agreement with previous
overabundance measurements (Holt et al. 1980; YW91). A
better fit results from adding a broad Gaussian witha FWHM
of ~1.6 keV centered at 6.1 + 0.6 keV (90% errors obtained by
fixing the line width at 1.6 keV) and an EW of ~ 130 eV. In this
case, Ay? = 15 which is significant at greater than 99% for the
addition of three free parameters. Fitting a broad Gaussian
and allowing the Fe K-edge depth to vary at the same time
gives no improvement in the fit.

4. DISCUSSION

Line shape and variability (Kunieda et al. 1990) are crucial
for determining the physical site for the origin of the Fe Ka line
in Seyfert 1 galaxies. If much of the line is due to fluorescence of
material in an accretion disk, its profile will be dominated by
emission from the inner region of the disk (Fabian et al. 1989;
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TABLE 2A
2-10 keV PARTIAL COVERING + Fe Ko Fi1s To NGC 4151
NH FZ—IO
Observation r 90% Error  (102cm~2)  90% Error f. 90% Error  (ergscm™%s71) X2/
| 1.61 1.42-1.80 6.40 4.84-7.53 0.96 0.93-1.00 2.4E-10 124/141
2 i 1.68 1.28-1.94 8.16 5.02-11.2 0.90 0.85-0.94 1.2E-10 46/57
3+4........... 1.68 1.54-1.83 7.10 5.76-8.45 0.91 0.89-0.93 1.8E-10 337/367
S46........... 1.59 1.43-1.74 8.49 6.68-10.3 0.90 0.88-0.93 1.2E-10 210/227
TABLE 2B
Fe Ka NARROW LINE PARAMETERS
E 90% Error Sigma® EwW 90% Error Flux 90% Error
Observation (keV) (keV) (keV) V) (eV) (photons cm~2 57 1) (photons cm ™2 s™1)
1o, 6.35 6.30-6.40 0.0-0.13 157 92-218 5.4E-04 (3.4-8.0)E-04
2 i, 6.37 6.29-6.44 0.0-0.42 159 45-240 2.8E-04 (0.8-5.1)E-04
3+4........... 6.32 6.28-6.37 0.0-0.17 60-128 3.0E-04 (1.6-3.6)E-04
S4+6........... 6.35 6.32-6.38 0.0-0.07 165 112-211 3.0E-04 (1.5-4.5)E-04

* Represents measurements of the 90% confidence upper limit on the line width, which was frozen at 0.0 for the fit values in this

table.

Laor 1991). We should therefore observe both general rela-
tivistic and Doppler effects. In particular, for low inclinations
general relativistic effects dominate and the line is redshifted
with a narrower profile. For higher inclinations the line is
broadened and the mean energy is blueshifted.

Under the assumption that the Fe Ka line is produced in a
disk, we initially fit a nonrotating disk line profile (Fabian et al.
1989) to measure how the line emissivity would vary as a func-
tion of disk radius. With the inner and outer radii fixed at 6r,
and 500r, (r, = GM/c?), the measured peak line energy is
found to be E,,,,, = 6.43 + 0.05 keV, the disk inclination is less
than 30° (99% confidence), and the line emissivity varies as 9,
q = —2.5. We next used code supplied by A. Laor to search for
relativistic effects on the line profile. Fixing the outer radius to
be 500r, and the line emissivity to vary as r 25, we find the
inner radius constrained to be greater than 20r, and the incli-
nation to be less than 15° (90% confidence). In both cases,
adding a disk line reduces x> by ~40, identical to adding a
narrow Gaussian.
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FIG. 2.—Variability of the continuum and Fe Ka line. (a) Total (vignetting
corrected) source count rate for all detector elements added together. (b) Fe Ku
line flux as a function of time throughout the mission. (c) Fe Ka equivalent
width as a function of time. The dashed lines connect the highest S/N observa-
tions which are discussed in § 3.

The face-on geometry required to produce the narrow Fe Ka
feature is inconsistent with inferred geometries obtained by
other methods. In particular, Ginga observations of NGC 4151
show little evidence for a component due to Compton reflec-
tion in an optically thick disk (Maisack & Yaqoob 1991). The
fact that the contribution of reflection is minimal implies we
are seeing the disk edge-on (George & Fabian 1991).

An alternative Fe Ka production site is the broad line region
(BLR). We know there is a large amount of absorbing gas
along the line of sight to the continuum source, as evidenced by
the heavy absorption of soft X-rays (Holt et al. 1980). If the
BLR is responsible for this absorption we should expect to
observe an Fe Ka emission feature. We should also expect
to see evidence of Keplerian dynamics SE/E = oy, x/c =
(ry/RpLr)"? where SE is the observed Gaussian width and o,
is the FWHM in km s~ '. Maoz et al. (1991) find the emissivity
weighted radius of the BLR in NGC 4151 to be ~ 17 light-days
(4.4 x 10'° cm) which gives predicted values of oy, x from 2000
to 17,000 km s™' for black hole masses ranging from

-
S
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FiG. 3.—Illustration of the Fe Ka line profile using all the data from the
central pixel elements. The solid histogram represents the best-fit model. Insert
shows the one-dimensional error contours for the Fe Ko« EW on day 5 MET
(obs. 3—4) and day 6 MET (obs. 5-6).
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FiG. 4—Illustration of residuals of the NGC 4151 data to the model which
consists of an absorbed power law with the Fe abundance set to zero as well as

a Gaussian and an additional Solar abundance Fe K edge. The data are binned
in 250 eV wide bins.

107-10° M. Our result of o, x < 7500 km s~ ! falls within
this range and is consistent with approximately simultaneous
data for the broad C 1v line obtained with the Hopkins Ultra-
violet Telescope onboard the Space Shuttle Columbia, which
had 6y = 7600 + 500 km s~ * (Kriss et al. 1992).

We can calculate the expected EW of the BLR Fe Ku line
from (Halpern 1982):

_asof 2\ N \(__Aee L \(64Y
EW =35 0(4n><1023><4 X 10-5><a + 3><7.1 oV,

where the spectral index a« =TI — 1. For our observations
(¢ ~ 0.6, Ny ~ 1023) this gives 91 eV assuming full coverage
and solar abundances. The 90% confidence lower limit on the
measured Fe Ka EW for the first and last observations in
Table 2 is slightly higher than this value. However, for the 2-3
times solar Fe implied by previous measurements of the Fe
edge (Warwick et al. 1989; Holt et al. 1980) and allowed by our
data, one can get an EW of greater than 250 V. So, assuming a
thick, spherical geometry for NGC 4151, the Fe Ko line is
consistent with being produced in the BLR with a factor of 2
overabundance of Fe.

An additional argument for the Fe Ka line being produced

far away from the central source is the lack of evidence for line
flux variability. Since the line does not appear to track the
continuum on a 17 hour time scale, it must originate at least
1.8 x 10'% cm away from the central source. If the line were
produced in a disk which has r, ~ 6r, (1.3 x 10'* cm for a
108 M, black hole), it should have responded to the contin-
uum in less than 4 hours.

To model the observed broad residuals, the data require
either a 2—4 times overabundance of iron as measured with the
K-edge or the addition of a broad Gaussian centered around
6.1 keV. The Fe K-edge in NGC 4151 has previously been seen
to indicate a 2-3 times overabundance of iron, also consistent
with the overabundance implied by the large EW of the narrow
Fe K line. However, requiring a broad Fe Ka component
would explain the discrepancy between the BBXRT narrow Fe
K« line and the Fe Ko line observed by Ginga (YW91) which
was seen to have a FWHM of 38,000 km s~ !. In this scenario,
the Ginga feature would be a convolution of a narrow and
broad component with similar EWs as seen in the BBXRT
data. The parameters we measure for the broad component are
consistent with its being produced in an accretion disk (Matt et
al. 1991). It may be the case that two Fe Ka lines are actually
present in Seyfert 1 galaxies (one from the disk and one from
the BLR) and the orientation and amount of intrinsic absorb-
ing material in the galaxy will cause one line to dominate the
other. Obtaining better S/N data with ASTRO-D should allow
us to resolve this issue.

5. CONCLUSIONS

The major component of Fe Ka line is narrow (less than
7500 km s~ ! FWHM) and its width is consistent with being
produced in the broad line region.

An accretion disk line fit to the narrow Fe Ka component
implies that the disk would have to be seen essentially face-on
and strong relativistic effects can be ruled out. However, a
face-on disk is inconsistent with previously inferred geometry.

A second weaker, but significant spectral component is
present which requires either an increased optical depth in the
Fe K-edge or a broad Gaussian underlying the Fe Ka line.
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