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Abstract

Due to the appearance of SN 1993J, the region of M81 (NGC 3031) was observed with ASCA ten times
between 1993 April and 1995 April. Data from eight of these observations have been used to study the
0.5-10 keV spectral and temporal properties of the source designated X-5, coincident with the M81 nucleus.
The 2-10 keV luminosity of X-5 varied by a factor of 1.7 over a period of two years, around a mean of
~ 2 x 10% erg s~!. Variations by ~ 20% on a time scale of one day were also detected. The average
spectrum of X-5 can be represented in the 2-10 keV range by a power-law continuum of the photon index,
' = 1.85 + 0.04, and a relatively low intrinsic absorption column of Ny ~ 1 x 102! cm~2. In the soft
(< 2 keV) energy range, an additional thermal component with a temperature of 0.6-0.8 keV has been
detected. An apparently broad or complex Fe-K emission line centered at 6.6-6.7 keV was also detected at
an equivalent width of 170 + 60 eV. These results indicate that the M81 nucleus is a low-luminosity active
galactic nucleus, and suggest that similar objects are relatively numerous. A comparison is made between

the nucleus of M81 and those of Seyfert galaxies.
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1. Introduction

M81 (NGC 3031) is a nearby (D ~ 3.6 Mpc; Freedman
et al. 1994) early-type spiral galaxy with a promi-
nent bulge and well-defined spiral arms. Its nucleus
shows weak Seyfert-like activity in the optical (Peimbert,
Torres-Peimbert 1981; Shuder, Osterbrock 1982;
Filippenko, Sargent 1988; Ho et al. 1995, 1996) and radio
(Bartel et al. 1982; Beck et al. 1985) frequencies, and is
considered to host a low-ionization nuclear emission-line
region (LINER; e.g., Filippenko, Sargent 1985).

There are several different physical mechanisms that
can give rise to the LINER phenomenon, including en-
hanced starburst activity (e.g., Terlevich, Melnick 1985)
and the presence of an active galactic nucleus (AGN;

which we identify with an accreting massive black hole) of
low luminosity (e.g., Kwan, Krolik 1981). Although op-
tical information is sometimes inadequate to distinguish
between these two alternatives, in the X-ray band there
is a clear spectral difference between them. Starburst
galaxies have thermal X-ray spectra with emission lines
from ionized metals (Makishima 1994, hereafter MA94;
Tsuru et al. 1994; Serlemitsos et al. 1995b, hereafter
SEA95), while AGNs exhibit power-law X-ray continua
of photon index I' ~ 1.7 (e.g., Turner, Pounds 1989)
and often fluorescent Fe-K lines (e.g., Pounds et al. 1990;
Awaki et al. 1991; Nandra 1991). X-ray variability (e.g.,
Krolik et al. 1993) provides more evidence for the pres-
ence of an AGN.

M81 has been observed in X-rays with Einstein ob-
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Table 1. Log of ASCA observations of M81.

D Date SIS GIS
Start* End* Exposure! Mode? X5 ond Split? Exposure! Sp*
1 93/04/0507:45  04/06 01:04 — 4CCD BRT  C0/C2 20 (36039) OF
2 93/04/07 00:55  04/08 00:53 — 4CCD BRT  C0/C2 20 (34421) OF
3 93/04/16 22:30 04/17 17:30 25537 4CCD F/B Co/C2 40 99676 OF
4 93/04/2514:10  04/25 21:31 10577 ACCDF/B  C0/C2 40 14214 OF
5 93/05/01 22:16 05/02 14:11 10550 4CCD F/B Co/C2 40 27122 OF
6 93/05/18 20:47 05/19 20:30 23530 2CCD F/B Co/C2 40 42864 OF
7 93/10/24 16:00 10/25 14:20 24250 4CCD F/B C3/C1 40 43330 ON
8 94/04/01 05:08 04/02 03:21 28250 1CCD FNT Co/C2 40 41515 ON
9 94/10/21 04:15 10/22 08:05 37423 1CCD FNT C2/Co 40 51799 ON
10 95/04/01 18:50 04/02 23:10 14813 1CCD FNT Co/C2 40 22625 ON

* The start time of observation in year/month/day hour:minutes, and the end time in month/day hour:minutes.
t Exposure time in seconds after the standard data screening described in text (subsection 3.1).
t The SIS mode. BRT= bright mode only, F/B = faint mode for high-bit-rate and bright mode for medium-bit rate, and

FNT = faint mode only.

§ The chips of the SIS0/SIS1 detectors on which the M81 nucleus was placed.

f Pulse height channel for the SIS split threshold.
* The GIS spread discriminator flag status.

servatory (Elvis, Van Speybroeck 1982; Fabbiano 1988,
hereafter FA88), EXOSAT (Barr et al. 1985), Ginga
(Ohashi et al. 1992; Tsuru 1992), BBXRT (Petre et al.
1993; hereafter PEA93), and ROSAT (Boller et al. 1992).
The Einstein data (FA88) have revealed the presence of
several X-ray sources in the M81 region, among which
the brightest one, called X-5, coincides in position with
the M81 nucleus and has an angular size < 4” (< 70 pc;
Elvis, Van Speybroeck 1982). In these previous observa-
tions, X-5 exhibited a 2-10 keV luminosity a few times
10%0 erg s—1, together with evidence of long-term variabil-
ity and an episode of rapid flux change (Barr et al. 1985).
These X-ray studies have led to the conclusion that X-5 is
a low-luminosity AGN (LLAGN) in M81. However, dis-
crepant spectra have been obtained for X-5 with Einstein
(T = 472 ) and other observations (I' = 2.0-2.2; Boller
et al. 1992; Ohashi et al. 1992; Tsuru 1992; PEA93).

Due to the explosion of SN 1993J in M81 on 1993
March 28 (Garcia 1993), just 5 weeks after the launch
of ASCA (Tanaka et al. 1994), we have frequently ob-
served the M81 region with ASCA. The results concern-
ing SN 1993J from these observations have been reported
by Kohmura et al. (1994) and Kohmura (1994). These
observations have also provided data of unprecedented
quality and quantity on M81 X-5, which was always in
the same ASCA field of view as SN 1993J. These results
greatly strengthen the case that X-5 is an LLAGN. Some
of these ASCA results concerning X-5 have already been
reported by Ishisaki (1994) and SEA95.

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System

2. Observations and Data Reduction

2.1. Observations

We observed the M81 region ten times with ASCA,
as summarized in table 1. Six of these were performed
between April 5 and May 19 in 1993 during the perfor-
mance verification (PV) phase, almost once a week. The
subsequent four observations were performed at intervals
of six months, as dictated by sun-angle constraints of the
satellite (Tanaka et al. 1994).

In these observations, data from the two GIS (Gas
Imaging Spectrometer; Kohmura et al. 1993; Ohashi et
al. 1996) detectors, GIS2 and GIS3, were always taken
in the PH normal mode. For observations 1 through 6,
the GIS spread discriminator was disabled, which caused
a high background toward the detector rims, and a faint
spill-over of counts from the 33Fe calibration isotope at
certain positions on the detector plane (which does not
affect the present results). The observation modes of the
two SIS (Solid-State Imaging Spectrometer; Burke et al.
1991, 1994) detectors, SISO and SIS1, are listed in table 1.
Each SIS detector comprises four CCD chips named CO
through C3.

2.2. X-Ray Images

In figure 1 we show examples of the SIS and GIS im-
ages of the M81 region. There were thus always three
X-ray sources in the SIS field of view (figure 1a): X-5
at the M81 nucleus, the Einstein source X-6 (probably
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Fig. 1. X-ray images of the M8l region taken with

ASCA, presented without background subtraction
or vignetting correction. (a) The 0.5-10 keV SISO
image from observation 7. SN 1993J and two
Einstein sources, X-5 (the M81 nucleus) and X-6,
are seen. Circles of radius 1.’5, 3', and 6’ are drawn
centered on X-5. (b) The 0.7-10 keV GIS2+GIS3
contour map smoothed with a Gaussian distribution
of 0=15", obtained by summing data for observa-
tions 7-9. The contour levels are 2.8, 4, 5.7, 8, ...
¢ pixel~1. An archival ROSAT HRI image taken on
1993 May, and the IPC source names, are overlaid.
Sky coordinates are J2000, in which X-5 is located
at (9P55™33%, 469°03'55").

1+69°20°

1469°10

1+69°00”

+68°50”

a bright X-ray binary; FA88), and SN 1993J. The 0.5-
10 keV raw intensities of X-5 and X-6 were in the ranges
0.32-0.56 and 0.05-0.07 ¢ s~! per each SIS detector, re-
spectively (Kohmura 1994). The 0.5-10 keV SIS intensity
of SN 1993J was ~ 0.08 ¢ s~! (per SIS) in the first two
observations, and then declined with a typical e-folding
time of ~ 70 d (Kohmura 1994). Thus, by the time when
the ASCA images in figure 1 were obtained, SN 1993J
had become much fainter (~ 0.02 ¢ s™! or less) than
during early observations (Kohmura et al. 1994).

In the GIS image (figure 1b), SN 1993J and X-6
are confused because their angular separation (~ 1') is
smaller than the GIS position resolution. In addition to
X-5, X-6, and SN 1993J, we always detected another Ein-
stein source, X-9, which is probably a background quasar
(FA88). The GIS data for X-9 indicate a flat power-law
(T ~ 1.7) spectrum and a moderate (factor ~ 1.5) inten-
sity variation. These results on X-9, as well as on X-6,
will be reported in a forthcoming paper (Uno et al. 1994,
in preparation), in which the latest results on SN 1993J
will also be described.

2.3. Data Reduction

In the present paper, we utilize both the SIS and GIS
data. For the SIS, we use only the faint mode data to
avoid a subtle (typically by 10-30 eV) energy-scale am-
biguity due to offset in the zero point (known as Dark
Frame Error; Otani, Dotani 1994, private communica-
tion). We discard the SIS and GIS data from the first
two observations, because, on these occasions, SN 1993J
was too bright (subsection 2.2) to ignore its contamina-
tion of X-5, and the SIS data were taken entirely in the
bright mode.

For the SIS event selection from the remaining eight
observations, we required the geomagnetic cut-off rigid-
ity to be > 6 GeV c7!, and the elevation angle from
the night and day earth rim to be > 10° and > 25°,
respectively. For the GIS event selection, we used the
same cut-off rigidity and a minimum earth elevation an-
gle > 5°. These criteria have left us with 343 ks of good
data for the GIS and 175 ks for the SIS.

The point-spread function of the ASCA X-ray tele-
scope (XRT; Serlemitsos et al. 1995a; Tsusaka et al.
1995) caused significant contamination within the X-5
region from SN 1993J and X-6, which are 2/8 and 3/4
away from X-5, respectively. If we adopt 1/5 (or 3/0)
as the integration radius around X-5, roughly 30% (or
70%) of the photons from SN 1993J and 30% (or 50%)
of the photons from X-6 falls onto the X-5 accumulation
region. Further taking into account the relative intensi-
ties among the three sources (subsection 2.2), we have set
the integration radius around X-5 to be 1/5 for observa-
tions 3 and 4 when SN 1993J was bright, and 3/0 for the
subsequent observations to collect as many signal pho-
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Fig. 2. Long-term 2-10 keV light curves of the M81
nucleus for observations 5 through 10, together
with the 90% confidence errors. (a) The 2-10
keV flux history, obtained with SIS0+SIS1 and
GIS2+GIS3. At the 3.6 Mpc distance, a flux
15 x 10~12 erg cm~2 s~ corresponds to a luminos-
ity 2.2 x 1040 erg s~1. The observation number is
given at the top. (b) History of the power-law pho-
ton index in the 2-10 keV range, determined inde-
pendently with the two instruments.

tons as possible. The contribution from SN 1993J plus
X-6 to the events accumulated around X-5 is estimated
to be 5-10% at most.

For the spectral analysis and flux calculations, we sub-
tracted the background (the cosmic X-ray background
plus non-X-ray background; Kubo et al. 1994, private
communication; Ikebe et al. 1995, private communica-
tion; Makishima et al. 1996) accumulated over the same
detector positions using blank-sky data (the M81 galaxy
background is not subtracted, and estimated later in sub-
section 3.4.). For the SIS, the publicly released data
(Gendreau 1994, private communication) were used. We
made the GIS background from the Lynx field and the
Lockman Hole data for observations 1-6 when the spread
discriminator was still off, while we used the NEP, QSF3,
Draco, and SA57 fields for observations 7-10 which oc-
curred after the spread discriminator was enabled.

The XRT+SIS and XRT+GIS response files were cal-
culated separately for the four detectors, and separately
for each observation, because on different occasions the
target was observed at different positions in the field of
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Fig. 3. Short-term 0.5-10 keV light curves of the M81
nucleus from observation 9. The upper light curve is
the sum of SISO and SIS1, while the lower one is the
sum of GIS2 and GIS3. Each bin is 600 s long, and
errors are 1o. Solid lines indicate averaged counting
rates (0.95 ¢ s~ ! for the SIS and 0.49 c s—! for the
GIS).

view. The responses take into account all of the known
instrumental characteristics of the XRT (Kunieda et al.
1995, private communication; Tsusaka et al. 1995), the
SIS (Burke et al. 1991, 1994), and the GIS (Ishida et al.
1994, private communication; Makishima et al. 1996).

3. Results

3.1. Intensity and Spectrum Variability

In figure 2a we present the background-subtracted
long-term light curve of X-5 in the 2-10 keV band, for
observations 5-10. The flux was calculated using the in-
strumental responses mentioned above. We omitted the
results from observations 3 and 4, due to the relatively
large flux uncertainties associated with the small inte-
gration radius required because of SN 1993J. Thus, the
four detectors consistently indicate that the X-5 flux var-
ied significantly over (1.4-2.4) x 107! erg cm™2 s, by
a factor ~ 1.7, implying a 2-10 keV luminosity range
of (2.1-3.5) x 10*° erg s~! (employing the 3.6 Mpc dis-
tance). We estimated these absolute flux levels to be
reliable within ~ +15%.

Figure 3 shows the short-term light curve of X-5 from
observation 9. Both instruments thus suggest an over-
all ~ 20% intensity decline, particularly toward the lat-
ter half of the observation, which is far too large to be
caused by spacecraft attitude jittering. When the light
curves were examined against the hypothesis of constant
intensity, we obtained x?/v= 217/68 with the SIS and
183/88 with the GIS, so that the hypothesis is rejected.
We therefore conclude that a short-term intensity change
was detected in this particular observation on a time scale
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Fig. 4. SIS (panel a) and GIS (panel b) spectra of the
MS81 nucleus in the 2-10 keV band, both summed
over observations 3-10. The solid lines show the
best-fit power-law model convolved through respec-
tive instrumental responses, and the fit residuals are
shown in lower panels. The fitting ignored the 6—
7.5 keV region, where the iron line feature is clearly
seen.

of about one day. A similar short-term variation was
seen in observation 3, as reported by SEA95. There is
no evidence for such a short-term variation in the other
observations, with typical upper limits of ~ 15%. We
recall that a rapid (~ 600 s) variation was once recorded
from M81 by EXOSAT (Barr et al. 1985), and possibly
with the Einstein IPC (FAS88).

The X-5 spectra are relatively featureless. In order to
obtain a rough idea of the spectral variation, we fitted
the 2-10 keV spectra from individual observations, sepa-
rately for the two instruments, with a power-law model.
We used the instrumental responses derived in subsec-
tion 2.3. The fit evaluation included 3% systematic er-
rors. An acceptable fit was obtained in all cases. As
shown in figure 2b, the spectral variability is statistically
insignificant, in spite of the clear long-term intensity vari-
ation. We estimated the spectral index to have remained
constant within +0.05, around a mean value of T" ~ 1.81.
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Fig. 5. Confidence contours of the iron line parameters,
determined separately with the SIS and GIS by fit-
ting a broad Gaussian model to the spectra of fig-
ure 4. Contours (from inner to outer) represent 68,
90, and 99% confidence levels, and the cross indi-
cates the best-fit solution. (a) Line center energy
vs. line equivalent width. (b) Line center energy vs.
line width (Gaussian o).

3.2. Average 2-10 keV Spectra

Since the spectral variations are insignificant, we
summed up all of the SIS (SIS0+SIS1) data into a sin-
gle spectrum, and all of the GIS (GIS2+GIS3) data into
another, as shown in figure 4. Unlike in the previous sub-
section, we included the data from observations 3 and 4
as well. This allowed us to utilize one of the longest ex-
posure times (343 ks for the GIS and 175 ks for the SIS)
achieved with ASCA for a single object. We also calcu-
lated the average XRT+SIS and XRT+GIS responses,
as averages of those for individual observations (sub-
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Table 2. Model fits to the 2-10 keV spectrum of the M81 nucleus.
SIS GIS
Model” x2/d.of. Parameter’ x?/d.o.f. Parameter!
Bremsstrahlung........................... 252/70 kT=8.8 keV 290/82 kT=8.6 keV
POWET-1aW . . .. .. eeeeeeeeeee e 136/70 I'=1.79 (1.76-1.81) 130/82 I'=1.83 (1.81-1.84)
Power-law+Gaussian distribution® ......... 103/67 T'=1.82 (1.79-1.85) 78/79 I'=1.86 (1.84-1.88)

* Absorption is fixed to the Galactic line-of-sight value (Ng = 4 x 10%° cm™2).
t I is photon index, whose 90% confidence ranges are shown in parentheses.

1 See figure 5 for the best fit values.

section 2.3) weighted by the number of detected signal
photons. Using these responses, we fitted the summed
SIS and GIS spectra separately in the 2-10 keV range
with thermal bremsstrahlung and power-law models. As
shown in table 2, the bremsstrahlung model could fit
neither spectrum well (x2/v ~ 3.5). This confirms the
BBXRT result (PEA93), but with a much higher signifi-
cance.

The power-law model with I' ~ 1.8 was much more
successful (table 2), indicating that the 2-10 keV contin-
uum from X-5 definitely prefers a non-thermal interpre-
tation to a thermal one. The obtained values of I ~ 1.8
are consistent with those derived from individual obser-
vations (figure 2b). However, these fits were still unac-
ceptable, because of significant positive residuals in the
6-7 keV range in both spectra (figure 4). This feature
was not significant in the individual spectra because of
insufficient statistics. The feature is most naturally at-
tributed to Fe-K emission lines, which have been observed
mainly at 6.4 keV (corresponding to ionization states less
than FeXVIl) from a number of AGNs (e.g., Pounds et
al. 1990; Awaki et al. 1991; Nandra 1991). However, in
the present case, the line appears to be broader than the
instrumental energy resolutions (~ 0.1 and ~ 0.45 keV
for the SIS and the GIS respectively, in FWHM).

In order to model the line feature, we fitted the
summed 2-10 keV spectra with a power-law model, plus
a Gaussian distribution of which the center, width, and
normalization were left free. The fit is improved, espe-
cially for the GIS spectrum (table 2), as far as the Gaus-
sian distribution is allowed to be broad. Therefore, the
presence of the line feature and its intrinsic width are
both statistically significant. However, as shown in fig-
ure 5, the line parameters from the two instruments can
be reconciled only at the 99% confidence level, and the
SIS fit remains unacceptable (which makes the SIS con-
tours in figure 5 rather meaningless). Since the SIS re-
sponse exhibits more complex long-term changes (Otani,
Dotani 1995, private communication) than the GIS, we
suspect that our particular SIS spectrum, averaged over

many observations spanning 2 years, may be subject to
larger systematic errors. In fact, using a subset of the
present ASCA data for X-5, SEA95 derived Fe-K line
parameters from the two instruments that are both con-
sistent with the present GIS results. We therefore refer
mainly to the GIS-derived Fe parameters in the follow-
ing, and defer any detailed comparison of the SIS and
GIS Fe line parameters to a forthcoming paper (Yaqoob
et al. 1996, in preparation).

Are the iron line photons really coming from the X-5
region? In fact, a broad Fe-K line centered at ~ 6.8 keV
was detected from SN 1993J (Kohmura et al. 1994;
Kohmura 1994). However, the calculated contamination
from SN 1993J can explain at most 15% of the line pho-
tons seen in the X-5 spectra. Furthermore, the iron-line
source is mostly confined to within ~ 3’ (~ 3 kpc) of
the M81 nucleus, since the line flux did not significantly
increase when we increased the data-integration radius
around X-5 up to 6’. We thus conclude that almost all
of the observed iron line photons come from the data-
integration region around X-5.

In Seyfert galaxies, a spectral hump is produced in the
7—20 keV range by Compton-reflection effects (Pounds et
al. 1990; Awaki et al. 1991). In a search of this effect in
the X-5 data, we added a strongly absorbed power-law
component to fit the average GIS spectrum. We tied its
photon index to that of the main power-law, and fixed its
absorption at 3 x 1023 cm~2 in order to approximate the
reflection effect (Awaki et al. 1991). However, even when
allowing the main power-law and Gaussian parameters
to float, the reflection component was not required, with
its normalization < 12% (90% confidence) of the main
power-law. This is significantly lower than is typically
found (~ 30%) in Seyfert galaxies (Pounds et al. 1990).

8.3.  Spectra in the Full Energy Range

In order to fully utilize the spectroscopic capabilities
of ASCA, we expanded the range of the power-law plus
Gaussian fit to 0.5-10 keV for the SIS, and 0.7-10 keV
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Table 3. Model fits to the spectrum of the M81 nucleus in the full energy range.*

SIS (in 0.5-10 keV) GIS (in 0.7-10 keV)

Model 1 : Absorbed power-law + Gaussian distribution®
Photon Index........coovveiiiiiiniiiian...
Ny (10%° cm_z)§ .............................
X2/Aof

1.87 (1.85-1.89)

9.2 (8.5-9.8)
133/95

1.82 (1.81-1.84)

4.7 (3.4-6.0)
122/96

Model 2: Raymond-Smith* + Absorbed power-law + Gaussian distribution’

ET (KEV) . eeeeeeeeee e
LES, (10% ergs™ ) oo
Photon index..............ooooiiiiiiii
N (10®em=2)8.
LETh (10% ergs™ ) o
X2/dof

0.86 (0.70-1.10) 0.71 (0.63-0.80)

3.1 (1.2-6.3) 19 (13-28)
1.85 (1.83-1.87) 1.87 (1.85-1.90)
9.4 (8.8-10.1) 17.3 (12.9-22.4)
2.40 (2.37-2.43) 2.32 (2.30-2.34)
123/93 96/94

* The numbers in parenthesis represent the 90% confidence range.

t The Gaussian parameters are fixed to the values from the 2-10 keV fit.

1 Assumed to have an abundance of 0.4 times solar, and absorbed by the line-of-sight galactic column of Ny = 4 x 10%° cm™2.
§ Absorption includes the line-of-sight galactic column of Ny = 4 x 10%° cm™2.

it L&;s_g, is the 0.5-3 keV luminosity of the Raymond-Smith component, while Lg__llc‘, is the 2-10 keV luminosity of the

(unabsorbed) power-law component.

for the GIS. We allowed both I" and the column density
Ny to float. For fitting the SIS (or GIS) spectrum, we
fixed the Gaussian parameters at those obtained above
2 keV with the SIS (or GIS). The results of these fits are
summarized in table 3. Although the value of I is similar
to those obtained in 2-10 keV, the fit is not acceptable
for either spectrum because of a slight data excess in the
< 2 keV range.

We accordingly added a Raymond-Smith (R-S) plasma
emission component (Raymond, Smith 1977) to the
model spectrum, as is often seen in the spectra of spi-
ral galaxies (MA94; SEA95). We left its temperature
and normalization free, and assumed that it is absorbed
only by the galactic line-of-sight column. We fixed the R-
S abundance at 0.4-times solar one (MA94; SEA95), as-
suming the solar-abundance ratios. Thus, as shown in ta-
ble 3, the GIS fit has become acceptable, indicating that
the soft component is statistically significant. The R-S
temperature, 0.6-1.1 keV, is similar to those obtained in
other spirals (see subsection 4.6); I remained nearly un-
affected by introducing the soft component. The best-fit
models are shown in figure 6 together with the full-range
spectra. However, the thermal flux required by the SIS
spectrum is much less than that required by the GIS spec-
trum, and the SIS and GIS values for the column density
to the power-law component are inconsistent with each
other. Furthermore, the SIS fit is still formally unaccept-
able. These problems did not vanish, even if we let the
overall abundance float.

The above discrepancy could arise if the thermal emis-

sion is extended, because the poorer position resolution
of the GIS would then reduce the contrast of the nuclear
point source relative to the extended emission. To exam-
ine this possibility, we again varied the data-integration
radius; however, the fit parameters did not significantly
change for either instrument. This means that the ther-
mal source is mostly confined to within 3’ (3 kpc) of the
nucleus, as for the Fe-K line. Resolving the remaining
spectral discrepancy between the two instruments would
require a further effort concerning instrumental calibra-
tion, which is beyond the scope of the present paper.

8.4. Background Emission from the M81 Galazy

Our data-integration radii around X-5 are relatively
large (1.6 kpc or 3.1 kpc). Therefore, before ascribing the
X-5 properties to the M81 nucleus, we must evaluate any
possible contamination from “galaxy background”, i.e.,
various non-nuclear X-ray components in M81. Although
the soft R-S component may prevail below ~ 2 keV,
above 2 keV the largest contribution is expected to come
from low-mass X-ray binaries (LMXBs; Fabbiano 1989).
The brightest LMXBs have been resolved with Einstein
(Elvis, Van Speybroeck 1982; FA88), while fainter ones
will make an unresolved extended background (FAS88).
The Einstein sources X-2, X-3, and X-7 (FA88) fall in
the larger of our two integration radii, while X-6 and
SN 1993J make partial contributions (subsection 2.3).

We derived a 2-10 keV radial X-ray brightness pro-
file around X-5, by integrating the GIS data from ob-
servations 7-9, over a position angle range of —135° to
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Fig. 6. Same as figure 4, but shown over the full energy
bands. The solid lines indicate the best-fit solution
of Model 2 in table 3, which consists of three com-
ponents; a Raymond-Smith model (dot-dashed), an
absorbed power-law (dashed), and a broad Gaussian
distribution (dotted). The fit is not simultaneous
between the two instruments.

45° (to avoid X-6, SN 1993J, and X-9). Its comparison
with the point-spread function has revealed an extended
emission outside ~ 3’, up to at least 10’. This galaxy
background shows a 2-10 keV luminosity of ~ 2 x 103?
erg s~! when integrated over the 180° sector of 3’ — 10’
annulus, and its 0.7-10 keV spectrum can be fitted well
with a moderately absorbed (< 3 x 10%! cm™2), hot
(> 8 keV) bremsstrahlung. Comparing these results with
those from M31 (Makishima et al. 1989), we can safely
ascribe the observed M81 galaxy background to the in-
tegrated emission from LMXBs. However, within ~ 3’ of
the nucleus, the galaxy background brightness is highly
uncertain, because the X-5 radial profile becomes indis-
tinguishable from the point-spread function.

To more directly evaluate the LMXB contribution to
the X-5 spectra of figure 4, we fitted them using a model
consisting of a power-law, a Gaussian distribution, and a
LMXB component (a thermal bremsstrahlung with tem-
perature fixed to 10 keV, absorbed with a fixed column of

[Vol. 48,

2 x10%! cm~?; Makishima et al. 1989). The SIS and GIS
spectra consistently restricted the LMXB contribution to
< 12% (90% confidence) of the 2-10 keV luminosity of X-
5. This is consistent with the spill-over flux from X-6 and
SN 1993J, as estimated in subsection 2.3. Even allowing
the largest possible LMXB contribution, I steepens only
by 0.03. We thus conclude that the ASCA spectra of X-5
are approximately free from the galaxy background.

We also examined the ROSAT HRI image (figure 1b)
taken from the archival data, where the nucleus, off-
nuclear point sources including SN 1993J, and diffuse or
unresolved galaxy emission are seen. The nucleus ex-
hibited a luminosity (Boller et al. 1992) similar to that
which we observed. We found that, of the total ~ 6200
HRI signal X-rays within 3’ of the nucleus, at least 82%
is confined to within 0/5. The galaxy background within
3’ is thus estimated to be 18% at most in the soft X-
ray band; this must partially come from the soft thermal
emission, as we observed (figure 6). Therefore, the galaxy
background within 3’ must be even lower in > 2 keV, thus
providing independent support to the above conclusion.

4. Discussion

4.1. Identification of X-5 with the Active Nucleus of
M81

We have detected a factor of ~ 1.7 X-ray variation
from X-5 over a time span of 2 years; also, the observed
2-10 keV flux range is consistent with those recorded
from past observations, (1.4-2.9) x 107! erg cm=2 57!
(table 3 of PEA93). We also detected ~ 20% intensity
changes on a time scale of one day. These results have
established the variability of X-5 much more convincingly
than before. This, combined with the clear non-thermal
nature of the X-5 spectra above 2 keV (table 2), makes
the starburst interpretation of X-5 unlikely.

The variability implies that X-5 consists of a single,
or at most a small number of, presumably accretion-
powered compact object(s). However, an assembly of or-
dinary LMXBs cannot provide an explanation, since X-5
is pointlike (< 70 pc; Elvis, Van Speybroeck 1982), and
the observed X-5 spectra are inconsistent with those of
the LMXBs. In addition, the 2-10 keV luminosity of X-5,
~ 2 % 10% erg s~! on the average, would require ~ 102
LMXBs emitting at the Eddington limit, so that the vari-
ability would be much smaller than was observed. There-
fore, as argued by Elvis and Van Speybroeck (1982), X-5
must be either an LLAGN, or a “super-Eddington” X-
ray source, which are sometimes found in nearby galaxies
(Fabbiano 1989).

The high quality ASCA spectra of X-5 above ~ 2 keV
are well characterized by a single power-law (plus the
iron line), with little contribution from the LMXB-type
component. From tables 2 and 3, we quote the photon
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index to be I' = 1.85 + 0.04. (In figure 2, I is somewhat
smaller since the Fe-K line was not separately modeled.)
This spectrum is similar to those of Seyfert nuclei, but
not with the spectra of super-Eddington sources, which
generally resemble those of the LMXBs (MA94; Okada et
al. 1994). Considering further the positional coincidence
of X-5 with the M81 nucleus (within ~ 10”; Elvis, Van
Speybroeck 1982), we can confirm the identification of
X-5 as an LLAGN made by previous X-ray observations
and optical investigations (Filippenko, Sargent 1988; Ho
et al. 1996).

4.2. Possible Prevalence of LLAGNs

The M81 nucleus exhibits an Ha emission line with a
broad component, and its Ha to X-ray luminosity ra-
tio is similar to those of Seyfert galaxies (Elvis, Van
Speybroeck 1982; Filippenko, Sargent 1988). We there-
fore infer that the optical lines from M81 are powered by
the power-law X-rays from the LLAGN.

Besides M81, LLAGNs have so far been established
in a fair number of nearby galaxies (MA94; SEA95), in-
cluding, e.g., M106 =NGC 4258 (Makishima et al. 1994;
Miyoshi et al. 1995), NGC 3642, NGC 4278 (Koratkar
et al. 1995), M104 =NGC 4594 (Terashima et al. 1994),
NGC 1097 (Iyomoto et al. 1996), and M51=NGC 5194
(Makishima et al. 1990; MA94; Terashima et al. 1996,
in preparation). These galaxies are classified as LINERs
and, furthermore, exhibit a weak, but broad, Ha com-
ponent. We therefore suggest that LINERs, particularly
those with broad Ha components, have a rather high
probability to harbor LLAGNs. Since LINERS are rather
numerous (Filippenko, Sargent 1985; Ho et al. 1995), this
further suggests that a fair fraction of apparently normal
galaxies host LLAGNS.

The 2-10 keV luminosities of these LLAGNSs, typically
(1-10) x 10% erg s, smoothly connect to the lowest
end of the Seyfert luminosity function (10415744 erg s71).
Therefore, the AGN luminosity function may well extend
below ~ 10%2 erg s7! (Mushotzky 1993; Koratkar et al.
1995; SEA95), and the LLAGN contribution to the cos-
mic X-ray background may not be ignored. Although this
inference supports the prediction by Elvis et al. (1984)
based on the Ha luminosity distributions, it may contra-
dict the results by Persic et al. (1989).

4.3. Hard Power-Law Continuum

The power-law index, I' = 1.85 =+ 0.04, that we de-
rived for the M81 nucleus is consistent with those of the
type-1 Seyferts (SEA95) as well as that of the M106 nu-
cleus (I' = 1.78 + 0.29; Makishima et al. 1994), which is
another convincing example of LLAGN (Miyoshi et al.
1995). However, our value of T is significantly smaller
(flatter) than those obtained for the M81 nucleus in pre-
vious X-ray studies. Even putting aside the very steep
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index of T' = 472 . (FA88), obtained with the Einstein
IPC (which may be related to the marked faintness of
X-5 at that time; see PEA93), observations with EX-
OSAT, Ginga, BBXRT, and ROSAT consistently yielded
I’ = 2.0-2.2 with relatively small uncertainties (table 3 of
PEA93). The time variability cannot provide a solution
to this discrepancy, since during the ASCA observations
T stayed in the 1.7-1.9 range, while the X-ray flux was
consistent with those observed previously, except for the
Einstein IPC flux (PEA93).

Among these previous results, since the EXOSAT ME
(Barr et al. 1985) and Ginga LAC (Ohashi et al. 1992) re-
sults were obtained with non-imaging proportional coun-
ters, they may be contaminated by other point sources
(e.g., X-9; FA88) in the M81 region, and by extended
emission components associated with M81. The BBXRT
spectrum may have been contaminated similarly, even
though the soft thermal component was resolved spec-
trally by PEA93. On the other hand, the ROSAT PSPC
result (Boller et al. 1992), although based on an image,
may have been affected by thermal emission from the
nuclear region (which we detected), since the value of
T = 2.0%51¢ was derived via a simple single-model fit.
Thus, the previously obtained steeper spectra can be ex-
plained away in a reasonable way.

We have obtained a relatively small intrinsic absorp-
tion (< 2 x 102! cm™2) for the hard component of
the M81 nucleus (a factor of 2-4 smaller than was ob-
tained by PEA93). This is in contrast to the case of
the M106 nucleus, which is absorbed with ~ 1.5 x 1023
cm~? (Makishima et al. 1994). Considering that the
M106 nucleus is certainly seen almost edge-on through
the molecular disk (Miyoshi et al. 1995), the difference in
absorption between the nuclei of M81 and M106 is most
naturally attributed to the difference in the viewing an-
gle with respect to the gaseous disk around the nucleus.
This is essentially the same as unification models, which
accounts for the difference between type-1 and type-2
Seyfert galaxies (e.g., Antonucci, Miller 1985; Awaki et
al. 1991).

These spectral properties cause the LLAGNs look in
many respects like scaled-down versions of Seyfert galax-
ies. However, the trend seen in Seyfert 1/2 galax-
ies, that the fraction of the obscured objects increases
with decreasing intrinsic luminosity (Lawrence, Elvis
1982), does not seem to extend to LLAGNs (Mushotzky
1993). The Compton-reflection effect may be less sig-
nificant in LLAGNs than in Seyfert galaxies (subsec-
tion 3.2; Mushotzky 1993). Furthermore, there are two
more X-ray dissimilarities between the M81 nucleus and
Seyfert galaxies; Fe-K line energy, and rapid variability
(Mushotzky 1993), which we discuss in the following two
subsections. These suggest that caution should be exer-
cised before regarding the LLAGNs and Seyfert galaxies
as comprising a single and homogeneous class of objects.
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4.4. Iron Emission Line

We have detected an iron-K emission line from the M81
nucleus with an equivalent width of ~ 170 eV. Although
PEA93 did not detect narrow Fe-K lines from the M81
nucleus with an upper limit equivalent width of 90 eV,
their results may be reconciled with ours by the fact that
we observed the line to be apparently broad (Gaussian
o ~ 0.2 keV; figure 5). Evidence of an Fe-K emission line
centered at 6.77 £ 0.45 keV was obtained in the Ginga
spectrum of M81 plus M82; its equivalent width becomes
330 £ 210 eV if all of the line photons are assumed to
come from M81 (Tsuru 1992). Considering the absence
of Fe-K lines in the ASCA spectrum of M82 (Tsuru et
al. 1994), this may actually be the case, suggesting con-
sistency between the Ginga and ASCA observations.

The Fe-K lines from AGNs are generally thought to
arise via reprocessing of the hard power-law continuum
from the nucleus by surrounding material (e.g., the ac-
cretion disk; e.g., Pounds et al. 1990; Awaki et al. 1991;
Nandra 1991). When the reprocessing material is nearly
neutral, we expect a fluorescence Fe-K line to appear at
6.40 keV in the local rest frame (Makishima 1986). When
the material is significantly photoionized, so that the
dominant ionization states are helium-like or hydrogen-
like, the Fe line appears at rest-frame energies of 6.7 or
6.9 keV, respectively.

The iron line profile of the M81 nucleus is reminiscent
of the broad and asymmetric Fe-K line profiles observed
with ASCA from several Seyfert galaxies (Fabian et al.
1994; Mushotzky et al. 1995; Tanaka et al. 1995), which
have been interpreted in terms of gravitational redshift
and Doppler effects in the accretion disks seen at an in-
clination of ~ 20°. However, while the iron line flux in
these Seyfert galaxies is mostly limited to < 6.4 keV in
the source rest frame, the present results indicate a con-
siderably higher center energy, 6.65+0.15 keV (figure 5).
This is one difference between the M81 nucleus and the
AGN.

This difference in the line-center energy may be ex-
plained in several ways (SEA95). First, the M81 line
photons may be a blend of separate narrow lines: e.g.,
a 6.4 keV line and a 6.7 keV line. In fact, the GIS line
feature can also be modeled by two narrow lines at ~ 6.3
and ~ 6.8 keV, although the SIS data somewhat pre-
fer a single broad line. Second, since it is possible that
the accretion disk has a higher inclination than those in
Seyfert-1 galaxies (~ 20°), the blue-shifted component
due to the longitudinal Doppler effect is enhanced. In-
deed, in the type-2 Seyfert galaxy IRAS 18325—5926, a
broad iron line has been observed at 6.8-6.9 keV in the
source rest frame (Iwasawa et al. 1995). A third possibil-
ity is that the line-producing region in the M81 nucleus is
significantly more photoionized than in those of Seyfert
galaxies. Further discussion concerning the Fe-K line will
be presented in a forthcoming paper (Yaqoob et al. 1996,
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in preparation).

4.5. Time Variation

Some Seyfert galaxies (particularly of low-luminosity
ones) exhibit pronounced intensity variations on time
scales as short as 1037 s, by more than a factor of a
few (e.g., Lawrence et al. 1987; McHardy, Czerny 1987;
Kunieda et al. 1992; Krolik et al. 1993). In contrast, vari-
ations of the M81 nucleus on these time scales were much
less conspicuous; even on longer time scales, its variation
(figure 2a) is considerably smaller than those of Seyfert
galaxies. Filippenko, Sargent (1988) and Ho et al. (1996)
report that the Ha emission from the M81 nucleus is sta-
ble, unlike in Seyfert galaxies. No rapid X-ray variability
was detected from the LLAGNs in M106 (Makishima et
al. 1994) or in NGC 1097 (Iyomoto et al. 1996), either.
These pieces of evidence illustrate another potential dif-
ference between LLAGNs and Seyferts (Mushotzky et al.
1993)

The power-density spectrum (PDS) P(v) of the inten-
sity variation in Seyfert galaxies and Galactic black-hole
candidates can be modeled as

| R v <w)

P(V) - { PO (V/Vk)_a (l/ > Vk) b (1)
where Py, a, and v (knee frequency) are constants.
Seyfert galaxies typically exhibit o = 1-2 (Lawrence et
al. 1987; McHardy, Czerny 1987; Hayashida et al. 1995),
and Hayashida et al. (1995) derived v ~ 5 x 10~° Hz for
NGC 4051 and MCG—6-30-15. From Galactic black-
hole candidates, we typically observe a ~ 1.4 and 1 ~
0.1 Hz (e.g., Makishima 1988).

Suppose that we repeatedly observe an X-ray source
whose PDS is represented by equation (1), determine the
intensity over an integration time of T7 each, and obtain
a light curve of the total time span T; when T < To.
Then, even for a fairly uneven data sampling, the root-
mean-square fractional variation V of the light curve may
be approximated as

VT, T)?=c / " P(v) dv, (2)

where v; = T,”! (i = 1,2), and c is an appropriate con-
stant. In the present case, the long-term light curve (fig-
ure 2) gives T = 3 x 10* s (typical duration of each
observation; table 1) and T, = 6 x 107 s (2 years) to-
gether with V(Ty,T3) = 0.22, while the short-term light
curve (figure 3) implies Ty = 600 s, T, = 2 x 10* s,
and V(T1,T2) = 0.08. By substituting these results into
equation (2), and utilizing equation (1) with & = 1.5, we
can eliminate the normalization product Poc. We have
thus obtained for the M81 nucleus v, = (1-3) x 10~ Hz.
This knee frequency is significantly lower than those of
the rapidly varying Seyferts, and seems to be closer to
that of some quasars (Hayashida et al. 1995).

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1996PASJ...48..237I&db_key=AST

BPASY [ 48. 22371

rt

No. 2]

Although the physical mechanism accounting for equa-
tion (1) is not understood, a lower value of vy is thought
to indicate a longer scale length, hence a larger black-
hole mass (e.g., Wandel, Mushotzky 1986; Hayashida et
al. 1995). We therefore suggest that the mass of the M81
nucleus, and of other LLAGNS in general, is larger than
those of the fast-varying Seyfert nuclei, and that their
very low luminosities are a result of extremely small ac-
cretion rates (Iyomoto et al. 1996). Actually, M106 has a
nuclear mass of 3.6 x 107 Mg (Miyoshi et al. 1995) and an
accretion rate as small as ~ 7 x 10~ times the Edding-
ton accretion rate (derived from the ASCA luminosity of
Makishima et al. 1994). However, we cannot yet exclude
the possibility that the reduced variability in LLAGNs
is a direct consequence of the very low accretion rate
itself, rather than being due to the large central mass.
The X-ray variation is also insignificant in some type-2
Seyfert galaxies (e.g., NGC 1068; Ueno et al. 1994), pre-
sumably due to the predominance of reprocessed X-ray
components. However, this cannot be the case in the
MB81 nucleus, since it lacks reprocessing signatures, such
as absorption edges, very flat X-ray continua (I' ~ 1.3;
Ueno et al. 1994), Compton reflection components (sub-
section 3.2), or neutral fluorescence lines (Fukazawa et
al. 1994).

4.6.  Soft Thermal Emission

Within 3 kpc of the M81 nucleus, we have detected
thermal emission with a sub-keV temperature and a 0.5—
3 keV luminosity of (0.4-1.5) x 103 erg s—1. If we assume
that the extended (or unresolved) X-ray emission seen
in the ROSAT HRI map (subsection 3.4) has a similar
thermal spectrum, its 0.5-3 keV luminosity in an annu-
lar region of radius 0/5-3' from the nucleus is estimated
to be ~ 1 x 10% erg s~!, which agrees with the ASCA
results. On the other hand, although PEA93 obtained
evidence for a similar thermal component using BBXRT,
their thermal flux is 5-20 times larger than ours. Pre-
sumably, as a result of the larger aperture, the BBXRT
spectrum included a significant contribution from a much
larger part of the M81 galaxy.

From a number of spiral galaxies, ASCA has detected
similar soft thermal X-ray components which have typi-
cal temperatures of 0.5-1.0 keV and often sub-solar abun-
dances (MA94; Terashima et al. 1994; SEA95; Iyomoto et
al. 1996). The 0.5—4 keV luminosities of such components
vary from galaxy to galaxy over the range 103840 erg s—!
(SEA95). These components may well come from hetero-
geneous origins, including supernova remnants, hot plas-
mas associated with jets (e.g., in M106; Makishima et
al. 1994), thermal gas created in the nuclear starburst
region (e.g., in M82; Tsuru et al. 1994), and reprocess-
ing of the hard nuclear X-rays by photoionized material.
Thus, the nature of the M81 thermal component is yet
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to be investigated.
5. Summary and Conclusion

Through a series of observations of the M81 region with
ASCA, we have shown that its nucleus can be regarded
as an LLAGN (low-luminosity AGN). We observed both
long-term and short-term intensity variations. The char-
acteristic time scale of the variation of the M81 nucleus
is inferred to be ~ 10 days, which may be longer than
those of Seyfert galaxies, but similar to those of quasars.
We speculate that some LLAGNS, if not all, have larger
central masses than those of Seyfert galaxies.

The spectrum of the M81 nucleus consists of a hard
power-law continuum, an iron-K line, and a soft ther-
mal component. The power-law index was found to be
stable at " ~ 1.85, with relatively low intrinsic absorp-
tion (~ 1 x 10?! cm~2). Therefore, the M81 nucleus can
be regarded as being a typical LLAGN without heavy
obscuration, in contrast to the strongly absorbed M106
nucleus. The nature of the thermal component is yet to
be specified.

The observed iron line is broad (o ~ 0.2 keV), or com-
plex, and exhibits an equivalent width of 170 & 60 eV.
When compared to the Fe-K lines observed from Seyfert
galaxies, the Fe-K line of the M81 nucleus has a simi-
lar profile, but a significantly higher line center energy
(~ 6.65 keV). This difference allows for several alterna-
tive explanations.

We thank all of the members of the ASCA team for
the mission management, including spacecraft operation,
data acquisition, and instrumental calibration. We thank
Tahir Yagoob and Andy Ptak for helpful discussions and
comments.
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