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Abstract

Active galactic nuclei (AGNs) emit huge energy in all wavelengths from radio to -
ray and the most plausible eneray source of emission is the gravitational energy of the
accreting matter onto a super massive blackhole at the center of galaxies. AGNs are
present in about 1% of galaxies. Recent optical spectroscopic surveys revealed that ~1/3
of bright galaxies show weak activity characterized by optical emission lines from low
ionization species called low ionization nuclear emission-line regions (LINERs). The origin
of LINERs are still under debate among several mechanisms including low luminosity
AGNs, hot stars, cooling flows, and so on.

In order to search for AGNs unsing the broad band X-ray spectra and images, we
observed 12 LINERs with the ASCA satellite. Almost all objects are detected for the
first time in the 2-10 keV band, and the X-ray luminosities are 4 x 10?° — 5 x 10" ergs
<! in the 2-10 keV band. These luminosities are more than 1-3 orders of magnitude
smaller than usual Seyfert salaxies. Their X-ray spectra are generally represented by a
combination of a power-law with a photon index around 1.8 and a thermal plasma with
kT ~ 0.5 — 1 keV. Most of LINERs with broad Ha in the optical spectrum indicate
point like hard X-ray source and their X-ray luminosities are well correlated with Ha
luminosities. These facts strongly support that these LINERs harbor low luminosity
AGNs and infer that AGNs are present at the nuclens of many apprently normal galaxies.
On the other hand, majority of LINERs withont broad Ha in our sample are X-ray dim
compared to X-ray - Ha lnminosity correlation for low lnminosity Seyfert galaxies and
LINERs with broad Ha. Hard X-ray weakness of these objects means that their optical
emission lines are ionized by other mechanism rather than low Inminosity AGNs and/or
that AGN is heavily obscured even at energies above 2 keV. X-rays from these objects
can be attributed to the starburst activity and for discrete sources in the host galaxy.

The detailed study of AGN characteristics at the lowest luminosity end provides strong
constraints on energy release and emission mechanisms in AGNs. For this purpose, we
also observed 8 low luminosity Seyfert galaxies. Obtained X-ray luminosity ranges trom
6 x 10% ergs s~ to 6 x 10" ergs s='. We compared X-ray properties of this class of
AGNs. LINERs with low luminosity AGN, and Inminous AGNs. The continium shape of
the X-ray spectrum of low luminosity AGNs is very similar to luminous Seyfert galaxies;
the photon index distributes aronnd 1.8 and the absorption columun density ranges from
102 e 2 to 102 em~2, On the other hand, iron I emission lines in low luminosity AGNs
show variety in the center energy and strength. These results infer that physical states of

the accretion disk around the low luminosity AGNs are different from those of luminous
AGNs.

it




Contents

Introduction

Reviews

I i R . v e e A R e
2.1.1 Active Galactic Nuclei (AGN) - v & 5 ¢ v ¢ v ¥ i 4 L i = o e
2:1:2. The taified Matel of RGN s o0 s = 5 <5 o milboses o & el w ws
2.1.3 X-ray observations of active galacticnuelei . . . . .. ... ... ..
214 Starburst SalaXIes. . . . obpieie s o s o s Ew seed e ¥ 5

2.2 Low level activity in nearby galaxies . . .. ... ..o ov i v s
2.2.1 Results from optical spectroscopic surveys . . . . .. ... ... ..

9.3 Low lonization Nuclear Emission-line Regions — (LINERs) . . . . .. . ..
231 Excitation mechanismsof LINERS -, 5 ¢ ¢ & o0 s o o s s
2.3.2 Recent progress of observations of LINERs . . . . . .. ... .. ..

Instrumentation

U P Ha ARG SREEHTES = T n S b s e emecalien Be s 2 el SE e R ey v

o U S 4 0l T el 1 L e N e T R O

3.3 'Gas Imaging Spectrometer; GIS | o - o ooy <6 v A a Lo w0 S Skl e G

3.4 Solid state Imaging Spectrometer; SIS . . . < & 0 o v o s il e e

Observations

41 OBtV SalaRIes . | Sihit G v w e e s i ea b e A s e a ml el e

R A T st s g e e s B S S L B e oS B A e

13" Spestral anabvaly | L0 Al L bV G T e @ e e Dl

4.4 Previous observations of individual objects . . . . . . . . ... oo

Results

530 SpEctal BEEINGE - & v okl s 5 e ) 3 e e s e e % S v s

v

13
13
13
18
20

25
25
26 6
%
26

37

CONTENTS

2.1.1  power-law model 37
9.1.2 Raymond-Smith + Power-law model . . .. .. ... ... .. ... 38
0.1.3 variable abundance Raymond-Smith + power-law model 39

G4 IFeREoemisEion - ;o s s S AR E R e e 39

Gods JKEBHINE & v 05 s i e e et s TR R A T ame 47
o, WWaRabiE oL L o, e L 48
0.4 Low luminosity Seyfert 1 Galaxies . . . . . . . . . . 0 o v o i 48
0.4 1 INErodUEtIon . o itns s o 5 b sl R e 48
R DRt e SRRl P o e Y e 49

S ST S B 1D e s B S et SIS B o Sy i 58

5.0 Low luminosity Seyfert 2 Galaxies . . . . . . . 62
o PR 2 T 2 T oL T S e S e R B B R R s S 62
9.0:2 NG44 and NGO2213 0 2 r o vt 40 o b o e b b s e 63
Sadlar, VRl SMIEIEBIN & oo st 2 it e e i B AL i A B e 69
gl M G QLT VI T S NI L L e 7T
D N GEIROTY ¢ iy o O Lo L T A D e 5 B e crere et n 80
R G T e e Ty R T oy i | e 81

0 LINERaSWI N BB I HB .« o 5 s eitatiey s e e e e e e 82
T I e e 04 ) TR I S o Y 82
2.6.2 NGC 3998, 4203, 4450, 4594, and 5005 , . . . . . . .. . . .. ... 83
DY INCIRIBRZ & i sl b B e el e A P e e e bR 89
T el G o DT I e ¢ T S IS S S S 92

&9 LANERS withonf Broad Hon : o o v 20 s 6 8 w5 6 s e e A o 95
H R k<o B U s A R SO RN e R A St T 95
9.2 NGO 404, 4560 808 TIZET . . . vvs i e v 5 a v el 5 oie e s & o % 96

0.8 Poststarburst LINERs NGC 4736 and NGC 5195 104
A S Yol a s (T o 8 S R e e e L e R e 104
v PR, o ol e b po e ot o Bl et o e s kv R 104
i WETATI cr: Sl Som o R Lo oy e I e 105
Discussion 107
6.1 Summary of Observationalresults . . . . . . .. .. ... ... .. .. ... 107
613 1 SRDGEUERIRE S8 R b it il S A e e e 107
LR T R S e ISR . S R S e b, B e 110

B SVBEHABHIEY 5 ¢ 5% § 5 5 e 5 58S alsrs S ke B Meeii g o) 110

bid OREy OEACral eMIBRIGR o « i iivi e 5k a e i eI T A 110




CONTENTS .,

6.3

6.4

B2 erapfevidencator RGN o o v b s svnee i e s i m e e e e i 110
6.2.2 X-rayemission from Bobaas o v v qe oo s 565G 40 5 o s Gk 114
lenization meéchanismof EINERRS o ¢ o scaina m wa o v e w v s sowisis o 115
631 Xerayto Hovluginosity Ta0. « - + cooeim oo e o w8 5 v, v siw e s 115
63,2 IoniEnEpBelBs: nel iR D s D doaEa e s s s s 119
X-ray properties of low luminosity AGNs . ¢ . .oc v v v 00 00 v v vie e 120
B&.1 Spectral shape. i« . » 6 5 Ghinad ds & stattary G A Dl DR R 121
6.4.2 UV — X-ray spectral slope and blue bump . . ... . ... ..... 125
643 Xeray to Ho luminosity Tatlo. . . o « o o romims s o v o v von 0 208 126
B4R NamAIHRE o s LTiatme s S R i s sl e b e e S e T8 127
645 EAdington Tatie; . o e o € slln s s ol esimiepa el Bl e AR = s 127
6.4.6 Limits on accretion mechanisms . . . . . . v v v v v e 0 w0 s o 128

7 Conclusion 131

Vi

CONTENTS




List of Figures

3.1
3.2
3.3
3.4

3.9

3.6

3.7
3.8
3.9
a3.10

Schematic view of the ASCA satellite . . . . . . . . . . o o0 v v v v v oy 14
Onboard instruments of the ASCA satellite . . . . . . . . .. . ... .. 14
Bt ive Bron aF dhotoi e (e 30 5 v Ul e BN T W el el - b
Off axis angle dependence of the Effective area of the ASCA XRT . . . .. 16
ASCA SIS image of the quasar 3C273 in the 0.5-10 keV band. Image size
% BLon B R P LS R I e R Bl B L e RO RO 17
Radial profile of surface brightness in the 0.5-2 keV (left) and 2-10 keV
(right) band. Crosses are observed data of 3C273 and histogram represent
the point spread function simulated by the ray-tracing assuming a photon
index of 1.6. Background is subtracted from the 3C273 data using the
Bk B Ak omi oob o) e Al Ty e e e R VR o T AL R R 17
Clvtiee sention GEARETEIS" | o oot 1 e b W ) Tiselare e by A 8 M T 18
Detection efficiency (left) and energy resolution (right) of GIS . . . . . . . 20
Crots Section OF tRE SIS o o il % e ve v b 4 = 1 2 vt antal abe a o il 8 Bl b 21
left: Detection efficiency of the SIS. K-edges of O (0.53 keV), Al (1.56 keV),
and Si (1.84 keV) are seen. right: Energy resolution of the SIS as a function
of incident photon energy, Energy resolution with different read-out noise
N are plotted. The read-out noise levels are given as the equivalent number
O STECIPORE: o in e o T G e e e i e (e e i 21
left: ASCA SIS spectrum of M31 fitted with a single power-law model.
right: ASCA SIS spectrum of M31 fitted with a Raymond-Smith thermal
plasma + single power-law model. . . . . . . .. ..o oo 38
X-ray spectra of NGC 4579; left: SIS, right: GIS.The best fit model consist

of a Raymond-Smith thermal plasma, power-law, and Gaussian is shown

15 DIBLOETEMIS: &« & s qilem il W W ek v e e ER S Secs e s ()

Vit

viil

i
ci

o
=)

(] ]
=

.13

02.14

LIST OF FIGURES

Data/model ratio for the best fit continnum model around aun iron K emis-
sion line in NGC 4579. The crosses with and without filled cirele represent
SIS and GIS data, respectively.

------------------

left: Confidence contours for the line energy and intensity, The line width
is left to be vary. right: Confidence contours for the line width (Gaussian o)
and intensity. The contours correspond to 68%, 90%, and 99% confidence

level for two interesting parameters (Ay? = 2.3, 4.6, and 9.2, respectively),

X-ray light curve of NGC 5033. SIS (0.5-10 keV) and GIS (0.7-10 keV)

data are summed. Bin size = 3760 sec

------------------

X-ray spectra of NGC 5033. left: SIS, right: GIS

............

left: Confidence contours for the line energy and intensity. The line width is
left to be vary. right: Confidence contours for the line width and intensity.
The contours correspond to 68%, 90%, and 99% confidence level for two
interesting parameters (Ay? = 2.3, 4.6, and 9.2, respectively).

rrrrrrr

Data/maodel around iron K emission in NGC 5033.

SIS (left) and GIS (left) spectra of NGC4941. The best fit partially covered
power-law + Gaussian model is shown as histograms. . , .

X-ray image of NGC 2273 obtained with SIS. left; 0.5-2 keV, right: 2-10
ROy DBRQT i i Ty LA At e WS A .y

Blantirenl WOL2AVEDEd V) v T 0 3 g0 8 oot 5o v e e

left: SIS spectrum of the NGC 2273 nucleus (r < 1.3') (left). The best
fit model (partially covered power-law) is shown as histogram. right: SIS
spectrum of the radio source located at ~ 2' from the nucleus (r < 17)
fitted with a power-law

-----------------------------

GIS spectrum of the NGC 2273 nucleus + the radio source located at ~ 2/
from the nucleus. The fitting is simultaneous with the SIS spectrum of

each sources, but normalizations of each spectral component are left free
incenentlentif. ; o L d Lo BT ahk o el e G o B s Sl e S S

Contour map of M51 and NGC 5195 taken with SIS detectors (SISO +
S5IS1) superposed on optical image. Background is not subtracted. The
contour levels are logarithmically spaced. The region between dashed lines
is used to make a projected brightness profile. . . . . . . ... . .. .. ..

5%

28

G0

bl

64




LIST OF FIGURES

5.15 Brightness profile projectied onto the detector x-axis in (a)U,5-2 keV, (b)2-
5 keV, and (¢)5-10 keV. The crosses are SIS0 data and the histogram
represents the point spread functions of XRT + SIS added on background
level. The region at an angle of ~1 arcmin corresponds to the inter-chip
gap of the SIS deteetor. . . . . . . TH R R e e

16 ASCA SIS and GIS spectra of M51. The solid lines represent the best-fit
model of a combination of a variable abundance Raymond-Smith model, a

o | |

pawerlaw and 2/ GRUSSIANG © o o alian 5 el R e 3 e Seler G Y G

17 Confidence contours for the iron line energy and normalization. Contour

ok}

levels correspond to 68, 90, and 99% confidence levels from inside to outside.

18 Reflection plus low mass X-ray binaries model fit for the hard component.

on

Though fitting of SIS and GIS data were done simultaneously, only SIS

S e L e o e e
5.19 X-ray image of NGC 4565 obtained with SIS in the 0.5-10 keV . . . . . ..
5.20 X-ray brightness projected along the nucleus and the off center source, left:
0.5-2 keV, right: 2-10 keV, Lower panels are data/model. . . ... .. ..
5.21 X-ray spectra of NGC 45635. left; SIS, right: GIS. Note both nuclear source
and the off center source are imcluded. . . . . o . oL 0L ARl
5.29 The hest fit model of NGC 4565 including both the nuclear source and the
Ol CEntar SR, o ¢ T8 Al bR ThE e b E BB B B s e e
5.23 X-ray spectra of NGC 8079, left: SIS, right: GIS . . . . ;- .. -0
5.24 X-ray spectrnm of NGC 1667 obtained with SIS. The best fit power-law
model iesBown RS S RBEOEIANE < o 5 5 5w il eneienis k4 3 e e e e e e
5.25 X-ray spectra of NGC 3998, left: SIS, right: GIS . . . .. .. .. ... ..

5.26 Confidence contours for the line energy and intensity for NGC 3998. The
line width is assumed to be narrow. The contours correspond to 68%, 90%,
and 99% confidence level for two interesting parameters (Ax? = 2.3, 4.6,
and 0.2, respentivalyl. . oib s i b E 2 T G B G e N v e
5.27 X-ray image of NGC 4203. left: SIS image in the 0.5-10 keV band, right:
GIS imagein the 0.7=-10keViband., . . . « . oo cveai s a s i v
5.28 X-ray spectra.of NGC 4203. left: SIS, right: GIS .« . - . oo v v i v
5.29 X-ray spectrum of TON 1480 obtained with S8IS. . . . .. ... ... .. ..
5.30 X-ray spectra of NGC 4450. left: SIS, right: GIS. The best fit Raymond-
Smith 4 power-law model is shown as a histogram. The abundance of the
soft thermal component is assumed to be 0.1 solar. . . . .. ... 0. ...

1%

80

31
51

82
84

5.33

2.34

2,30

.36

6.1

6.2

6.3

LIST OF FIGURES

N-ray spectra of NGC 4594, left: SIS, right; GIS. The best fit variable
abundance Raymound-Smith + power-law model is shown as a histogram 59
Radial profiles of surface brightness in the 0.5-2 keV (left) and 2-10 keV
range for NGC 5005, Solid lines are the best fit model of point spread
function of SIS + XRT superposed on eonstant background. Lower panels
show data/model. . . . . .. ..., .

................ 90
X-ray speetra of NGC 3005. left: SIS, right: GIS. The best fit Raymond-
Smith + power-law model is shown as a histogram. . . . . . . _ . vy b 98
X-ray spectra of NGC 1052 Teft: SIS, tighty'GIS . . . . . . . ... .4 02
The best fit model spectrum of NGC 1052, . . . . . .. ..., ... 02

Confidence contours for the absorption column density and the covering
fraction (left), and the line center energy and line intensity. The contours
correspond to 68%, 90%, and 99% confidence level for two interesting pa-
rameters (Ax? = 2.3, 4.6, and 9.2, respectively). . . . ... .. ... .... 93
X-ray spectra of NGC 4438. left: SIS, right: GIS
GIS image of the NGC 4569 field e e e e T 07
SIS (left) and GIS (left) spectra of NGC 4569. Histogram represents the
best fit R-5 plus power-law model . . . . . . . . . . . ... s L R ¢ [

GIS image of the NGC 7217 field Tt A T T P e 79
SIS (left) and GIS (left) spectra of NGCT7217. Histogram represents the
best fit B=S plus power-lawmodel ¢ o, ¢ oot f e e e e e e e e . 101
SIS (left ) and GIS (left) spectra of NGC4736. The best fit Raymond-Smith
S BOWRELaW FONHAS SHOWIE. "2 5 i ¢ s i a = D s e e e e 100
515 (left) and GIS (left) spectra of NGC35195. The best fit Raymond-Smith
4+ BOWer~1a% moAEl 15:8h0W0. v e et e h s h e e e e e 106
Far infrared luminosity vs X-ray (0.5-4 keV) luminosity for the soft thermal
component, Upper and lower solid lines correspond to Ly /Lpr=10"% and
Ly /Lpir=107", respectively. Crosses represent the galaxies in the present
sample and triangles are starburst galaxies compiled from literatures. . . | 115

Lya—Lx plot for low luminesity Seyfert 1 galaxies, LINER ls, and Seyfert
/ quasar sample by Ward et al. (1988). Broad. narrow, and total Ha
luminosities are plotted for low luminosity Seyfert 1 galaxies and LINER
ls. The He luminosities taken from Ward et al. (1988) are for broad Hae . 117
Lys~Lx plot for low luminosity Seyfert 1 galaxies, LINER s, and Seyfert
2 sample by Mulchaey et al. (1994). Narrow Ha Inminoesities are plotted. . 118




LIST OF FIGURES

6.4

Lys—Lx plot for low luminosity Seyfert 1 galaxies, LINER 1s, LINER 2s
and Seyfert 2 sample by Mulchaey et al. (1992). Narrow Ha luminosities
are plotted. Starburst galaxies are also plotted for comparison.

Histogram of log Ny for low luminosity AGNs

Luminosity dependence of photon indices of type 1 AGNs . et
Composite X-ray spectra of LINERs. NGC 1097, 3998, 4450, and 4594 are

added. left: SIS, right: GIS
Histogram of log Lx /Ly, for low luminosity AGNs (solid line) and Seyfert

2 sample of Mulchaey et al. 1994. (dotted line)

rrrrr

X1

%11

LIST OF FIGURES




List of Tables

R
r—

3.1
3.2
3.3

4.1
4.2
4.3

e En G R -l:'_n _-;’_.11 5‘_!: :;‘_.'-l E'_H
—— D Do =] o O W= N

i

Definition of LINER, Seyfert, and HII nnecleus based on optical emission
line ratios taken from Ho et al. 1997a

---------------------

Design parameters and performance of the XRT

lllllllllllllll

Design parameters and performance of the GIS

Design parameters and performance of the SIS . . . . . . .. ... ... ..
O bairyed BlEER. . i e o TR ws e e A L n
ASUA abservatinp IoE: - (00 LT 8 S s s e s et s e T
Eount rites ald eXPOBUTe RIS s s 5 U6 4 M s & & o\slatans o i @ % 6 3l
Results o DOWeTI8W B8 ¢ © ¢ 5 iveis 50 @ w a5 s el etmisers i a8 e A el
Results of power-law fit in the 2-10 keV band . . . . . . . . . ... .. ..
Results of partial covéred power-law it . . . . ... ... .. .. ......
Results of power-law + Raymond-Smith model it . . . . . . . .. ... ..
Results of power-law + variable abundance Raymond-Smith model fit . .

Summary of iron emission line parameters . . . . ... ... ... ...
Equivalent width of iron K emisgion - .. ¢ « « =« v ¢ v v v viiiaie o v o v
Summary of X-ray flux in unit of 1072 ergsem™s7" . . . . ... ... ..
Summary of X-ray luminosity in unit of 10%ergss™ . . . . .. ... .. ..

Reduced chi-square values for the PSF + background fit to the radial pro-
files of surface brightness obtained with SIS0 + SIS1. The degree of freedom

Results of spectral fitting to the SIS and GIS spectra of NGC457

11111

Ghussian fits tothe oI lNe &4 & ST e s i 5 8 @ % 0 W B & Ak s o G
Disk-line model fitsto the iton K lime .« « v & 6 5 v v o v v o e aiia s 06 s a
Disk line model fits to the iron K line

---------------------

Best fit parameters for SIS spectra of NGC 2273 and the radio source . . .

Xiil

X1V

23
23
o4
60
66

LIST OF TABLES

Best fit parameters for simultaneous fitting for SIS and GIS spectra of NGC
2273 and the radio source

................ DO
Observed flux and luminosity in 2-10 keV (S1S) . . . . .. .. .. .. . 1P
Results of model fitting to the SIS and GIS spectra of M31 . . . . ... . 77

1 Speectral fitting resulte of SIS SPECEIR : ¢ & o i 5 i v 0 W e n e e et 85
X-ray absorption in HsO mega maser detected objects. 04
Source positions detected in the NGC 4569 field 08
Soturce positions detected in the NGC 7217 field . . . . . . . ... ... .. 100
Summary of the spectral parameters for the hard component. . . . . . . . 108
Summary of the spectral parameters for the soft component. . . . . . . . . 109
X-ray fluxes obtained with previous missions in the hard energy band . 112
X-ray fluxes obtained with previous missions in the soft energy band 113
X-ray spectral fitting results of LLAGNs taken from literature 116
UN=XK-ray conbIVIIN SIODE DG o0 v 5 < 5 o o & sis s & 5 & o & & 5 & 556 126
Summary of the central blackhole mass, Eddington ratio Lx/Lggq . . . . . 128




Chapter 1

Introduction

Active Galactic Nuclei (AGNs) are one of the most energetic phenomena. AGNs emit
huge energy in all wavelengths from radio to -ray and it is thought that the emitted
energy 1s liberated by the accretion of matter onto a super massive black hole at the
cenfer of galaxies (Rees 1984). Such a nucleus is present in about 1% of galaxies. There
are many luminous AGNs (quasars) at a redshift around ~ 2. and number of quasars
rapidly decline with time (i.e. decrease of a redshift). Then many 'remnant’ of quasars

should be present in the local Universe.

Recent optical spectroscopic surveys revealed that ~1/3 of bright galaxies show weak
activity characterized by optical emission lines from low ionization species called low
lonization nuclear emission-line regions (LINERs). The origin of LINERs are still under
debate and one possible origin is photoionization by a ‘dwarf’ (= low luminosity) AGN.
If most of LINERs are genuine AGNs, there are much more AGNs in the local Universe
than previously thought. Weak activity in nearby galaxies are a candidate of the dead
quasars. On the other hand, there are observational indications of the presence of super
massive black hole at the center of galaxies (Kormendy & Richstone 1995). These super
massive black holes in nearby galaxies are also a candidate of the dead quasars (Rees
1990).

AGN is bright in X-rays and have been intensively studied since early days of X-ray
astrophysics. X-ray observations are one of the most powerful tools to investigate the
AGN phenomena, since X-rays are emitted from just vicinity of the central black hole.
Additionally, the hard X-ray observations have an advantage that hard X-rays can see
the nucleus through the thick obscuring matter of equivalent hydrogen column density
of more than 10* em~2. However few X-ray observations of 'dwarf’ AGNs have been

performed because of limited sensitivity and energy band of previous instruments. The
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CHAPTER 1. INTRODLUCTION

[l

ASCA satellite achieved unprecedented high sensitivity in the wide energy band 0.5
10 keV and enables us systematic stndy of weak activity in apparently normal’ galaxies.
Imaging capability in the hard X-ray band is also essential to search for a dwarf AGN as
a hard point source at the galactic center, particularly the case for the AGN is heavily
obscured.

[ this thesis, we search for an AGN in LINERs using the broad band X-ray spectra
and images obtained with ASCA and examine the ionization mechanisms in LINERs. We
find X-rays considered to be dominated by emission from a low luminosity AGN from
many LINERs selected based on resunlts from optical emission line surveys.

The optical emission line surveys also revealed that ~ 10% of nearby galaxies contfain
dwarf Seyfert nuclei. We also present the ASCA results of these Seyfert galaxies. Using
these low luminosity Sevfert galaxies and LINERs with a low luminoesity AGN, we inves-
tigate X-ray properties of these low luminosity AGNs. The mechanism of energy release
and radiation in AGNs has not vet understood. The detailed study of AGNs in an extreme
condition, i.e. very low luminosity. provides a strong constraints on such mechanisms. We
compare our results with theoretical prediction on radiation.

In chapter 2, we present a review of current understanding of AGNs and weak activity
in nearby galaxies. The 4ASCA satellite and on board instruments are described in chapter
3. In Chapter 4, summary of the observed galaxies and previous observations for them are
given. Chapter 5 describes the results on individual objects. In Chapter 6, we discuss the
origin of the detected X-rays and X-ray properties of low luminosity AGNs. Conclusions

are given in Chapter 7.

Chapter 2

Reviews

2.1 Active Galaxies

2.1.1 Active Galactic Nuclei (AGN)

Active Galactic Nuclei (AGN) emit in all wavelengths from radio to 4-ray at enormous
luminosity. It is thought that the emitted energy is liberated by the accretion of matter
onto a super massive blackhole at the center of galaxies (Rees 1084).

AGNs are classified into some subclasses based on their optical spectra, radio loudness,
luminosities, and so on. Based on radio loudness, two subclasses radio quiet AGNs and
radio loud AGNs are defined. Radio quiet AGNs are classified into Seyfert galaxies and
radio quiet quasars, while radio loud AGNs into radio galaxies and radio loud quasars with
increasing luminosity. There is other subclass: LINERs (low ionization nuclear emission
line regions; Heckman 1980). LINERs, which show strong low ionization optical emission
lines, will be reviewed in the following sections.

Seyfert galaxies are divided into two categories: Seyfert 1 (type 1 Seyfert ) and Seyfert
2 (type 2 Seyfert) based on widths of optical permitted lines. Seyfert 1s show both broad
(FWHM > 1000 km s=!) and narrow (FWHM~300 km s~*) permitted lines, while Seyfert
2s show only narrow lines. Seyfert 1s show non-thermal optical continunm. On the other
hand non-thermal continuum is very weak or absent in Seyfert 2s. The intermediate types
(Seyfert 1.5 / 1.8 / 1.9) are also defined. Balmer lines in Seyfert 1 galaxies are dominated
by broad component, while Seyfert 1.5 galaxies indicate both broad and narrow Ha line
Seyfert 1.8 galaxies have weak broad Ha and H8, and Seyfert 1.9 galaxies have broad Ha
and undetectable broad H3. The same classifications are also applicable to quasars and

radio galaxies: type 1 / type 2 quasars and broad line radio galaxies / narrow line radio
galaxies.




! CHAPTER 2. REVIEWS

Optical smission lines are pramarily due to photoionization by the emission from the
cenutral source. Strength of emission lines reflects the physical state of the line emiftmg
eis g shape of the lonizing continuum.

Some anthors developed the exeitation diagrams fo classify Seyfert galaxies, LINERs
and HII nuclei ( Baldwin, Philips, & Terlevich 1981, Veillenx & Osterbrock 1987). Seyfert
galaxies show both high ionization and low onization emission lines. LINERSs have strong
emission lines from low ionization species ([OIAG300, [NITIAA6548, 6583, [SITIAAGT16,
6731) and weak high ionization lines. HII nuelei is ionized by OB stars and show strong
[OIITIAS007 emission and Balmer lines, but weak low ionization lines. These characteris-
tics are clearly separated on the excitation diagrams, for example, [OIII] /H/3 — [OI]/Ha
plane (Veilleux & Osterbrock 1987). Strength of the highly and low ionized emission lines
are explained in terms of ionizing continunm. AGNs confain many high energy photons
which can penetrate deeply in the line emitting gas and make a large partially ionized

PEEION,

2.1.2 The Unified Model of AGN

There are various pieces of evidence that Seyfert 1s and Seyfert 2s are intrinsically same.
In the unified model of AGN, the observed differences of various AGNs are attributed
to the difference of the orientation of the obsenring torus to the line of sight and the
absenration by the "torus' (Antonuccl 1993, Lawrence 1987).

Antonucei & Miller (1985) detected polarized broad emission lines by spectropolarime-
try from the prototypical Seyfert 2 NGC 1068 and revealed that the broad line region is
present also in Seyfert 2s. Miller & Goodrich (1990) observed several Seyfert 2s and de-
tected polarized broad lines, These polarized broad lines are interpreted as scattered flux
by electrons located above an ‘obscuring torns’. The [OITT]AS007 line image shows biconi-
cal structure (ionizing cone ) which suggests emission from the central source is collimated
by a torus (e.g. Tudhunter & Tsvetanov 1989). The detection of hard X-ray emssion
obscured by column densities of Ny=10%2 — 10* em—* with the Ginga satellite provides
further eyvidence for Seyfert 2s contain hidden Seyfert 1 nuclei (Awaki et al. 1990, Awaki
et al. 1901).

On the other hand, there are increasing evidence against this sirnple orientation de-
pendent unification scheme. For example, Seyfert 2s indicate more molecular gas, far
infrared emission, dust, and eircumnuclear starburst than Seyfert 1s and these properties
are not cansed by orientation effect (Heckman et al. 1989, Dahari & De Robertis 1988 ).

2.1. ACTIVE GALAXIES 5

2.1.3 X-ray observations of active galactic nuclei

Seyfert 1: AGNs are known to be bright X-ray sources from early days of X-ray =
tronomy. HEAO-1 measured the X-vay spectra of large sample of AGNs and revealed
that the X-ray spectra of AGNs are well modeled by a power-law with a photon index
of ~ 1.7 in the 2-20 keV band (Mushotzky et al. 1980, Mushotzky 1082, Rotlischild e
al. 1993, Mushotzky 1984). Observations by EXOSAT and Ginya confirmied these resitlis
(Turner & Pounds 1989, Awaki et al. 1991, Nandra & Pounds 1993). Ginge observalions
of Seytert 1s revealed the presence of fluorescent iron IS lines at 6.4 keV. Ginga spectra
of Seyfert 1s also show spectral Hattening aboye ~10 keV (Pounds et al. 1990). These
spectral features arve interpreted to be caused by reprocessing due to cold watter sub-
tended large solid angle viewed from the nucleus (Lightman & White 1988 Guibert &
Rees 1988; George & Fabian 1901; Matt, Perola, & Piro 1091). At higher energies, Comp
ton down-scattering and the reduction of the scattering cross section deplete the nuniber
of photons reflected, resulting in a broad baud spectral bump peaking at ~ 20 — 30 keV.
[f this "Compton reflection’ is taken info account, the mtrinsic spectral slope for a large
Ginga sample of Seyfert 1 5 is I' = 1.95 £ 0.05 rather than T = 1.7 (Nandra & Pounds
1993). Recent ASCA observations of Sevfert 1 s revealed that the iron line is broad
(FWHM~ 10000 — 100000 km s™') and asymmetric in profile; skewed to lower energies
(e.g. Tanaka et al. 1995, Nandra et al. 1997b). This iron line is interpreted to be smitted
from inner most part of the accretion disk (Tanaka et al. 1995, Fabian et al, 10935; see
also Fabian et al. 1989 for the disk-line model).

quasars: Broad band X-ray spectra of quasars with higher luminoesity than Seyvfert
galaxies are obtained from the Ginga ( Lawson & Turner 1997, Williams et al. 1992) and
EXOSAT (Comastri et al. 1992, Lawson et al. 1992) observations, The spectra of radio-
quiet quasars are generally consistent with Seyfert 1s. Iron K emission is detected from
a few quasars (e.g. E1821+643, Kii et al. 1991, Yamashita et al. 1997; PG1116, Nandra
et al. 1996). The line center energy of these ubjects are higher than Seyfert galaxies
(6.4 keV) and consistent with He-like or H-like iron. Nandra et al. (1997¢) summed the
ASCA spectra of high luminosity AGNs aud showed that the center energy of the iron
line is higher and red tail is weak compared to Seyfert 1 galaxies. 4SCA spectra of radio
quiet quasars at = ~ 1 show uo significant reflection component (Naudra et al, 19935)
These properties of iron line and absence of reflection would be due to ionization of the
accretion disk (Nandra et al. 1997c¢).

Seyfert 2: Ginga observations of Seyfert 2 galaxies revealed the presence of heavily
obscured AGN and provides additional support of the unified model (Awaki et al. 1990,
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Awaki et al. 1991)., The absorption column densities are distributed from 1052 — 10
e 2. I many cases strong iron K emission is observerd. lron KX emission s produced
by transmission throueh the obsenring matter and for scattering by cold / warm material
(er. Turner et al. 1997b). In the low energy part (<several keV ) of the Seyfert spectra, a
soft X-ray emission is seen, and is accompanied with emmission lines in some cases ( Turner
ot al. 19974, Ueno 1995, lwasawa 1994). These soft emission 1s due to scattered ermssion
by warm gas located above the opening part of the putative obscuring torns and / or

starburst activity.

time variability: X-ray emission from AGN shows variahility of the shortest time
seale in anv waveleneth hand, Sinee variability of a time scale shorter than the light
crossing fime of the emitting region cannof he observed, time scales gives an upper limit
of the source size: B < cAt. Assuming R = 3R, this can be translated to a limit on the

mass: M < 2 % IF}TTQ“—-.\-L..
WY sec =

2.1.4 Starburst galaxies

In Starburst galaxies, intensive star formation is undergoing in the central region of the
galaxy. Starburst galaxies are strong far infrared emitter probably due to the dnst heated
by the radiation from massive stars. Collective super nova explosions of short life massive
stars and stellar winds from massive stars lieat the interstellar gas and lead to outflow
along the direction of the minor axis of the galaxy Such outflows are called galactic
superwinds (Heckman, Lehnert, & Armus 1993, Heckman et al. 1990, Tomisaka & Tkeuch
1088). Optical emission line profiles and line imaging indicates the presence of outflowing
gas (e.g. Heckman et al. 1990, Armus et al. 1996). Note that optical emission line ratios
of the off nuclens are similar to LINERs and probably due to shock excitation. Soft N-ray
images obtained with Einstein IPC also indicate the presence of hot gas extended to the
minor axis direction of the host galaxy (Fabbiano 1988; Watson, Stanger. & Griffiths
1084: Fabbiano. Heckman. & Keel 1990). These extended X-ray emission is a prominent
in soft X-rays and temperature of the X-ray emitting gas is typically 1 keV or less.
ASCA spectra of starburst galaxies clearly show various emission lines due to hot gas of
temperature around 0.5-1 keV (Ptak et al. 1996, Moran & Lehnert 1997, Tsurn et al.
1997). ASCA measurements of the abundance of metals of hot gas result in apparent
deficit of iron compared alpha-elements O, Ne, Mg, Si, and S. The soft X-ray emission is
roughly proportional to far infrared luminosity; Lx /L ~ 10~* (Dawvid, Jones, & Forman
1992, Heckman et al. 1990).

2.2, LOW LEVEL ACTIVITY IN NEARBY GALAXIES

Ginga and ASCA observations show staiburst galaxies also emil hard X-rays. Gingo
spectra of starburst galaxies are well Gtted with a thermal bremsstrallong model with
temperature of several keV (Oliashi er al. 1990, Tsurn 1992) ASCA observations provide
similar results with Ginga or harder spectra in some cases (photon index ~ 1; Awaki et al
1996). Origin of the hard component is heterogeneons: including single or superposition
of discrete sources such as X-ray binaries (Collura er al. 1994, Awaki et al. 1996. Okada
et al. 1897), hot gas heated by supernova explosions, mverse Compton scattering of far

infrared photons by energetic electrons (Morau & Lelert 1997)

2.2 Low level activity in nearby galaxies

2.2.1 Results from optical spectroscopic surveys

Optical spectroscopic surveys i 80's revealed that many nearby galaxies show activ-
ity which 15 recoguized by nuclear spectra with emission lines (Heckman 198(); Stauffer
1982; Keel 1083a, b; Filippenko & Sargent 10835, Véron-Cetty & Véron 1086; Phillips e
al. 1986). These surveys indicate ‘active galaxies' are more numerous than previously
thought.

The optical spectra of these galaxies are characterized by strong low-ionization emis-
sion lines such as [OIJAG300, [OIT]A3T27, [NIIJANGS48, G583, and [SIIJAANGTLG, 6731, Heck
man (1980) defined a class LINERs (Low lonization Nuclear Emission-line Regions) by
two oxygen line intensity ratios: [OITJAA3726, 3729 / [OIILAS007T > 1 and [OIAG300
/ |OIINA3007 > 1/3. Some authors adopt different definition of LINERs (for example
INII]A6583 /| Hix >0.6). We adopt the definition by Ho et al. (1997a) (Table 2.1). Heck-
man(1980) shows about 1/3 of bright ( By < 12) galaxies have LINER. Thus LINERs are
quite common, (Seyfert galaxies are about 1% of all bright galaxies (Weedman 1977)).

Among several optical spectroscopic surveys of bright galaxies conducted so far. the
Palomer survey (Filippenko & Sargent 1985; Ho Filippenko & Sargent 1995, 1007a, 1997D,
1997¢; Ho et al. 1997d, Ho 1996) which is recently completed contains largest sample
and high quality optical spectra are compiled after precise starlight subtraction using
their sample galaxies without emission lines, In the Palomer Survey, long slit (2" x4")
optical spectra of moderate resolution (4 A for 4230-5110 A and 2.5 A for 6210-686)
of bright (magnitude0 A limit Bp=12.5 mag) northern (6 > 0°) galaxies were obtained
and intensities of emission lines were measured (Ho et al. 1995, 1997a). Based on these
measurements, Ho et al. (1997a) classified sample galaxies into five classes; absorption
line galaxies, HII nuclei. Sevfert nuclei, LINERs, and transition between LINERs and
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Table 2.1 Definition of LINER, Seviert, and HII nuclens based on optical emission hne

ratios taken from Ho et al. 1997a

Class [OII]AS007/H3  [O1)A6300/He  [NIT|AB583/Har  [SITJAAGT16, 6731 /Ha
HIT nuele Any < (.08 < .6 < (.4
Sevfert nuclei >3 > .08 > 0.6 > (.4
LINERs <3 > 0.17 > 0.6 > (0.4
Transition nucler < 3 > 008, < 0.17 = 0.6 > 04

HII nuclei (Table 2.1). Their results show that 40%, 13%, 19%. 14% of nearby bright
galaxies are classified as HIL, Seyfert, LINER, and transition, respectively. Thus ‘active’
galaxies are fairly common in bright galaxies. A median Ho lnminosity of these AGNs
(we tentatively regard Seyfert + LINER + transition as AGNs; see next section) is only
2 % 10% ergs 5!, which is more than two orders of magnitudes lower than previously
known AGNs. Furthermore Ho et al. (1997d) detected broad He from 10% of their
sample galaxies. Detection of a broad Ha infer that they are gennine AGNs and a super

massive blackhole is present at the center of these galaxies.

2.3 Low lonization Nuclear Emission-line Regions
— (LINERS)

2.3.1 Excitation mechanisms of LINERs

Optical spectroscopie surveys revealed that LINERs are quite common and about 1 /3 of
bricht galaxies contains a LINER nucleus. The origin of LINER optical emission lines
are still under debate and there are some proposed excitation mechanisms (see Filip-
penko 1996, Filippenko 1989 for review) including shock excitation, pliotolonization by
low Inminosity AGN, photoionization by very hot stars, and cooling flows.

Originally LINERs are considered to be from shock heated gas (Koski & Osterbrock
1976, Fosbury et al. 1978, Heckman 1980). Observed spectra of LINERs resemble those
of supernova remnants, Furthermore LINER like optical spectra are often observed from
the galactic superwinds of starburst galaxies (e.g. Heckman, Armus & Miley 1990). The
emission line gas of the superwinds are extended to kpc scale in some cases and at least

some LINERs, specifically extended ones, are probably excited by starburst driven winds.

2.3. LOW IONIZATION NUCLEAR EMISSION-LINE REGIONS — (LINERS)

LINER emission hines are also well reproduced by photeionization by low luminosity

AGNs with a iomzation parameter

- - N A
= _L..” E“:rﬁ'

LTrene
of 107" — 10~*, which is 1-2 orders of magnitude smaller than usual sSeviert galaxies
(U ~ 107°) (Ferland & Netzer 1983, Ho, Filippenko, & Sarsent 1993). High energy
photons make a partially ionized region aud strong emission lines due to low ionized
species are produced. In some LINERs, broad Ha similar to Sevfert 1 valaxies and X-ray
emission are detected and infer the presence of low luminosity AGNs.

If very hot stars are abundant, there niay be enough Ligh energy photons to make
lower 1onized emission lines, Photoionization by very hot stars were calculated by some
authors (Filippenko & Terlevich 1992, Shields 1992) and reproduce LINER ermission lines
of specifically weak [OI] LINERs,

Extended LINER is seen in the central region of the elliptical galaxies and may be
originated from small cooling flows (Fabian 1986, Heckman 1989)

2.3.2 Recent progress of observations of LINERSs

[n order to distinguish excitation mechanisms in LINERs and search for direct evidence
of the presence of an AGN, many observational efforts have heen made. We summariz
the recent observational progress of LINERs.

HST UV images

UV imaging observations are performed to search for a UV nuclens with HST Faint
Object Camera (FOC) (Maoz 1996, Maoz et al. 1995) and Wide Field Planetary Camers
2 (WFPC2) (Barth et al. 1996a, 1998) at a wavelength of 2300 A. An UV nucleus i
detected from only 20-25% of LINERs and rest of LINERs are turned out to be UV dark
Proposed reasons for UV darkness are (1)JAGN is obscured, (2)AGN is in the 'off” state,
and (3)LINER emission lines in optical spectra are exeited by other mechanisms rathes
than AGNs. Using Maoz et al, (1995) and their own sample, Barth et al. (1998) conclude
that dust obscuration is the dominant factor determining whether or not a UV source is
cdetected.

HST UV spectra

UV spectroscopy provides important diagnostics of the excitation mechanism of LIN-
ERs from which UV nucleus is detected. If an AGN dominates a UV spectrum, a featire
less continuum is expected, while hot stars show UV absorption lines such as CTVA1459,

SIIVA1397, and HellA1640. UV emission lines also provides information on the excitation
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mechanism. The shock models predict strong UV emission lines and little UV continuim
emission compared to phototonization (Dopita et al. 1997, Dopita et al. 1996).

UV emission lines consistent with the shock model are observed only from off nucleus
of M87 by HST FOS observations (Dopita et al. 1997, Dopita et al. 1996). On the other
hand, HST FOS UV spectra of M81 and NGC 4570 show a featureless continuum most
likely of non stellar origin and broad emission lines (FWHM=2000-4000 km s~1) similar
to Seyfert 1 galaxies (Ho et al. 1006, Barth et al, 1996b).

Maoz et al. (1998) compiled UV spectra of seven LINERs. UV emission from at least
three LINERs shows absorption lines and dominated by massive stars. UV emission from
other four LINERs is not sufficient to explain observed optical emission line fluxes. Maoz
et al. (1998) concluded that the UV compact source is a nuclear starburst rather than
AGN, at least in some eases. Maoz et al, (1098) compare their results and our ASCA
results (this thesis) and suggests that the AGN component i1s most prominent at higher
eTIeTZies,

Thus UV spectra are nseful to distinguish excitation mechanisms of UV emission lines
in some cases. However obviously observations at higher energies are necessary since hot
stars are often dominate UV emission and most of LINERs are UV dark, which means
we cannot obtain any UV speetrum,

X-ray observations prior to ROSAT and ASCA

X-rays are emitted from region in vicinity of the central blackhole and provides us a
direct evidence of the presence of AGN in LINERs if LINERs are genuine AGNs. However
X-ray observations prior to ROSAT and ASCA is limited in sensitivity and X-ray emission
is detected from very limited number of LINERs. The pre-ASCA observational results of
LINERs and low luminosity Seyfert galaxies are summarized in Mushotzky (1993).

Halpern & Steiner (1982) compiled Einstein IPC observations of 15 LINERs and low
luminosity Seyfert galaxies and found preliminary evidence for photolonizing X-ray emis-
sion. However they cannot exclude the possibility that the X-ray flux from the low
luminosity objects is not nuclear.

ROSAT X-ray observations

Using the ROSAT satellite, X-ray properties of LINERs are investigated. ROSAT
HRI images of several LINERs show X-ray nucleus (Koratkar et al. 1994; Fabbiano
& Juda 1997), X-ray spectra obtained with ROSAT PSPC are consistent with Seyfert
galaxies, although emission line like features probably due to a hot gas in the host galaxy
are sometimes seen (Koratkar et al. 1994, Fabbiano 1996). For the brightest objects,
Lx/LHa values are similar to Seyfert 1s and X-ray emission seems fo be dominated by
a low luminosity AGN (Koratkar et al. 1994). However ROSAT sensitivity is limited to

2.3. LOW IONIZATION NUCLEAR EMISSION-LINE REGIONS — (LINERS)

cnergies less than 2 keV and it is difficult to deteet X-ray emission from a wenk obscured
AGN. Furthermore, spectral resolution of ROSAT PSPC is poor aud hard to distinguish
soft thermal emission accompaunied by low energy emission lines from continunm emission
due to possible AGN.

ASCA observations

The ASCA satellite achieved high sensitivity and imaging eapability up to 10 keV
X-ray spectra above 2 keV is essential to search for AGNs especially in the case an AGN
is obscured. Even in the case that AGN is not sienificantly obscured, soft band spectra
of galaxies are often complicated due to thermal emission and difficult to study the pur
AGN spectra. X-ray emission from thermal plasmas are often observed from both elliptical
galaxies (e.g. Forman, Jones, & Tucker 1983) and spiral galaxies (Makishima 1994, Read
et al. 1997 and references therein). The spectral resolution of SIS and GIS on-board ASCA
is unprecedentedly highly and can resolve many emission lines from thermal plasmas in
the host galaxy. Emission lines would be also expected from pliotoionized plasmas around
the continuum source on the AGN (e.g. Turner et al. 1997a).

X-ray images above 2 keV is also quite important to study an activity at the center of
galaxy, since emission from an AGN is a point source while discrete sonrces distributed
over a galaxy is expected to be extended in case of nearby ealaxies. One of the clear
example is the low luminosity Seyfert 1.9 galaxy NGC 4258 (Makishima et al. 1994)
The X-ray image above 3 keV is point-like while image below 3 keV is extended, The
X-ray spectrum also revealed the presence of highly obseured ( Ny=1.5 x 10** cin~2) hard
X-ray source, which is obviously identified with the Seyfert nucleus. Some other ASCA
abservations of LINERs are published as Ishisaki et al. (1996; Sevfert l.5/LINER MS81).
lyomoto et al. (1996; Seyfert 1/LINER NGC 1097), and Serlemitsos et al. (1996).




= B

| s

CHAPTER 2.

REVIEWS

Chapter 3

Instrumentation

3.1 The ASCA satellite

ASCA is the fourth Japanese X-ray astronomy satellite subsequent to Hakucho, Tenma,
and Ginga (Tanaka, Inoue, & Holt 1994). It was launched by the M-3S-1I rocket from
Kagoshima Space Center (KSC) on 1993 Feb. 20, and placed into a near-circular orbit
with a perigee of 520 km, an apogee of 625 km, and an inclination of 31° and the orbital
period is 96 minutes.

ASCA carries four identical X-ray telescopes (XRT) and two SIS (Solid-State Imaging

spectrometers) and two GIS (Gas Imaging spectrometers) are placed at the focal plane.

3.2 X-ray telescopes; XRT

The X-ray telescopes (XRT) onboard ASCA (Serlemitsos et al. 1995) are developed by
NASA/GSFC, Nagoya University, and ISAS.

X-rays are totally reflected by metal at small angle less than the critical angle. There-
fore grazing incidence optics are used. The Wolter type I configuration is usually used for
X-ray telescopes. In this configuration, X-ray are reflected by paraboloid and hyperboloid
mirror shells and focused. ASCA XRT is an approximation of the Wolter I using conical
aluminum foil mirrors. Each mirror shell consists of thin aluminum foil with a thickness
of 127 pm and large effective area up to 10 keV is achieved by nesting 120 foils. The
design parameters of the XRT are shown in Table 3.1.

The effective area depends on the X-ray energy and the off axis angle. The total
effective area of 4 XRTs is 1300 cm? at 1 keV and 600 cm? at 6 keV at on axis (Fig 3.3).

The effective area decreases with increasing off axis angle (vignetting effect) (Fig 3.4)

13
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Figure 3.1; Schematic view of the ASCA satellite
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Figure 3.2: Onboard instruments of the ASCA satellite
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Figure 3.3: Effective area of ASCA

Then the XRT field of view is typically 18-24" in FWHM diameter.

The spatial resolution of the XRT is about 3’ in half power diameter (HPD), The
point spread function (PSF) has a sharply peaked core and extended outskirt. The shape
of the PSF is energy dependent: higher energy photons is scattered to outer radius and
then the PSF is more extended. The example of the image of the point source and radial
profile of surface brightness (3C273) are shown in Fig 3.5 and Fig 3.6. The shape of the
PSF also depends on position on the detector. At larger off axis angle, the PSF elongates
towards the azimuthal direction and squeezed into the radial direction.

We utilize the ray-tracing program to simulate the PSF (Tsusaka et al. 1995). Fig 3.6
shows the comparison of the simulated PSF and the actual SIS data of the point source
3C273 in the 0.5-2 keV and 2-10 keV band. Background image produced from the
black sky fields released by NASA Guest observer facility. The ray-traced PSF reproduce
the observed PSF quite well around the core. The extended component of the PSF is

reproduced within a radius of 5-6". Systematic residuals are visible outer than 6 radius.
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Figure 3.5: ASCA SIS image of the quasar 3C273 in the 0.5-10 keV band. Image size is
Figure 3.4: Off axis angle dependence of the Effective area of the ASCA XRT 11'% 11’ square.

Table 3.1: Design parameters and performance of the XRT
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3.3 Gas Imaging Spectrometer; GIS

The Gas Imaging Spectrometer (GIS) is an imaging gas scint illation proportional connter
developed mainly by University of Tokyo, ISAS, and Tokyo Metropolitan University
(Ohashi et al. 1996, Makishima et al. 1996). GIS has large effective area (30 mm in
diameter), high time resolution, and high detection efficiency at higher energies >5 keV.
Fig 3.7 shows a cross section of the GIS, Design parameters and performance of the GIS

1s siummarized in Table 3.2,
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Figure 3.7; Cross section of the GIS

X-rays reflected by the XRT enter through the Be window and photo-absorbed in the
drift region in the Xe gas cell. The generated primary electrons drifts to the scintillation
region by the electric field (~ 1 kV em™') and are accelerated in the strong strong electric
field (~ 4 kV em™). The electrons excite Xe and produce UV photons of A ~1700
A. These UV photons are detected by imaging photomultiplier tube through the quartz
window. Then pulse hight and position is read out. In these processes, electron avalanche
is not taken place and better energy resolution (AE/E ~8% at 5.9 keV) than conventional

proportional counter is obtained.

3.3. GAS IMAGING SPECTROMETER; GIS 19

Table 3.2: Design parameters and performance of the GIS

Energy band 0.7-15 keV
Energy resolution 87 at 3.9 keV
Field of view o0 mm diameter

Positional resolution 0.5 mm (FWHNM)

Time resolution ~ Oy (Minimum in PH mode)

1.95 misee ( Minimum in MPC mode)

In orbit, the background rejection is carried out via a rise-time (RT) discrimination
and a spread (5P) discrimination. The SP discrimination was enabled on May 28 1993
Therefore, we should take care the date of observation. It can reduce the non X-ray events
appeared the edge of the detectors and is important to be set for the studies of extended
or diffuse sources. The onboard RT acceptance window is set to be rather loose, which
can be tightened further on ground in the course of data analysis. By using this tight RT
window, the non X-ray background can be reduced to be ~ 10 % while the X-ray is lost
only 1 % (Ohashi et al. 1996). Applying SP discrimination after RT diserimination.~ 83
7 of non X-ray background can be rejected and its count rate within a radins of 17" is
(3—-9) x107* ¢ s em™ keV™" in 1-10 keV (Makishima et al. 1996)

There are 3 observation modes of the GIS; the pulse lieight(PH) mode, the multichan-
nel pulse count(MPC) mode, the position calibration(PCAL) mode, In all observations
n this thesis, the GIS is operated in PH mode. PH mode is fully CPU-based data mode.
After calculating the event position and applying the SP and so on, the CPU assigns each
accepted event 32 telemetry bits. The 32 bits are a combination of sensor ID, pulse height,
X and Y positions, rise time. spread of light signal, and the event arrival timing measured
by the hard-wired logic. The bit assignment is adjustable; the nominal assignment is
1-10-8-8-3-0-0 bits,

Each sensor has the *Fe isotope (~ 0.3 ¢/s/GIS) attached to the edge of the entrance
window to monitor the stability of the gain. The gain exhibits a temperature dependence
of about 1 % per degree and a position dependence up to 20 %. These have been calibrated
in orbit down to 1 % (Makishima et al. 1996). We, usually, correct the GIS by using
temp2gain to compensate the gain change due to the detector temperature. The gain
s corrected for the peak of Mn-Ka to be 500 channel. We correct the GIS gain by
using temp2gain to compensate the gain change due to the detector temperature and the
longterm gain degradation (Idesawa et al. 1997).
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Figure 3.8: Detection efficiency (left) and energy resolution (right) of GIS

3.4 Solid state Imaging Spectrometer; SIS

The Solid state Imaging Spectrometer (SIS) is the first X-ray detector in orbit employing
a Charge Coupled Device (CCD) in the photon counting mode. SIS was developed by
MIT, Pennsylvania State University, ISAS, and Osaka University. SIS has superior energy
resolution (2% at 6 keV) and positional resolution (pixel size of 27 um). Fig 3.9 shows a
cross section of the SIS, Design parameters and performance of the SIS is summarized in
Table 3.3.

Each SIS is made of four CCD chips of 11 mm square each developed at MIT Lincoln
laboratory, to achieve a 22 mm x 22 mm square area for X-ray detection. Each chip has
420 x 422 pixels of 27 pm square each, and a depletion layer of about 40 pm thick which
ensure an improved efficiency for harder X-rays than conventional CCDs,

Fig 3.10 illustrates the quantum efficiency and energy resolution of the SIS as a func-
tion of incident photon energy. The SIS sensitivity covers approximately 0.4-10 keV. The
CCD chips and preamplifiers are cooled down to reduce thermal noise down to N ~3
electrons level. Thus the SIS achieves an energy resolution of about 150 eV FWHM over
the whole energy range.

In order to perform proper photon-counting spectroscopy, the CCD frame must be
scanned and read out fast enough so that event pile up (i.e. one pixel receiving more
than one X-rays) is virtually negligible. Since the read out cycle is usually limited by the
telemetry capacity, the SIS performs an extensive on-board CPU processing to compress
the information. Instead of sending data from all the pixels to ground, the SIS basically

picks up only those pixels in which the charge exceeds a certain threshold, and sends
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Figure 3.9: Cross section of the SIS

- " —r—r—rrr ' _— ——rT—
T L e T T 1 —may, e B | T AL .'rl"'i-‘l_l'ﬂ' ¥ ;_
a =3 = ] | gy nn-l:-u-:-n| e
‘i L—" \\ [ g
(L]
e \\ E 84
. A \ 1 ida o 7
- f ! A g :
1 / er b [
E = -
LR ,'J 2
3 . - = im
& | Z
(18 )
] A r B0
i !
i il
1 X
d 'r 1 1 - -
{'. | 515 Quanmum Eficiency | 2
f
{
el 1 L] ¥ [ 3 | 1 ] ] : e LB i .
i i
Emrgy ike')

Emrrgy (ke V)

Figure 3.10: left: Detection efficiency of the SIS. K-edges of O (0.53 keV). Al (1.56
keV), and Si (1.84 keV) are seen. right: Energy resolution of the SIS as a function of
incident photon energy. Energy resolution with different read-out noise N are plotted.

The read-out noise levels are given as the equivalent number of electrons.
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out their addresses and pulse heights. Moreover to handle targeis with different N-ray
intensities and angnlar sizes under different telemetry rates, the SIS uses four difterent
clocking modes; 1-CCD, 2.CCD. and 4-CCD modes. In the n-CCD mode (n = 1,2,4),
data from n chips for each detector are read ont. In the 1-CCD mode, e.g., the usable field
of view becomes limited to a quarter of the detector, but the event pile up becomes least
severe so Lhat we can use slower telemetry rates and observe brighter sources than in other
clocking modes. The electrons produced in the depletion layer by an X-ray photon may
be split into several adjacent pixels, The pattern of charge splitting over 3 by 3 pixels
is called ‘event grade’. (When the charge is spread over more than 3 by 3 pixels, the
event is rejected by the on-board CPU as a background event.) [n order to cope with the
splitting of normal X-ray events, the SIS incorporates several data selection modes. For
example in so called ‘faint mode', information on a certain pixel with event detection is
always accompanied by similar information on the eight surrounding pixels. We can then
examine the event ground on ground, and restore the total pulse height if necessary. In
so called ‘bright mode’, the on-board CPU automatically recognizes the charge splitting
pattern, and sends the total pulse height only for events with specified even grades. The
faint mode requires a larger telemetry capacity. but provides more information than the
bright mode. Actually we can convert the faint mode data into the bright mode data on
ground, but the reverse is impossible.

There are several additional particular phenomena in the SIS. One is called "hot
pixels”,

Lattics defect in the silicon substrate causes a lower resistance in the insulation of
electrode of particular pixels. It leads to a spurions background spectrum similar to a
real X-ray event. Such defected pixels are called as hot pixels. Discarding of the hot
pixel event can be easily done becanse number of readout is abnormally frequent from
hot pixels compared with normal X-ray events. After the launch of the satellite, number
of hot pixels are increasing. This is thought to be due to an increase of lattice defect
induced by the charged particles in orbit.

Another problem is the light leakage, particularly in chip2 and chip 3 of SIS 0 (S0C2
and S0C3, respectively), presumably caused by a damage in the optical blocking filter.
This makes the observations with S0C2 and S0C3 almost impossible when the day earth
s within ~ 25° from the target. It also affects the dark current of the whole CCDs in the
day time, and causes a subtle change in the energy to pulse-height relation.

"Echo" is the phenomenon where some specific fraction of a pixel's pulse height(PH)
leaks to the PH of the next readout pixel. Because PH and grade of an event is calculated
using the PH of event's in 3 x 3 pixels, echo affects both the grade and energy of each
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photon event in a non-linear tashion. The echio values are ditferent between the two sengors
and ranging 1-2 % (Otani & Dotani 1904).

"Dark Frame Error”(DFE) is the difference between the real zero level of pixels and
that estimated by the onboard software, Onboard software calculate " zero level” for each
16 x 16 pixels subsection by averaging the PH of pixels whose PH lies between —40
ADU and 40 ADU(1 ADU ~ 3.5eV). DFE mainly arise from asviaimetric distribution of
PH around zero, and is influenced by the charges generated by X-ray photons, charged
particles, and optical light leakage on the CCD chips(Otani & Dotani 1994). ..

There also exists a serious long-term degrading of the SIS performance due to the
accumulated radiation damage (Yamashita et al. 1997; Yamashita 1995 Dotani et al.
1995). The radiation damage causes degradation of Charge transfer imefficiency (CTI)
and increases dark current. CTI is defined as the fraction of lost charge per one transfer
and the degradation of CTlis ~ 1 —2 x 1077 transfer yr—! . Increase of dark current of
each pixel causes the scatter of dark levels among pixels and then the distribution of dark
level becomes wider and asymmetric. This is called residual dark distribution (RDD).
The degradation of the energy resolution due to CTI non uniformity and RDD is taken
into account 1n the response matrices.

Furthermore the SIS background varies in a complicated way, depending on the SIS
operation condition (clocking mode, data mode, split threshold, ete.), as well as the
particle environment (Gendreaun 1994, Ueda et al. 1996).
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Table 3.3: Design parameters and performance of the SIS

[rradiation method Front irradiation

Charge transfer method Frame Transfer
Clock J-phase drive

Number of pixels in image region 420 pixels x 422 lines per chip

Pixel size 27 um (Imaging region)
18 ym x 24 pum (Frame store region)
Area 11 % 11 mm square per chip
Field of view 11 x 11 arcmin square per chip
Thickness of Depletion layer ~ 40pm
Drive temperature ~ —B2°
Energy band 0.4-12 keV
Quantum efficiency ~80% at 6 keV

2% at 5.9 keV (FWHM)

Energy resolution

Chapter 4

Observations

4.1 Observed galaxies

We compiled ASCA data of LINERs and low luminosity Seyfert galaxies from public
archival data at the end of September 1997 as well as our own observations. Classifica-
tion to LINERSs or Seyferts is based on the results from Palomar survey which is recently
completed (Filippenko & Sargent 1985, Ho et al. 1995, Ho et al. 1997a). Their measure-
ments of optical emission lines are of highest quality and contains the largest number of
galaxies achieved so far. We also analyzed a few galaxies which is not included in the list
by Ho et al. (1995). Although NGC 4941 is located in the southern hemisphere, some
authors measured their optical emission lines and information of classification/line flux
s available. The analyzed galaxies are tabulated in Table 4.1. Among galaxies classified
as Seyferts, we analyzed low luminosity ones with Ha luminosity log Ly, <40.5 ergss™'.
Since Ha luminosity of the low luminosity Seyfert 1 galaxy NGC 4051, which has been ex-
tensively studied in various wavelengths, is logHo =40.32 ergs s~', Seyfert galaxies in our
sample 1s much less luminous than Seyfert galaxies previously studied. Ha luminosities

are summarized in Appendix A.

Our sample is not a complete one and biased to more active galaxies. Most of galaxies
have broad Ha. In some cases there exists radio jets, optical jets, a compact radio core,
an X-ray nucleus, and so on. Therefore the sample galaxies have more probability to host

active nucleus compared to uniformly sampled LINERs.

In Table 4.1, positions, morphological types, classifications of optical emission lines
and the presence of broad Ha are shown . Distances are taken from Tully (1988) and we
assume the Hubble constant Hy=75 km s=' Mpe™' throughout this thesis.

20
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4.2 Data reduction

ASCA ohservations are summarized in Table 4.2, We applied the nominal data selection
eriteria; tines were excluded when the elevation angle from the earth rim was less than 3
degrees, the seomagnetic cut off rigidity was less than 6 GeV e™', and the telescope was
in the South Atlantic Anomaly. Additionally the condition that the elevation angle from
the day-Earth rim was greater than 25 degrees was also applied to the SIS data.

We converted the Faint mode data to the Bright mode for the objects obsérved in
Faint and Bright mode, and added together to improve photon statistics, but for NGC
4579. Since the SIS sensors were operated in Faint mode during most of the observation
time for NGC 4579, we used only Faint mode data,

The obtained effective exposure time and count rates after date screening are summa-

rized in Table 4.3,

4.3 Spectral analysis

We used XSPEC version 9.00 in the XANADU software package for spectral fitting. An
X-ray spectrum is extracted from a circular region of radius 4’ for SIS and 6' for GIS,
unless otherwise mentioned. In some cases, there are some sources near the main target
and smaller region i1s used. A background spectrum is made using off source region in
the same field. We used the response matrices of version 4.0 for the GIS detectors and
made by sisrmg in ftools version 3.6 for the SIS detectors. The ARF response is made by
a combination of jbldarf-2.10 and arffilter. Although obtained X-ray image is extended
in some cases, we assumed point source to make an ARF response; spatial extension is
small for all the cases, and this assumption provides good approximation.

The X-ray spectrum is binned so that each bin contains at least 20 counts and chi-
square minimization technique is used, All errors are quoted at 90% confidence level
for one parameter of interest (Ay*=2.7: Lampton et al. 1976), unless otherwise gquoted.
The spectral fittings are done simultaneously for SIS and GIS data. The calibration
uncertainty of normalizations between four detectors are typically several percent and we

assumed the same normalization for SIS and GIS otherwise noted.

4.4 Previous observations of individual objects

NGC 404 is a nearby face-on S0 galaxy at a distance of 1.8 Mpc. The optical emission
lines are classified to LINER and no broad He is detected (Ho et al. 1997a, b). There
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are strong Hydrogen Balmer absorption lines in (Lhe optical spectrum (Hooet al. 18853 A
UV image is taken with HS5T FOC and the probably unresolyed bright core, surround-
ing several point sources, and some diffuse emission are detected. If number of WORILZITIE,
pliotons is caleulated assuming f, oc =, the UV luminosity of the nucleus is sufficien
to the luminosity of the Hydrogen recombination lines through photoionization { Maoz ef
al. 1993]. On the ofher hand, UV spectra obtained witli AST FOS show hlueshifted CIV
absoption and narrow absorption lines which indicate the UV emission is originated from

4 star cluster (Maoz et al. 1998), No X-ray results are reported so far,

NGC 1052 is a Ed galaxy at a distance of 17.8 Mpe anid has a LINER nucleus
The LINER 1n this galaxy has been known since 1970's and shock models are extensivel
calculated to explain optical emission lines (Koski & Osterbrock 1976. Warner i.!JT%,
Fosbury et al. 1978). A broad Ha is present in the optical spectrum. NGC 1052 is also a
HyO megamaser source (Braatz, Wilson. & Henkel 1994). A ROSAT PSEC spectrum is
significantly harder than typical elliptical galaxies and it is suggested that emission from
the AGN contributes to the soft X-ray emission (Davis & White 1096,

NGC 2273 is a low luminosity Seyferi 2 galaxy (Huchra, Wyatt, & Davis 1982) with
an Ho luminosity of log Ly,=40.41 ergs s~ (Ho et al. 1993a),

NGC 3079 is a nearly edge-on Sc galaxy with starburst activity. The nuclens of
NGC3079 indicates strong [OIT|A3727 (Heckman, Balick, & Crane 1980) and (OI]AG30N
(Ho et al. 1997a) relative to [OIII|A5007, which is classified as a LINER or Seyfert 2
(Ho et al. 1997a). A compact nuclear radio source with a fat spectrum and a radio
lobe are present (Hummel, van der Hulst. & Dickey 1084, Duric & Seaquist 1988), A
strong starburst activity is present and the optical emission lines indicate that the gas
is outflowing along the minor axis of the galaxy probably due to the starburst, althm.:gh
some contribution from an AGN cannot be excluded (Heckman. Armus, & Miley 1990,
Filippenko & Sargent 1992, Veilleux et al. 1994). Although the presence of broad broad
Ha is suspected by Stauffer (1982) and Keel (1983), Ho et al (1997b) argue that it is
prematire to come to any firm conclusious because of difficulty of the modeling of the
line profile due to complex velocity feld of the line emitting gas.

X-ray obsarvations with Binstein IPC and ROSAT PSPC detected diffuse erission
extends to the minor axis of the galaxy with a soft spectrum (AT ~ 0.5 keV ). The X-ray
lnminosity of the diffuse emission is log Lx = 40.46 ergs 5™ in the 0.1-2.0 keV band, An
X-ray source is also detected at the nucleus. The X-ray spectrum of the nuelear source

s soft (AT ~1.1 keV) and probably not dominated by X-rays from the AGN (Read et al.
1997).
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NGC 3998 is a S0 galaxy with a LINER. nuclens. Broad Ha and HO are present in
the optical spectral Ho ef al. 1997L). Broad MgA2800 18 also detected 1o the UV spectrum
(Retchert et al. 1002). HST FOC observations show the presence of unresolved nnelear
source (Fabbiano, Fassnacht, & Trinchier: 1994,

X-ray emission is detected by Ewstern and Ginga observations. fanstem IPC image
is consistent with point line and its luminosity is 3x10" ergs s=' (Fabbiano, IGm, &
Trinchieri 1992). Ginga observation (Awaki et al. 1992} detected X-ray emission with
4 luminosity of 1.0 ® 10% ergs s=' (at 25 Mpe) and its spectrurm is represented by a
power-law with a photon index of 2,0. There is no indication of an iron K emission line.
No significant time variability within one day 15 detected.

NGC 4203 is a Sa galaxy at a distance of 9.7 Mpc. Optical emission lines of the
aneleus are clssified as LINER and broad He is detected (Ho et al. 1997a, b). VLA
ohservations at 6 em revealed a central radio source (Fabbiano, Gioia, & Trinchieri 1983).
A UV image taken by HST WFPC2 through F218W filter shows the presence of faint
inresolved central source (Barth et al. 1996, 1998). The UV flux is sufficient to explam
optical emission line Auxes under assumption of spectral slope f, x p

X-ray observations were done by the Finstein and ROSAT safelite. A net exposure
time of the Einstein observation is too short [~ 1.6 ksec) and detaled imaging and spectral
information is uot available. A point source with a luminosity of 4.8 x 10%° ergs s~ aka
distance of 22.5 Mpe) is detected at the nucleus by ROSAT PSPC observations (Bregman,
Hogg, & Roberts 1995). The ROSAT PSPC spectrum of the nuclear source is represented
by a power-law of ' = 2,24 and logNy=20.40 em ™2, which is consistent with ROSAT
PSPC results of Seyfert 1 galaxies and some low luminosity AGNs (I' ~ 2.6, Koratkar
et al. 1995). No diffuse emission cannot be seen in the PSPC image because of a bright
nuclear source, although diffuse may be expected in the buldge of early type spiral galaxies.

NGC 4438 is an early type spiral galaxies (Saf0 and Sa) in the Virgo cluster of
aalaxies and interacting with NGC 4433. The LINER optical emission lines of NGC 4438
are come from an extended region (Filippenkko & Sargent 1985). A very weak broad Ha
is present (Ho et al. 1997h). An UV image taken with HST FOC shows only a weak
amorphous pateh of UV emission of about 3 in size and no UV nuclens is present (Maoz
et al. 1996, Maoz 1996).

NGC 4450 is an Sab galaxy at a distance of 16.8 Mpe. The optical spectra of the
nucleus is classified as a LINER (Ho et al. 1997a, Stauffer 1982). A fairly weak broad
Ho is probably present (Ho et al. 1997b). An Einstein 1IPC obsercation detected X-
ray emission with a luminosity of 1 x 10" ergs s=' at 27 Mpc (Fabbiano et al. 1992).
The spectum obtained with IPC is very soft compared to other spiral galaxies (Kim,
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Fabbiano, & Trinclien 1802) and HOSAT PSPC observation confirmed a soft speet

The ROSAT PSPC spectrumi is represented by either a 2-k7 therimal [0y > 1.3 kel

"

-

0.13 < &T5 < 0.16 keV) or a power-law model with o ~ 2 — 2.5 (Fabbisus 1996).

NGC 4565 is a nearly edge on spiral galaxy with the promitent dust lage al a
distance of 9.7 Mpe. The optical spectrum of the nueleus is classified as a Sevfert 2 hased
on emission line ratios. A weak broad He is seen in the spectrum after the fitting of the
narrow lines by Ho et al. (1997h). The soft X-ray ahservations are done witlh Einstein
(Fabbiano et al. 1992) and ROSAT PSPC (Vogler. Pietsch, & Kahabkn 1996). Tl
ROSAT PSPC image shows several point sources within galaxies and extended stmission
from a hot gas. The prominent sources are the nuclear source and the off center souree
by ~ (0.8from the nucleus and these sources emit about 8% of the total X-ray emission.
The X-ray luminosities of each source is ~ 3 x 10* ergs 57, while the luminosity of the
diffuse emission is ~ 4 x 10% ergs s7! in the 0.1-2.4 keV band (Vogler et al. 1096).

NGC 4569 is a Sab galaxies in the Virgo cluster of galaxies. The oplical spectriumn;
of the nucleus is elassified as a transition object between an HII nuelens and a LINER
and shows strong Balmer absorption which indicates A stars dominate the optical light
(Ho et al. 1997a). No broad Ha is present (Ho et al. 1997b). The bright source at
the nucleus and some diffuse emission are detected in the HST FOC image at ~ 2300 A
(Maoz et al. 1995). If number of ionizing photous is calculated assuming f, = v, the
UV luminosity of the nueleus is sufficient to the luminosity of the Hydrogen recombination
lines throngh photoionization, An HST WFPC2 image through F218W fller shows Lhe
nuclens is extended (Barth et al. 1996a). The UV emission line CIV show P Cygui
profile, which are the signatures of winds from massive stars, and absorption lines due to
the photosphere of hot stars. These spectral properties indicate that the UV emission is
dominated by a cluster of massive stars (Maoz et al, 1908),

NGQC 4579 (M38) is a Sab galaxy in the Viruo cluster of galaxies and classified as a
LINER or Seyfert 1.9 galaxy based on the optical emission lines (Ho et al. 19974, Keel
1983, Stauffer 1982) aud the broad Ho component with FWHM ~ 2300 knt s is detected
(Ho et al. 1997h). There exists a flat-spectrum radio core (Hummel et al. 1957). An
Eimstein HRI observation showed the presence of an unresolved X-ray nucleus and the
N-ray flux was measured to be Fx = 7.9 x 107"? ergs 7' cm™' in the 0.2-4.0 keV band
with the Einstein IPC (Fabbiano, Kini, & Trinchieri 1092, Halpern & Steiner 1083) which
corresponds to the X-ray luminosity of 2.7x10* ergss~'. These facts indicate the presence
of a low luminosity AGN in this galaxy. A recent ultraviolet imaging observation by HST
Faint Object Camera (FOC) detected a point source at the nuclens (Maoz et al. 1995).
Its UV spectra were taken by HST Faint Object Spectrograph (FOS) and a featiireless
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L'V contingi is deteeted as well #s various eniission lines. Comparison of the FOC an
FOS data also indicate a factor of 3.8 decrease of UV flux in 19 months. The narrow
UV emission lines are incompatible with shock excitation model and a photolonization
model is preferred (Bacth ot al. 1906). Several broad UV epyission lines are also detected,
These UV results provide further support for the presence of & low luminosity AGN 1n
NGC 4570, On theother hand. Maoz et al, (1998) estimated the ionizing photon number
by extrapolating the UV luminpsity at 1300 A towards higher energies and argued that
dhserved UV eontintium is not sufficient to explain Ho luminosity, They also suggest
(hat emission from AGNs is most prominent at Ligher energies than UV, Measurements
of an X-ray flux and continuum slope provide information on the ionization source in this

LINER.

NGC4594 (M104) is a Sa galaxy well known as the Smbrero galaxy and its nicleus
shows LINER emission lines (Ho et al. 1097a, Keel 1983, Stauffer 1082), Broad Ho is
detected in the optical spectrum obtained by a recent HST FOS observation ( Kormendy et
al. 1997), A compact niclear UV source has been found in HST FOC unages at ~ 3400 A
(Crane et al. 1993). The UV spectrin shows weak and narrow emission lines on top of a
UV continunm. Nicholson et al. (1997) favor an AGN as an origin of UV emission, The
presence of a super massive blackhole with mass M ~ 10° V= at the cenfer is suspected
from the motioin of the gas around the nucelus (Kormendy et al. 1996, Kormendy &
Richstone 1905 and references therein). There exists a variable compact radio nucleus
(Bajaja et al. 1988) An Einstein IPC mmage shows extended X-ray halo similar to elliptical
galaxies (Forman, Jones, & Tucker 1985). A point source at the nueleus is detected in an
high resolution X-ray image with ROSAT HRI as well as clumpy emission associated with
the isk of NGC 4594, and diffuse emission from the bulge (Fabbiano & Juda 1997). The
X-ray lluminosity of the nuclear component 15 ~ 3.3 X 10% ergs s~ at 18 Mpe in the 0.1-
9 4 keV band which is about half of the total X-ray luminesity, A ROSAT PSPC spectrum
of the nucleus is fitted with power-law with photon index of ~ 1.8, Time vatiability 15
also suggested from an HRI light curve.

NGC 4736 is a nearby (4.3 Mpe) Sab galaxy with strong Balmer absorption lines in
the optical spectra of the miclens (Filippenko & Sargent 1985, Ho et al, 1995), The nucleus
shows strong [NTI|A6383 and classified to a LINER. Taniguchi et al. (1996) performed
the stellar poptilation synthesis and found that NGC 4736 1s dominated by A-type stars
with ages of 10" yr and that a luminous starburst occured 1 % 10" years ago. Their
results indicate optical emission line ratios are located at the region between HII and
LINER op the excitation diagrams, In HST FOC image at 2200 A, two compact sources
os approximately equal brightness separated by 2°.5 are detected (Maoz et al. 1993). A
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starforming ring 1s present at a radius of 507 [~ L7 kpe) ROSAT PSPC detected noelear
X-ray source of linuminositof 3.4 = 10% eres 5 (0.1-2 keV) and diffuse emiission. No
variability 1s seen on time scale of muuites to hours (Cur et al, 1997).

NGC 4941 is a nearby (6.8 Mpe) galaxies with a4 Seyfert 2 nuclei whach is dicoverd
in the optical spectroscpic survey by Keel (1993). BeppoSAX detected a strong iron K
emission of equivalent width of ~ 1 keV at 6.4 keV (Salvati et al. 1997) Tlle X-ray
continunmnl 18 fitted with either a pure reflection model or partial covering model

NGC 5005 1s a bright starburst galaxies. Optical emission lines of the nucleus 1=
classified to LINER and broad He is suggested (Ho et al. 1997a, b). No UV aucleus is
detected in an HST WFPC2 image at A=2190A (Barth et al. 1996) and an HST FOC
image at ~ 2300 A (Maoz 1996), either, but extended emission is detected (Barth el
al. 1998). An X-ray image obtained with ROSAT PSPC shows a extended micleus and
diffuse emission. The spectrum of nuclear source is represented by kT ~ 1 keV thermal
emission with a X-ray luminosity of logLyx = 40.47 eres s=' in the 0.1-2 keV band at a
distance of 21.3 Mpc. The ' plume-like’ extended emission is probably due to a galacie
wind. .

NGC 5033 The optical emission lines are classified as Sevfert 1.5 or LINER and
the prominent and variable broad Ha has been observed in the optical spectrum (Shuder
1980, Stauffer 1982, Filippenko & Sargent 1985, Koratkar et al. 1993, Ho et al. -lﬂﬂﬂ:}.
NGC5033 is detected in X-rays by Einstemn [PC (Halpern & Steiner 1982) and ROSAT
HRI observations (Koratkar et al. 1993), The ROSAT HRI image of the X-ray nucleus
is point-like and the X-ray luminosity is los Ly=41.4] ergs 5 1(0.2-2.2 keV) H{:::-rmimr =
al. 1993).

NGC 5194 (M51) is a nearby spiral galaxy known as the 'whirlpool galaxy' and
has been intensively studied at various wavelengths. On the basis of aptical emission line
studies the M31 nucleus has been classified as a Seyfert 2 or a LINER (low ionization
nuclear emission-line region) (Stauffer 1982; Filippenko & Sargent 1985; Ho, Filippenko.
& Sargent 1997). The presence of hroad He is suspected by Ho et al, 1997h,

The Einstein HRI detected X-ray emission from M31 with a himinosity Ly= 3.0 x 10"
ergs s~ in the 0.2-4.0 keV band at 9.6 Mpe (Sandage & Tammann 1973). However the
HRI image of the nucleus is clearly extended and provides only an upper limit ( Lys_q0 xev
< 1.5 % 10" ergs s7!') for the luminesity of a poiat source at the nueleys {Pairumlvmu et
flL 1985). A ROSAT HRI observation confirmed that the X-ray source at the nucleus
5 extended (Ehle, Pietsch, & DBeck 1995). The ROSAT PSPC spectrum of the M3l
nucleus is fitted with a AT ~0.4 keV thermal plasma model (Marston et al. 1995; Read.
Ponman, & Strickland 1997), Such a soft N-ray spectrutn also supports the idea that
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the AGN does not dominate the nuclear soft X-ray emission, The ROSAT PSPC and
HRI also detected eight point sources with X-ray luminosities around 10% ergs s™' in
M3l superposed on diffuse X-ray emission. A Ginga observation detected hard X-ray
emission with a photon index I' = 1.4 and a X-ray luminosity in the 2-20 keV bandpass
of (1.2 4 0.6) x 10" ergs s~! from a ~ 1 deg® field containing M51 (Makishima et al.
1990). The Ginga spectrum can also be fit with a kT=7 keV thermal bremsstrahlung
plus a power-law (I’ = 1.6) absorbed with Np~ 4 x 10** em™=. Makishima et al. (1990)
proposed a scenario to explain both the Einstein and Ginga data in which the active
nucleus is obscured and only the harder portion of the spectrum is dominated by X-rays
from an active nucleus. The visual and UV band images taken by Hubble Space Telescope
show X-shaped dust lanes (Maran & Kinney 1993; Maoz et al. 1996). A dense molecular
disk with N> 3.0 x 102 em~? around the nucleus is also revealed by HCN (/=1 — 0)
and CO (J = 1 — 0) observations (Kohno et al. 1996). Some of this material may
account for the X-ray absorbing matenal.

NGC 5195 is the companion galaxy of the "Whirlpool galaxy’ M51 (NGC 5194) and
interacting with it. The optical spectrum of the nucleus shows deep Balmer absorption
lines (Filippenko & Sargent 1985, Ho et al. 1995, Yamada private communication). The
optical emission lines are classified to a LINER ot transition between LINER and HII
nucleus (Ho et al, 1997a). No broad Ha (Ho et al. 1997b) and no UV nucleus is observed
(Maoz 1996, Barth et al. 1996b). X-ray observations were performed with Einstein HRI
and ROSAT PSPC and HRI (Palumbo et al. 1985, Marston et al. 1995, Ehle et al. 1995,
Read et al. 1997). No clear point nucleus is seen in the X-ray images although extended
X-ray emission is detected.

NGC 7217 The optical emission lines are classified to a LINER and no broad Ho s
detected (Ho et al. 1997a, b). UV nucleus is not deteced in HST WFPC2 image at 2190
A (Barth et al. 1996).
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Table 4.1: Observed galaxies
natne Type distance® redshift® class® references®
NGC404 S0.3 2.4 U.00016 L2
NGC1052 E3/S0 17.8 0.00490 L1.9
NGC1667 S(r)c I-11 61.2 0.01517 52
NGC2273 SB(rs)0/a 28.4 0.00614 52
NGC3079 S(s)e II-1I1 20.4 0.00378 S2
NGC3998 S0y(3) 21.6 0.00347 L1.9
NGC4203 S04(1) 9.7 0.00362 L1.9
NGC4438 Sb(tides) 16.8 0.00024 L1.9
NGC4450 Sab pec 16.8 0.00652 L1.9
NGC4565 Sh 9.7 0.00409 S1.9
NGC4569 MO0  S(s)ab I-II 16.8 -0.00078 T2
NGC4579 M38 S(s)ab II 16.8 0.00507 S1.9/L1.9
NGC4594 Mi104 Sab 20.0 0.00364 L2°
NGC4736 M94 RS(s)ab 4.3 0.00103 L2/T 1
NGC4941 (R)SAB(r)ab 6.4 0.00370 S2 2
NGC35005 S(s)b II 21.3 0.00316 L1.9
NGC5033 S{s)b 1 18.7 0.00292 S1.5
NGC5194 M31  S(s)be I-II oy 0.00154 S2
NGC5195 SB0; pec 9.3 0.00155 L2Z:
NGC7217 S(r)b II-IIT 16.0 0.00316 L2

a: taken from Tully (1988); b: taken from NASA Extragalactic Database; ¢; § = Seyfert
nucleus, L = LINER, T = transition between LINER and HII nucleus, 1.5/1.9/2 = types.
"+ denotes ambiguous classification.; d; 1: Taniguchi et al. 1996, 2: Keel 1983, others:

Ho, Filippenko & Sargent 1997a; e: The presence of broad Ha is reported by Kormendy
et al. (1996).
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Table 4.3: Count rates and exposure time

4.4. PREVIOUS OBSERVATIONS OF INDIVIDUAL OBJECTS

Table 4.2: ASCA observation log
name date begin end period SIS mode
yymmdd hhmm hhmm

NGC404 970721 1034 2310 AO5 1CCD faint
NGC1052 960811 0216 0846 AQO4 1CCD faint
NGC1667 940306 0840 0825 AO1 2CCD faint
NGC2273 961020 1223 1040 AO4 1CCD faint 0.48 keV LVL ON
NGC3079 930509 0235 0318 PV 1CCD faint/bright
NGC3998 940510 1945 1140 AO2 2CCD/1CCD faint
NGC4203 931217 0235 0220 AO1 2CCD faint
NGC4438 951224 2134 1010 AO4 2CCD/1CCD faint

960105 1754 0620 AO4 1CCD faint/bright
NGC4450 950620 0504 0951 AO3 1CCD faint
NGC4565 940528 1904 2020 AO2 2CCD faint
NGC4569 970624 1035 0230 AO5 1CCD fant

970706 0011 1230 AO5 1CCD faint
NGC4579 950625 0530 0951 AO3 2CCD faint/bright
NGC4594 940120 0139 L2l AO1 2CCD faint
NGC4736 950525 1726 1940 AO3 1CCD faint 0.41keV LVL ON
NGC4041 960719 1313 0820 AO4 1CCD faint

970108 0555 1840 AO4 1CCD faint
NGC5005 951213 0737 0800 AO4 1CCD faint
NGC5194 930511 0321 0135 PV  4CCD faint/bright
NGC5195 930511 0321 0135 PV  4CCD faint/bright
NGC5033 951214 0801 0800 AO3 1CCD faint
NGC7217 951119 2135 0101 AO4 2CCD faint/bright

name SIS (0.5-10 keV)
count rate exposire
[counts s™'] [ksec]
NGC404 — 12.3
NGC1052 0.046 36.5
NGC1667 0.006 39.9
NGC2273 0.004 36.1
NGC3079 0.022 37.2
NGC3998 0.29 24.3
NGC4203 0.035 35.1
NGC4438 0.014 43.0
NGC4450 0.026 37.4
NGC4565 0.056 37.4
NGC4569 0.017 40.9
NGC4579 0.15 32.0
NGC4594 0.075 18.7
NGC4736 0.073 28.4
NGC4941 0.009 36.5
NGC35005 0.024 39.9
NGC5033 0.16 36.1
NGC5194 .44 34.06
NGC35195 0.012 34.6
NGCT7217 0.008 81.0

GIS (0.7-10 keV)
count rate exposure
[counits s~ [ksec]

= 15.4

0.041 ST 0
0,001 43.8
0.013 J8.4
0.008 41.1
0.18 39.7
0.024 38.1
0.005 45.2
0.015 36.7
0.036 38.8
0.007 41.4
0.090 S0.9
0.060 19.7
0.042 31.2
0.009 30.J
0.012 58,3

0.11 38.6

0.020 38.5
0.006 38.9
0.004 80.9
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Chapter 5

Results

5.1 Spectral fitting

5.1.1 power-law model

AGNs show X-ray spectrum represented by a power-law model modified by absorption
due to cold matter. We first fit the spectrum with a absorbed power-law model:

N(E)dE = AE~" exp(—c(E)Ny),

where A is a normalization factor, and the absorption cross section by Morrison & Mac-
Cammon (1983) 1s adopted for a( E).

The fitting results with this model is shown in Table table;:PLfit. This simple model
provide acceptable fits only for three objects; NGC 3998, NGC 4203, and NGC 5033, NGC
3998 and NGC 5033 exhibit a emission line like feature around 6.4 keV. This feature is
well modeled by adding a Gaussian component (see §3.1.4).

In some cases, X-ray continuum in the hard band suffers from large absorption (Ny>
102 em~2) and less absorbed component 1s also present in the soft energy band. NGC
1052, NGC 2273, NGC 4565 ' , and NGC 4941 belong to this category, We examined
partial covering model as is seen in Seyfert 2 galaxies. (Many Seyfert 2 galaxies show two
component X-ray continua; heavily absorbed power-law and less absorbed component.
The less absorbed continuum is interpreted to be scattered radiation from the nucleus or

leaked emission from 'leaky absorber’ and /or a starburst component.) The model function

F(E)dE = exp(—o(E )N )A[E~"{ f exp(—a(E)Nyz + (1 = f)}],

i r - = . : :
The X-ray spectrum of NGC 4565 fitted here is sum of emission from the nuclear source and off
center source. The off center source is about two times brighter than the nucleus. See §5.5.4 for details.
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is fitted for these objects. As NGC 1052, NGC 2273, and NGC 4941 show lme emission
around 6.4 keV. we added a Gaussian and obtained good fit. The results of partial covering
model is shown in Table 5.3.

As shown in the following snbsections, other galaxies in our sample show a soft. com-
ponent accompanied by several emission lines. Fig 5.1 shows an example of a power-law
model fit to the SIS spectrum of M31 (NGC 5104). Emission line-like residuals are seen
around 0.65 keV. 0.9 keV. 1.0 keV, 1.3-1.4 keV, and 1.8 keV, which are identified as H-like
0-K. He-like and H-like Ne-IS, He-like and H-like Mg-K, He-like Si-K emission lines. These
emission lines suggest the presence of a thermal plasma of kT = 0.5 — 1 keV. Therefore

we tried to add a thermal plasma model to the power-law continunm model.

s 3 S
i |
T - | 3 = _
s S 1% S f
$ it B
2 |§ |
T . < 101 0 T o - e N
g SF ' M i | TR |' ' wikE:
® of i 8 T i T B S S ATO ' WY WV 5L I LSS OO SN
z""H*""iﬁﬁ';wwg'%i’" """" "1 2 :;E--H'-*}t-ww;ﬂ'%??ﬁ'%.f~T+f-*~+hﬁ?r¢*"'"_
i b gt 'V P E SE . % . :
0.9 Il 2 o ;lﬂ 0.5 1 ' 5 10
EnergylkeV] Energy[keV]

Figure 5.1: left: ASCA SIS spectrum of M51 fitted with a single power-law model. right:
ASCA SIS spectrnm of M51 fitted with a Raymond-Smith thermal plasma + single power-
law model.

5.1.2 Raymond-Smith + Power-law model

We introduced the Raymond-Smith thermal plasma model (Raymond & Smith 1977) in

addition 10 a power-law or partially covered power-law model examined above:

F(E)dE = exp(—o(E) Ny )[RS(KT, A, EM) + AE~" exp(—0c(E) Ny,
or

F(E)dE = exp(—=o(E)Ny)[RS(kT, A, EM) + AE~Y fexp(—a(E)Nu2 + (1 — f)},
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where kT, A, EM are the electron density, abundance, and emission measure of the
plasma, respectively. The definition of solar abundance by Anders & Grevesse (1989)
is used throughout.

This model signihicantly improves the it compared to a power-law or partially covered
power-law model for all the galaxies, but for objects well fitted with the simple model, and
acceptable fit is obtained for most of the galaxies. The best fit parameters are summarized
in Table 5.4. NGC 1052 aud NGC 4579 shows a emission line at ~ 6.7 keV and a Gaussian

is added to the model (see §5.1.4).

5.1.3 wvariable abundance Raymond-Smith + power-law model

Some objects clearly exhibit O-IK, Ne-IX, Mg-Ix emission lines but weak iron-L line complex
in their spectra. Fig 5.1 shows an example of such class of objeets M51 (NGC 5194) fitted
with a Raymond-Smith plasma + power-law model, where the relative abundance of
various metals 1s assumed to be solar ratio. Such apparently smaller iron abundance
compared fo abundance of & elements is observed in several starburst galaxies. Since
many galaxies in our sample exhibit starburst activity, such appearance of emission lines
may be attributed to hot gas produced by starburst.

We tried variable abundance Raymond-Smith model + power-law model, where abun-
dance of iron and « elements are varied separately. The fitting results are tabulated in
Table 5.5. The fit is improved for NGC 3079, NGC 4450, NGC 4594, NGC5194 (M5a1)

9.1.4 Iron K emission

seyfert galaxies generally show fluorescence iron K emission. In order to evaluate the
intensity of iron emission, we add a Gaunssian to the best fit continnum model of each
galaxies, If significant iron K emission is not detected, we add a narrow Gaussian at
0.4 keV or 6.7 keV and calculate upper limits of equivalent widths. Improvement of chi-
square and obtained equivalent widths are showu in Table 5.7. Statistically significant
iron emission is detected from NGC 1052, NGC 2273, NGC 4579, NGC 4941, NGC 5033,
NGC 5194 (M51), From NGC 3998 and NGC 4736, we detected a marginal iron emission.

For these objects, the center energy of the iron line is shown in Table 5.6.
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1; including an iron emission line at 6.4 keV. 2: including an iron emission line at 6.7 keV. 3: only SIS

spectrum is fitted.

Table 5.1: Results of power-law fit

CHAPTER 5.

name N I v* [dof notes
[10%% em™?]
NGC1052 0.0 0.20 240.8/111
NGC1667 0(< 0.16) sl 13.5/18
NGC2273 0.0 0.94 325/15 1,3
NGC3079 0 2.38 137.6/93
NGC3998 0.088+0.012 1.89+0.03 332.0/280 1
NGC4203 0.024(< 0.056) 1.77+0.08 46.2/71
NGC4438 0 2.68 58.0,/42
NGC4450  0(< 0.043) 15013080 e
NGC4565  0.22 1.81 163.7/112
NGC4560 0 2.18 123.0/45
NGC4579  0.046 1,78 250.5/206 2
NGC4594  0.056 1.61 138.7/88
NGC4736 0 1.08 225.3/107
NGC4941 0 0.52 134.9/55
NGC5005 0 2.05 144.7/60
NGC5033 0.08T40.017 1.724+0.04 173.3/188 1
NGC5194 0 2,82 482.3/146
NGC5195 0 2.68 81/23
NGCT217 0.0 1.78 92.8/59
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Table 5.2: Results of power-law fit in the 2 10 keV band

name Ny 1y \ < /dof notes
[10*? em~—?]
NGC1052 13&£5 1:gath~" 59.4/50 1.3
NGC3079 0(< 2.9) e 39.4/35
NGC3998 ((< 0.26) 1 BTed" 152.5/149 1
NGC4438 1.1(< 8.0) 25t 9.9/9
NGC4203 0.69(< 1.8)  1.841)3¢ 15.9/26
NGC4450 0(< 0.83) 1.6870%%  23.7/27
NGC4565 1.67,7% 2.52+0.36 70.1/53
NGC4569 2.4(< 5.9) L 19.3/13
NGC4579 0(< 0.48) 1.76 10 ¢ 115.2/110 2
NGC4594 1119 2.10753  40.2/40
NGC4736 0(< 0.58) 1575033  53.4/47
NGC5005 0(< 1.0) 122508  32.0/24
NGC5033 0.06(< 0.538) 1.66% 7% 119.1/102 1
NGC5194 0(< 0.49) 1.671027  62.0/54 |
NGC5195 0(< 3.0) Fatas 4.6/3
NGCT217 12(<45) 2512 38.4/27

Table 5.3: Results of partial covered power-law fit

4]

1: including an iron emission line at 6.4 keV, 2: including an iron emission line at 6.7 keV. 3: results of

fitting in the 3.5-10 keV band. (The soft component makes significantly contribution up to ~ 3 keV).

name Nyl Ny?2 C.FE. r x* [dof nates
[10°* em~2] [10% em™?]

NGC1052 0(< 0.034) 95+1.6 e e L1yt 128.6/107 1

NGC2273 0(<) 4671 15 L I 70.9/56 1

NGC4565 030£0.07 2.6+0.8 0.6575 1 2.60 £ 0.32 140.6/110

NGC4941 0.18(< 0.56) 100%35 0.96213705 1.50733%  43.5/51 1

i including an iron emission line at 6.4 keV. 2: including an iron emission line at 6.7 keV.
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Table 5.4: Results of power-law + Raymond-Smith model fit
name Ny kT abundance Ny & v /dof
[10%2 em™?]  [keV] [solar] [10%2 em™?] .
NGC1052  0.030(f) 1.0322 0.04(< 0.10) 200717 167105 104.4/104
2.5TA (CE 0Ty 36)
NGC1667 0.055(f) 081525 - 0.1(E) 14198 1.8(f) 10.3/17
0.055(f) mEIRE . 0 0(< 0.44) L.8(f) 10.3/17
NGC3079 0.01(f) (9470 0.1(f) 0(< 0.1) 1.88 £ 0.18 106.5/91
0.01(f) 0.32T038  0.5(f) 0(< 0.07) 1.94 £ 0.16 107.8/91
NGC4438 0.02(f) 079103  0.1(f) 14(<53) 205, 35.0/40
0.02(f) oi7erEoe  0.5(F) 0(< 0.18) 5 1 34.9/40
NGC4450  0.018(f) 0.65t92  0.1(F) 0(< 0.087)  1.74+0:19 63.0/68
0.018(f) 0.647092  0.5(f) 0(< 0.067)  1.807018 64.1/68
NGC4565 0.038(f) agtess  Darls-003) 2ot g.4RR 136.0/107 3
i ok e (CF 0.69%)18
NGC4569 0.02(f) 0.6073% D324, DTS Y g 54.6/41
NGC4579  0.031(f) 0.0010: 0L 0.5(f) 0.04£0.03 172+0.05 192.4/201 2
NGC4594  0.035(f) 0.64T03% 00553 0: 073 0 1.89 +0.17 104.9/85
NGC4736 0.011(f) U:62123%  00BF 0(< 0.88) 1.4472-12 100.6/104
NGC5005 0.011(f) 078308, D:0654 s 0.10(< 0.86) 0.97 £0.37 71.3/57
NGC5194  0.013(f) 0.63+0.04 00335001 94+14 {57068 164.2/141 1
NGC5105  0.013(F) 0.6018%  0,03%003 gatis Iy g - 17.4/20
NGCT7217  0.09(f) 0:76f2iS. i0u(E) 1.5%48 24200 71.4/57
NGC7217  0.09(F) 0.74009  0.5(f) 0.851552 g.2H0.8 T1.3/57
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Table 5.5: Results of power-law + variable abundance Raymond-Smith model fit
nae Ny abundance abundance Ny I f}'linf no
[10%*em™*] [keV] (O,Ne Mg, Si) (Fe) [10**em ™%
NGC3079 0.010(f) 0.6272:%% 0:5(f) 0.:048%50fs  1.8103 2.0£0.7 91.5/90
NGC4450 0.018(f) 06605 |D5(F) 0.09(> 0.03) < 0.38 1.647 330 62.9/68
NGC4565 0.038(f)  0.80119%  0.5(f) 0.04(< 0,09) 3.1+07 2.7010:34 132.6/107 3
| 0.53%0 32 (CF 0.69%50%)
NGC4579  0.031(f) 0.89%3 %  0.5(f) 0.4(> 0.12)  0.04 £0.08 1.72+£0.05 192.6/201 2
NGC4594 0.035(f) 0.6213°7  0.5(f) 0311008 0.73£0.29 1.89+0.16 99.9/85
NGC4736  0.011(f) 0611500 0.5(f) 3 0.23%5 0 <0.09  Er gt 100.8/104 2
NGC5005 0.011(f) 07655 [0 13};7*_3 0.078%003s  0.09(< 0.73) 1.00%)38 71,7/56
NGC5194 0.013(f) 0.617308 0.147082 Qog1taty  2.8%%E 1.69+7 2% 152.1/140

1: including an iron emission line at 6.4 keV., 2: including an iron emission line at 6.7 keV. 3: fitting

results of the nucleus + the off center source,

Table 5.6: Summary of iron emission line parameters

name center energy  line width
[keV] [keV]
NGC1052 6.32+0.08 0(f)
NGC2273 6371303 0(f)
NGC3998 6.40%01! 0(f)
NGC4579 6.70%513 0175532
NGC4041 631700 0(f)
NGC5033 6.387) 08 0(f) (< 0.26)
NGC5194 6.40131% 0(< 0.27)

1: including an iron emission line at 6.4 keV, 2: including an iron emission line at 6.7 keV, 3: partial
covered power-law model
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Table 3.7: Equivalent width of iron X emission

name oK 6.4keV  Fe-K 6.7keV  Ay? (6.4 keV) Ax® (6.7 keV) notes
EW [eV] EW [eV]

NGC1052 180750 < 120 12.1 0.2 5

NGC1667 — -

NGC3079 T80< 1700 1100< 2400 1.9 1.7

NGC3998 90% 1 < 90 4,1 0 1

NGC4203 < 300 < 260 0.0 0.0 1

NGC4438 < 1300 < 3900 0.0 1.0 2

NGC4450  550(< 1200) 610(< 1400) 2.5 1.7 2

NGC4565  240(< 620) < 350 1.7 0.1

NGC4569 < 1800 < 4800 0.0 0.0 2

NGC4579 < 280 4901150 20.0 2

NGC4594 < 150 < 260 0 0

NGC4736 170 £ 170 3401350 0.5 2.9

NGC4941 7607550 15.7 4

NGC5005  380(< 1000) < 480 0.8 0.0 2

NGC5033 200+ 100 < 230 22.5 0.9 1

NGC5194 910140 15.7 3

NGC5195 < 3700 < 5000 0.0 0.0 2

NGC7217 < 460 < 1100 0.0 0.0 2

1. PL model, 2. PL + RS model, 3. PL + variable RS model, 4. partial covering PL model, 5. partial

covering PL 4+ RS model

The Ax? value for the 6.4 keV line in NGC5033

line intensity).

The Ay? value for the 6.7 keV line in NGC4579 — three additional parameters (line center energy, line

width and line intensity).

others — one additional parameter (line intensity ).

- two additional parameters (line center energy and
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Table 5.8: Summary of X-ray flux in unit of 10='= ergs em== s~

name total power-law Raymond-Smith
(observed) (observed) (intrinsic) (observed) (intrinsic)
2-10 keV  2-10 keV 2-10 keV  0.5-4 keV  0.5-4 keV

NGC1052 4.78 4,72 0,94 0.316 ().344

NGC1667 0.091051  0.09 0.09

NGC2273 1.1 1.1 6.3

NGC3079 0.46 0.43 (.51 0.45 0.47

NGC3998 B.06 8.06 8.13 —

NGC4203 2.1 21 2.1 — —

NGC4438 0.28794:  0.24 0.28 0.40 0.43 (ab=0.1)
027t 028 0.26 0.19 0.20 (ab=0.5)

NGC4450 0.66 0.66 [.66 0.085 0.090(ab=0.1)
0.65 0.65 (.65 0.056 0.059(ab=0.5)

NGC4565 1.6 1.6 2.2 0.30 0.33 (vRS ft)

NGC4569 0.311013 0.331443

NGC4579 4.3 4.3 4.3 (.63 0.66 (ab=0.1)

4.3 (.32 0.35 (ab=0.5)

NGC4594 2.8 il 2.9 .69 0.78

NGC4736 2.0 2.0 2.0 0.64 0.67

NGC4941 1.3 1.3 9.7

NGC5005 0.73 0.70 0.71 0.35 0.37

NGC5194 1.1 1.0 1.0 1.1 1.1

NGC5195 0.31 0.29 .36 (.44 0.46

NGC5033 5.5 0.0 2.0 — -

NGCT217 0.21 0.20 (.24 (.10 0.14 (ab=0.1)
022300 621 0.23 0.072 0.095 (ab=0.5)

Errors are quoted if statistical error dominates.

i L ] ; P
ab” in the parenthesis denotes the assumed abundance of the Raymond-Smith component.
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Table 5.9: Summary of X-ray luminosity in unit of 10"%rgs s

CHAPTER 5.
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RESULTS

name total power-law Raymond-Smith
(observed) (observed) (intrinsic) (observed) (intrinsic)
2-10 keV 2-10 keV 2-10 keV  0.5-4 keV 0.5-4 keV

NGC1052 18.2 17.9 37.8 1.20 1.91

NGC1667 1.0 4.0 4.0 —

NGC2273 11.0 11.0 60.8 -

NGC3079 2.3 2.2 2.5 2.2 2.3

NGC3998 45.1 45.1 45.5

NGC4203 2.34 2.34 2.34 =

NGC4438 0.95 0.81 (.95 1.4 1.5 (ab=0.1)
0.91 (.88 ().88 (.64 0.68 (ab=0.5)

NGC4450 2.2 2.2 s 0.29 0.30 (ab=0.1)
24 2.2 A | 0.19 0.20 (ab=0.5)

NGC4565 1.81 1.51 2.48 (.34 0.37

NGC4565(nuclens) 0.59 (.59 —

NGC4569 1l 1:1

NGC4579 15 LD 15 2.1 2.2 (ab=().1)

1.1 1.2 (ab=0.5)

NGC4594 13 13 14 3.3 < 13§

NGC4736 0.45 (.44 ().44 0.14 0.15

NGC4941 (.64 (1.64 4.8 —

NGC5005 4.0 3.8 3.9 1.9 2.0

NGC5033 23.2 23.2 24.4 — —

NGC5194 (.75 0.73 0.73 0.75 (.80

NGC35195 0.32 (.30 0.37 (.46 .48

NGCT217 0.66 .63 (.74 0.32 0.42 (ab=0.1)
0.67 0.66 0.72 0.22 0.29 (ab=0.5)
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5.2 Images

X-ray image is made and examined whether X-ray emission is point-like or not. We made
X-ray images in some energy range using SIS data and compare them it with the poin
spread function of XRT4S5IS. Since SIS has superior spatial resolution than GIS, we use
SIS images for this purpose.

Except for some cases, we made an azimuthally averaged profile of surface brightness
and compared with the point spread function + the background. The point spread func-
tion at the source position is simulated using the ray-tracing code. The background is
assumed to be constant. Although the background level depends on the position on the
detector, we checked that constant assumption is accurate enough for our purpose by
using the surface brightness profiles of the blank skies.

In some observations, there is an X-ray source near (<4') the target source (for ex-
ample, NGC 4203, NGC4563, and NGC5194/93). In these cases we utilize the projected
profiles to an appropriate direction to evaluate spatial extension in stead of radial profiles.
These results are discussed in subsections on individual objects.

Obtained reduced chi-square values are summarized in Table 5.10. Only NGC 5003 is
extended even at 4-10 keV band. The X-ray images of other objects are consistent with
point-like in the hard energy band.

Table 5.10: Reduced chi-square values for the PSF + background fit to the radial profiles
of surface brightness obtained with SISO + SIS1. The degree of freedom is 11.

name 0.5-2 keV 2-10 keV 4-10 keV

NGC 1052 1.30 .88
NGC 3079 2.93 2.11 0.820
NGC 3998 0.518 0.546
NGC 4450 1.97 123
NGC 4569 1.93 1.12
NGC 4594 1.99 U.729
NGC 4736 0.924 1.47 0.880
NGC 5005 1.42 1.61 1.42

NGC 5033 0.69 0.40
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5.3 Variability

N-ray light curves are made using the same extraction region as making spectra. and
examined time variability, The X-ray Hox of most of the observed objects are small, we
binned the light curves with 5760 sec bin, which is an one orbit pemod of the ASCAH
satellite.

The light curves are made in several energy band. As the hard component is a domi-
nant component above 2 keV in most of the objects, we made a 2-10 keV light curve for
all of the fonr detectors, otherwise noted. Then we combined these light curves together,
and fitted with a constant. We also examined a light curve in all energy range: 0.5-10 keV
for SIS and 0.7-10 keV for GIS. Although the soft thermal component are often present,
the hard component may be also significantly contribute to the soft energy band. In this

case we can expect better S/N light eurves compared to 2-10 keV light curves.

5.4 Low luminosity Seyfert 1 Galaxies

5.4.1 Introduction

Recent optical spectroscopic surveys have shown that there are many active galactic nuclel
(AGNs) in nearby galaxies and about 1/3 of bright galaxies are classified as Seyfert
salaxies or LINERs (Low lonization Nuclear Emission-line Regions; Heckman 1980) (Ho,
Filippenko, & Sargent 1997a). The Inminosity of these objects are rather low compared
to previonsly known AGN with a median value of the Ha luminosity being only 2 x 103
ergs s~ in the sample of Ho et al (1997a). Such objects (LLAGNSs) are important for
investigating the physics of AGN under an extreme condition, ie. very low luminosity.
X-ray observations probe the inunermost regions in AGNs and specifically the iron K line
provides information on the ionization state, density, motion of matter very close to the
central energy source.

ASCA ohservations of Sevfert 1 galaxies revealed that as a class these objects have
a broad iron K line with a profile skewed to lower energies, which thought ta be caused
by the reprocessing of the continuum by a relativistic accretion disk (e.g., Tanaka et al.
1995, Nandra et al. 1997a), The center energy of the iron line from Seyfert 1 galaxies is
consistent with 6.4 keV, which is expected from fluorescence by neutral or lower ionization
states of (<FeXVI) iron in a disk with a inclination of < 30 degrees. In some Seyfert 2
galaxies (e.z. IRAS 18325-5926) a higher peak energy of iron emission is seen, which is

compatible with a highly inclined disk (i = 40 — 50°) origin (Iwasawa et al. 1096). Highly
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ionized iron emission lines are detected from several radio-guiet guasurs o E182146G43
(it et al. 1992, Yamashita et al. 1997) dand PG 1116+215 (Nandra et al. 1996). Nandra
ot al. (1997h) studied the luminosity dependence of the iron line profile in a large samiple
of AGN and found that the center eneroy increases and the red-tail becomes weaker with
mereasing luminosity. They attributed such behavior to an mereasing ionization of the
accretion disk with increasing luminosity. Thus X-ray measurements of iron emission lines
are powerful diagnostic tools of matter in the vicinity of the nucleus.

There are only a few observations of iron emission lines from low luminosity AGNs |
Ly (210 keV) ~ 10" — 10" ergs s—'). M81 (NGC 3031) with X-ray luminosity of Ly
(2-10 keV) ~ 2 x 10" ergs s shows a broad iron line centered at ~ 6.7 keV with ax
equivalent width of ~ 200 eV, This line center energy is significantly higher than Seyfert
| galaxies and similar to luminous quasars. On the other hand, only ap upper limit on
the equivalent width 300 eV is obtained for NGC 1097 (Lx (2-10 keV) = 1 x 10*" ergs
s~} Iyvomoto et al. 1996). Although strong iron emission lines are also detected from Mal
(NGC 5194, Terashimaet al. 1998a), NGC 1365 and NGC 1386 (Iyomoto et al. 1997), the
iron lines in these objects are interpreted as being caused by reprocessed emission from
an obscuring tori and /or extended ionized scatterer outside of our line of sight, because
these nuclei are heavily obscured. Thus, at present, the number of low luminosity AGNs
with small intrinsic absorption from which iron lines are detected is rather limired.

In this section, we report the detection of iron K emission lines from low luminosity
Seyfert | galaxies NGC 4579 and NGC 3033 and discuss X-ray properties of the low

lnminosity AGN and origin of the iron emission line.
- gl

2.4.2 NGC 4579
Results

X-ray image

NGC 4579 is detected at the position of the optical nucleus within pesition determmi-
nation uncertainties and the X-ray image looks point-like. We compared X-ray images in
the 0.5-2 keV and 2-10 keV band with the point spread function (PSF) of ASCA XRT +
SIS to evaluate the spatial extension. We fit the azimuthally averaged surface brightness
profiles with those of a model PSF + constant background, where we left two parameters
iree; the normalization of PSF and the background level. We obtained good fits with
reduced chi-square x2 = 0.64 and 0.70 (11 dof) for the soft and hard energy bands, re
spectively. Thus the images in these energy bands are consistent with a point source. In

order to set an upper limit of the spatial extent, we fit the radial brightness profiles with
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those of a two-dimensional Gaussian convolved through the PSF. In this fitting, the free
parameters are a Gaussian sigma, normalization of the Gaussian, and backeround level.
The upper limits of the Gaussian width are 0.25 arcmin for both soft and hard band (0.25
arcmin corresponds to 1.2 kpe at 16.8 Mpc).

The fitted background level is ~ 2.5 times higher than that of blank sky observations
released by NASA Guest Observer Facility in the 0.5-2 keV band, while 2-10 keV back-
ground is consistent with the blank sky fields. NGC 4579 1s located at ~ 1.8° away from
MS7 in the Virgo cluster of galaxies and soft diffuse emission due to the intracluster gas is
present in this region (Bohringer et al. 1994). Thus the high background level in the soft
band is most likely due to Virgo cluster emission. In the soft band image, no significant

structure 18 seen.
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Figure 5.2: X-ray spectra of NGC 4579; left: SIS, right: GIS.The best fit model consist

of a Raymond-Smith thermal plasma, power-law, and Ganssian is shown as histograms.

N-ray spectrum

X-ray spectra obtained with the SIS and GIS are shown in Fig. 1. The X-ray spectra
cannot be fitted with simple power-law or thermal bremsstrahlung model and residuals
were clearly seen around 1 keV and 6.5 keV, which can be identified respectively with
iron L line complex and an iron K emission line. An acceptable fit is obtained with
the sum of a power-law, a Raymond-Smith (R-S) thermal plasma model (Raymond &
Swmith 1977) and a Gaussian at 6.7 keV. In the fitting, the absorption column density
s assumed to be the Galactic value (3.1 x 10* em~2; Murphy et al. 1996) for the R-S
comnponent and left free for the power-law component. The best fit parameters of the
X-ray continuum are summarized in Table 1 and the best fit model are also shown in Fig.

1 as a histogram. The photon index of the power-law component is 1.72 £ 0.05 (hereafter

54. LOW LUMINOSITY SEYFERT I GALAXIES 51

dala/modeal

EnergylkeV]

Figure 5.3: Datﬂfﬂmdnl ratio for the best fit continuum model aronnd an iron K emission
line in NGC 4579. The crosses with and without filled ecircle represent SIS and GIS data,
respectively.

quoted errors are 90% confidence for one interesting parameter), and the X-ray luminosity
of this component is 1.5 x 10" ergs s™ in the 2-10 keV band. Although a small excess
absorption Ny = 443 x 10" ecm™ is necessary to fit the data in addition to the Galactic
absorption, Ny is still consistent with the Galactic value if the calibration uncertainties
of SIS at low energies are taken into acconnt. Since the power-law component dominates
the X-ray flux even in the soft energy band, the abundance of the metals in the R-S
component is poorly constrained. Therefore we fixed the abundance at 0.5 solar. Then
the soft component is represented by the R-S model with k7 = 0.907:. and Lx(RS) of
1.2 x 10" ergs s™! in the 0.5-4 keV band. The X-ray luminosity of the R-S component
depends on the assumed abundance value, and 0.88 x 10" and 1.7 % 10" erps s~' are
obtained for assumed abundances 1.0 and 0.1 solar, respectively. This decomposition of
the spectrum is very similar to that of many other low luminosity objects ohserved by
AS5CA (Serlemitsos, Ptak and Yaqoob 1996), The hard band spectrum can be also be well
represented by a Raymond-Smith thermal plasma with &7 = 7.9533 keV and abundance
of ﬂ.iéfgjig i stead of a power-law plus Gaussian.

An iron K line is clearly detected in the X-ray spectra and an addition of a Gaussia
line improved yv2 by 20.0 for three additional parameters (line center energy, line width
and normalization). Therefore an iron line is statistically significant at more than 99.9 %
confidence according to the F-test. The line center energy is 6.735043 keV (rest frame),
which is higher than the 6.4 keV typically observed from Seyfert 1 galaxies. The equivalent

8 . - + 180 1 A - B s - . , -
width is 4907130 eV, The iron line profile is shown in Figure 2 as the ratio of the data
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Table 5.11: Hesults of spectral htting to the SIS and GIS spectra of NGC4579
madel Npulgalactic) kT abundance Nii I' or kT [keV] abundance v*/dof
[10-" em ] (ke V] solar] [10°Y em—*| -
(1) 3.1(F) 0.90%50:  0.50(F) 41427 1.72 £ 0.05 192.4/201
(2) 3.1(f) 0.88101L  0.50(f) 0(f) 19705 0.55101%  108.2/204

Line Energy [keV]

Line width o [keV]
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The fitting models are (1)Raymond-Smith + Power-law and (2)Raymond-Smith + Raymond

Smith, (f) in the table denotes frozen parameter, The quoted errors in parenthesis are at the

Figure 5.4: left: Confidence contours for the line energy and intensity. The line width
is left to be vary. right: Confidence contours for the line width (Gaussian ¢) and inten-
sity. The contours correspond to 68%, 90%, and 99% confidence level for two interesting

parameters (Ax*® = 2.3, 4.6, and 9.2, respectively).

to the best fit continunm component of the above fitting. Figure 3 shows the confidence
contours for the line energy and intensity. The best fit energy agrees with He-like iron
and the 90% confidence range corresponds to the ionization state from FeXX fo FeXXV
(He-like). The line center energy of 6.4 keV, which is expected from cold or low ionized
iron, is excluded at more than 99% confidence level. The confidence contours for the
line width ¢ and intensity are shown in Figure 4. The emission line is marginally broad.
Althongh the best fit width is ¢ = 170 eV, a narrow line cannot be excluded at 90%
confidence level for 2 interesting parameters. [f we fix the line width at =0, the line
center energy of 68213 keV and equivalent width of 360F122 eV are obtained.

A combination of multiple narrow lines instead of a single broad Gaussian also provides
a good fit (x%2=0.958 for 201 dof), where the line center energies are fixed at 6.4 keV,
6.7 keV. and 7.0 keV. which represent cold. He-like, and H-like iron, respectively. The
obtained equivalent widths are 110715, 240 4, and 1601125 eV, respectively (Table 2).
The 6.7 keV line is the dominant component also in this model.

Many Seyfert 1 galaxies show broad iron lines with a significant red tail and they are
interpreted as originating from inner part of a relativistic accretion disk (e.g. Tanaka
et al. 1993). We examined the disk-line model by Fabian et al. (1989) instead of the
Gaussian model. Since statistics are limited, only two parameters, the inclination angle
of the disk and normalization, were left free. The inclination angle is defined such that

; =  corresponds to a face-on disk. The line emissivity is assumed to be proportional

90% confidence level for one interesting parameter.

Table 5.12: Gaussian fits to the iron K line

model Er a EW x-/dof
[keV] ke V| [eV]
narrow Gaussian  6.827010  O(f) 360710 195.5/202
broad Gaussian 6.737010 DATHAL 40018 102.4/201
three namrow Gaussians G.4(f) O(f) 1 L[Jif'f"f: 192.6/201
6.7(F) o(f) 240+
7.0(f) 0(f) isoriss

to 1% and q is fixed at 2.5, which is the typical value for Seyfert 1 galaxies (Nandra et
al. 1997a). The line center energy is fixed at 6.4 keV or 6.7 keV. The inner radius of the
line emitting region is fixed at 6r,, where r, = GM/c? is the gravitational radius. The
outer radius is fixed at y* local minima in the fitting 16.6r, and 10.5r, for 6.4 keV and
6.7 keV case, respectively. The disk-line model fits provided worse reduced chi-square
values Ax® ~8 than the Gaussian modeling. The best fit parameters are summarize in
Table 3. Although the fit is acceptable, systematic positive residuals are seen around
0.7 keV, This is probably due to absence of significant red asyvmmetry in fhe observed
profile. The obtained equivalent width ~ 900 eV is extremely large compared to the
i-:alnr:- expected from a X-ray irradiated disk (e.g. George & Fabian 1991) and observed
in Seyfert 1 galaxies (Nandra et al. 1997a).
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Tuble 5.13: Disk-line morlel fits to the iron K line

B B B ' EW ¥° /dof
keV] [Ry)] [Ry]  degree [eV]
6.4(f) 6(f) 166(f) 42x4 8807300 200.7/202
6.7(F) 6(6) 105(f) 363 920135 201.5/202

Discnssion

X-ray emission from a low luminosity AGN

We obtained X-ray images and spectra in the 0.5-10 keV band and a point-like X-ray
source with a photon index of [' = 1,72 £ 0.05 is detected. An iron line is also detected
at 6.7 keV. In the soft energy band, a broad line like feature identified with iron-L line
complex indicates the presence of thin-thermal plasmas of temperature kT ~ 0.9 keV.

The X-ray luminosity (1.5 x 10" ergs s~ in 2-10 keV ) is 1-3 orders of magnitude
smaller than typical Seyfert galaxies and falls in the classes of LINERs and "low luminos-
ity" Seyfert galaxies (Serlemitsos et al. 1996, Iyomoto et al, 1996, Ishisaki et al. 1996).
In normal spiral galaxies, the X-ray emission is dominated by discrete sources specifically
low mass X-ray binaries (LMXBs) (e.g. Fabbiano 1989, Makishima et al. 1989). The
X-ray luminosity from LMXBs are ronghly proportional to B-band luminosity Ly and
their X-ray spectra can be approximated by a thermal bremsstrahlung of a temperature
of several keV, The ASCA X-ray spectra of NGC 4579 well fitted by KT ~ 8 keV thermal
plasma model, However the strong iron line at 6.7 keV is not compatible with the X-ray
spectra of LMXBs, since equivalent width of iron emission lines from LMXBs are small
(several tens of eV, Hirano et al. 1989), Additionally, the Lyx/Lg value 1.3 X 10~ is more
than an order of magnitude higher than normal spiral galaxies (e.g. Lx/Lg=3.0 X 107
for M31: Makishima et al. 1989), Therefore we conclude that AGN emission dominates
the ASCA spectra and that contribution from LMXBs to X-ray emission of NGC 4579 18
negligible,

If the primary ionizing mechanism of LINER optical emission lines in this galaxy 1s
photoionization by a low luminosity AGN, Lx/Lua might be expected to be similar to
Seyfert 1 galaxies, for which there is a good positive correlation between Ly and Ly,
(e.g. Ward et al. 1988, Koratkar et al. 1095, Serlemitsos et al. 1996), Using the Ha
luminosity of broad plus narrow component. Ly, = 5.9 X 10% ergs s=' (Ho et al. 1997b)

=1 LOW LUMINGOSITY SEYFERT | GALAXIES

and the observed X-ray luminosity in the 2-10 keV band, we ohtain Ly /Ly, = 26 for
NGC 4579. This value is m excellent agreemeut with those of Seyfert 1 galasies (Ward
pt al. 1988) and strongly supports a low luminosity AGN as the onizing source of the
LINER in NGC 4579.

Less haminous Seyfert 1 galaxies tend to show rapid amd large amplitude variabilin
(Mushotzky, Done and Pounds 1993 and references therein). However NGC 4579 shows
no significant short term vanabilityv. Lack of vanability on short time scales seems to
he a common property of low Inminosity AGNs (Mushotzky 1993, Petre et al 1993) for
example the low lnminosity AGN in NGC 1097 (Iyomoto et al. 1996) and NGC 3008
(Awaki et al. 1992) also show no significant variability on time scales less than a day

The X-ray spectral slope I' = 1.72 = (.03 15 1dentical to the average value found for
Seyfert 1 galaxies (Mushotzky, Done aud Pounds 1993) but the luminoesity is lower than
that of any Seyfert 1 galaxy but NGC 4051, Based on the FWOI (full width at 0 intensity )
of a broad emission line and an estimate of the size of the broad line region, mass of the
central black hole is M, ~ 4 x 10°M,. Then the Eddington ratio L/ Lggy is ~ 1072 for the
observed luminosity of ~ 5 x 10* ergs s™* (Barth et al. 1996 a). Therefore X-ray spectral
slope does not seem to be drastically changed even as a very low Eddington ratio. This is
also true for M81, for which L/Lg4y is estimated to be ~ (2 —10) x 10~ (Ho, Filippenko,
& Sargent 1996) and the photon index is 1.85 £ 0.04 (Ishisaki et al. 1996).

Soft thermal emission of k7T ~ 0.5 — 1 keV is often observed from low luminosity
AGNs (Ptak 1997). In some cases, such emission is associated with starburst activity
(e.g. Iyomoto et al. 1996, Terashima et al. 1998a). The far infrared luminosity of
NGC 4579 is 1.5 x 10* ergs s~! and some star formation activity may be present and
may explain the thermal emission. The X-ray to far infrared luminosity ratio Ly /Lgg =
6 x 10~* —1.1 x 107? is consistent with starburst galaxies (e.g. David, Jones, & Forman
1992) within scatter.

ron-K hne

A marginally broad (o = 0.17 keV') iron emission line is clearly detected at 6.735] 15 keV
and the equivalent width is 4907150 eV for the broad Gaussian model fit. The line cente;
energy is significantly higher than 6.4 keV, which is typically observed from Seyfert 1
galaxies, and consistent with He-like iron. Similar broad iron line centered at ~ 6.7 keV
s detected from the low luminosity Seyfert salaxy M81 (Ishisaki et al. 1996, Serlemitsos
€1 al. 1996). The line can also be represented by line blending of neutral, He-like, and

H-like iron and dominated by He-like iron. The disk-line profile (Fabian et al. 1989) is
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ot ineonsistent with the data for 6.4 keV or 6.7 keV intrinsic line energy. However the
chi-square value s worse than a single broad Gaussian fit and sysiemare residuals remain
i the disk-line fit, since a significant red tal is not clearly seen in the data. Another
problent of the disk-line model is the very large rquivalent width ~ 900 eV, which is ahouf
| times larger than the results of the disk-line fit 1o Seyfert 1 galaxies |<EW>=230x60
oV Nandra et al. 1997a). Therefore onr data prefer a symmetric Ganssian-shape profile
with intrinsic line center enerey of 6.7 keV (He-like) and /or 7.0 keV (H-like) rather than
6.4 keV (<Fe XVI). Thus the ionization state of the iron line emitter may be: ditferent
from that of ligher lnminosity Seyfert 1 galaxies i at least some low luminosity AGNs
(NGC 4579 and MS81)

Strong ionized iron emission lines ate observed in heavily obseured Seyfert 2 galaxies
(NGC 1068, Ueno et al. 1994, Iwasawa, Fabian, & Matr 1897 NGC 1365, LIyomoto et
al. 1997: see also Turner et al. 1997a. b). In these objects continuum emission from the
nuilens is completely blocked and only scattered radiation is observed. [onized iron lines
are interpreted to be originated from a photoionized scattering medium. If the continuum
of NGC 4579 is scattered radiation, the observed X-ray lnminosity is only a fraction of its
intrinsic luminosity, Since the scattering fraction is typically less than 10 % for Seyfert
2 galaxies (Ueno 1993), the Lyx/Liony should be less than 10 % of those of Seyfert 1
galaxies as is the case for NGC 1068 (Mulchaey et al. 1992). However observed X-ray
to [OIIAS007 luminosity ratio Lx/Liony is very similar to Seytert 1 galaxies. Therefore
the observed X-ray contimunm is not likely to be due to scattered component but a direct
continunm from the active nuclens, Then the vbserved iron line should be emitted from
the matter ¢lose to the nuelens in order to be ionized and /or broadened due to the Doppler
ettect.

If the iron line is emitted by the accretion disk, a line profile with significant red
tail 18 expected (Fabian et al. 1980), On the other hand, the observed profile seems to
be symmetric in shape although the statisties are limited. Broad lines with weaker red
tail than Sevfert 1s are observed in AGNs with mueh higher luminosity; Lx> 10™ ergs
s=! (Nandra et al. 1997b). If the innermost part of the accretion disk is almost fully
ionized. the red component is expected to be very weak or absent consistent with the
interpretation that the observed iron I emission is from an ionized disk.

The obtained equivalent width (~ 500 eV for the Gaussian model) is rather large
compared to that seen in most Seyfert 1 galaxies. If the disk is highly ionized, the
fluorescence yield of iron increases and absorption by lighter elements decreases as light
elements are almost completely ionized. In such a situation the equivalent width of an 1rom

line can increase by a factor of two (Matt et al. 1993, Zyeki & Czerny 1994). Therefore
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tlie large equivalent widthi 1s also naturally explatied by o owomzation effect

The ionization state of photolonized matter 15 detertuined by ay wnization param:
ter £ = L/nR* (Kallman & McCray 1982), where L, n, and R 1s luminosity of ionizipe
photons, number density of photoionized matter, distance from light source to photaion
ized matter, respectively. The N-ray lununosity of NGC 4579 15 only 1.5 x 10" ergs g7/
which is 1-3 orders of magunitude smaller than nswal Seyfert | galaxies, and the X-ray
lumuinosity of M81, fromi which an jron line centered at ~ 6.7 keV s detected. is oven
lower (~ 2 x 10™ ergs s7'), In order o photolonize won aroms to He-like, € should be
at least ~ 900, while £ < 100 is required for less ionized species (< Fe XVI) which is
probably appropriate for usial Seyfert 1 galaxies. Therefore n /= in the iron line emitting
region should be more than 2.5 orders of magnitnde smaller than that of luminons Seyfert
| galaxies. An expected lonization parameter under an assumption of standard a disk 1s
calculated by Matt et al. (1993), According to their results, the ionization parameter Lias
a strong dependence on the mass aceretion rate £ oc m? (eguations (3) and (6) in Matt et
al. 1993), where m is denoted 1 units of the eritical accretion rate m = L/ Lggg. In order
to ionize iron to He-like, m should be at least 0,2 (Figs. 2 and 5 in Matt et al. 1993).
However the order-of-magnitude estimate of the central black hole mass by Barth et al.
(1996a) combined with the observed luminosity gives a significantly smaller value of m
~ 1 x 107", Then we cannot explain the very low luminosity and the ionized iron line al
the same time in the standard disk model. This may suggest that the accretion processes
in AGN is different in a very low luminoesity situations with very small .

An advection dominated accretion fHow (ADAF) model i1s proposed for AGNs speeif
ically for objects radiating at very low Eddington ratio (e.g. m ~ 1071 for NGC 4258,
Lasota et al. 1996). In the model by Lasota et al. (1996), a standard disk is assumied
outside of ry,, and an ADAF inside of ry,. [n an ADAF, acereting matter is heated np
to very high temperature (7, ~ 10K, T, ~ 10"K). However our detection of an iron
line indicates the presence of highly ionized (but not fully ionized) matter snrrounding
a large solid angle viewed from the light source. This means that r;, should be small
and a geometrically thin disk is appropriate, Therefore iron litie 11 NGC 4379 cannot be
explained solely by an ADAF model and the real situation in NGC 4579 may correspond
10 a condition near the transition from the a disk to an ADAF.

Future sophisticated modeling of aceretion in low luminosity AGNs and calculation of
expected iron emission as well as precise measurements of an iron K line and mass deter
tination by HST Space Telescope Imaging Spectrograph will be important to understand
physical processes in extremely low luminosity AGNs.
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5.4.3 NGC 5033

Results

X-ray images look like point like in both soft and hard energy band. Azimuthally
averaged profiles of surface brightness is well fitted with the PSF of ASCA XRT + 515
in the 0.5-2 keV and 2-10 keV band. X-rav light curves in the 0.5-2 keV and 2-10 keV

band are shown in Fig 5.5. Intensity variation of 30% in time scale of ~ 10 sec is clearly
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Figure 5.5: X-ray light curve of NGC 5033. SIS (0.5-10 keV) and GIS (0,7-10 keV) data

are summed. Bin size = 9760 sec.

X-ray spectra of most of objects in our sample consist of at least two component, a
soft thermal and hard component. On the other hand, Gaussianin NGC 5033, there is no
indication of the presence of low energy emission lines from thermal plasmas, and X-ray
continunm is well represented by a single component. An emission line like feature is seen
around 6.4 keV. Therefore we fitted the overall spectra with a continuum plus Gaussian
model.

A power-law plus Gaussian model well represent the observed spectra and the best
fit parameters are summarized in Table 5.1. The observed spectra are shown in Fig 5.6
together with the best fit model. The best fit photon index is 1.72+0.04 and the absorption
column density (Ny =8.7 £ 1.7 em™?) is slightly higher than the Galactic value 1.1 X
102 em~2, The X-ray flux in the 2-10 keV band is 5.5 x 107** ergs s
1

corresponds to 2.3 x 10" ergs s™-.

em—< which

An addition of a narrow Gaussian model improved chi-square value Ay? = 22.5 for two
additional parameters (line center energy and intensity) compared to a simple power-law

fit. According to F-test, this component is statistically significant at 99.999% confidence,
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The best fit hne center energy and equivalent width are 6,38 H::” ke and 200 £ 100 e\

respectively. If line width is allowed to be vary, chi-square value improves by only A% =
0.1 and the best fit line center, width, and equivalent width ave 6.4175 58 keV, 1005180 oV
32018 eV, respectively. Thus the line width is consistent with a narrow line, The
spectrum around won K emission is shown in Fig 5.8 as ratios of the data to the best
fit continuum model. Confidence contours for the line epergy and intensity and for the
line width and intensity are shown i Fig 5.7. In the iron line profile, there is a hint of a
wing to higher energy side. We tried au additional narrow Gaussian at 6.7 keV. Howeve
chi-square improves only Ay? = 0.9 and equivalent width is obtained to be 4I_]J:l,;-J_|” ev.

Many Seyfert 1 galaxies show an iron line profile skewed to red which is interpreted
to be originated from inner most part of the accretion disk (disk line; Fabian et al. 1980).
We examined the disk line model. Since photon statistics are limited, we fixed the line
center energy at 6.4 keV and the inner radius of the line emitting region at 6r,, where
ry = GM /¢* is the gravitational radius. The line emissivity is assumed to be proportional
to r~% and ¢ is fixed at 2.5, which is typical value for Seyfert 1 galaxies (Nandra et al.
1997b).

[n this model fitting, the outer radius of the line emitting region becomes greater than
1000r, indicating that the iron line is emitted from an outer region in which relativis-
tic effect is not significant and that line width is narrow. This is consistent with the
Gaussian fit result which gives narrow line width. Additionally observed line profile show
no significant red tail, although statistics may be too poor to recognize such a feature,
We tentatively fixed the outer radius at 1000r, and obtained slightly worse (Ay*=+6)
compared to the Gaussian model but acceptable fit was obtained. The fitting results are
summarized in Table 5,14.

A thermal bremsstrahlung plus Gaussian model fit provided worse y* (Ay®=25.5)
than power-law plus Gaussian fit and systematic negative and positive residuals are seen
below 0.7 keV and above 7 keV, respectively. Furthermore the best fit center energy of
the Gaussian component 6.38 keV indicate an emission line is fluorescence origin from
neutral or low ionized (<FeXVI) iron and inconsistent with thermal origin. Therefore we

conclude that thermal model is not appropriate for the NGC 5033 spectrum.

Discussion

X-ray variability of time scale of ~ 10 sec is detected in one day observation of NGC
9033. Less luminous Seyfert 1 galaxies tend to show large amplitude and rapid variability

compared to luminous Seyfert 1 and quasars. However observed variability amplitude of

NGC 35033 is only ~30%. If other hard X-ray emitting components such as X-ray binaries
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Table 5.14: Disk line model fits to the tron K line
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Figure 5.6: X-ray spectra of NGC 5033. left: SIS, right: GIS

and starburst activity contribute to the X-ray flux significantly, the AGN component is
diluted and smaller amplitude of the variability than intrinsic amplitude is observed. How-
ever this possibility is unlikely, since Ly /Ly, 18 quite similar to AGNs and large Lx /Ly
suggest that emission from X-ray binaries does not contribute to X-ray flux significantly.
Therefore observed small amplitude seems to be real and the negative correlation between
amplitude and luminosity is not seen at a luminosity around ~ 10% ergs s=* any longer.
The low luminosity Seyfert / LINER NGC 3031 (M81) (Lx~ 3 x 10* ergs s=!) show also
small amplitude variability (Ishisaki et al. 1996). Note that the low luminosity Seyfert
NGC 4051 is a narrow line Seyfert 1 galaxies, which is a subclass of Seyfert galaxies and
known to show rapid variability as a class.

The X-ray spectrum is well represented by combination of a power-law continunm and
a Gaussian line, The continuum shape is very similar to Seyfert 1 galaxies with higher
luminosities as is the case for NGC 45379. An iron emission line is detected at 6.4 keV
which is consistent with fluoresce origin (Makishima 1986.) The 6.4 keV iron emission 1s
generally observed from Seyfert 1 galaxies and the line width is often observed to be broad

and skewed to lower energies (e.g. Nandra et al. 1997h). The iron emission from Seyfert
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Figure 5.7: left: Confidence contours for the line energy and intensity. The line width is
left to be vary. right: Confidence contours for the line width and intensity. The contours
correspond to 687, 90%, and 99% confidence level for twa interesting parameters (A y?

= 2.3, 4.6, and 9.2, respectively).

1 galaxies are interpreted to be originated from the innermost part of the aceretion disk
(e.g. Tanaka et al. 1995).

The iron emission in NGC 5033 is consistent with narrow line width and no clear
signature of broad red tail observed in Seyfert 1 galaxies is seen. Moreover the best fif
equivalent width 290 = 100 eV is larger than the equivalent width of the narrow core of
the iron lines in Seyfert 1 galaxies 100-150 eV. These results would suggests that the
narrow lron line contribution from putative molecular torus in the unified scheme. The
iron line profiles of Seyfert 1 galaxies are well fitted with the 'disk-line' model by (Fabian
et al. 1989) and no additional narrow component from the torus is not required excep!
for small number of objects (Nandra et al. 1997b). Then the torus would be absent or
subtends small solid angle viewed from the nucleus. On the other hand, the iron line in
NGC 5033 is explained if the disk-line and narrow line from the torus contribute to the
equivalent width of 100-150 eV each. The optical emission line spectrum is classified as

intermediate type (Seyfert 1.3). This is also consistent with the orientation dependent
nnified model.
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Figure 5.8: Data/model around iron K emission in NGC 5033.
5.5 Low luminosity Seyfert 2 Galaxies

5.5.1 Introduction

[n Seyfert 2 galaxies, the central engine same as Seyfert 1s, 1.e. accretion onfto a super
massive blackhole, is thonght to be present. Actually X-ray observations with Gingo and
ASCA detected a hard X-ray source suffered from large absorption (e.g. Awaki et al.
1990, Awaki et al. 1991).

The recent optical spectroscopic surveys of bright galaxies revealed many galaxies

1997a. c).

Low luminosity Seyfert 1 galaxies exhibit some difference compared to higher luminosity

have ' dwarf' Seyfert nuclel (more than 10% of bright galaxies; Ho et al.

ones as discussed in the previous section; for example longer X-ray variability time scales
and variety of iron K emission lines. X-ray observations of low luminosity Seyfert 2
galaxies have been done for very limited number of objects so far. because of apparent
weakness due to heavy obscuration and limited sensitivity and /or energy band. Are they
similar to higher luminosity Seyfert 2s? X-ray measurements of Seyfert 2 galaxies provide
information on ionizing source, distribution of surrounding matter and we can compare
them with higher luminosity Seyfert 2s.

One important aspect of observations of low luminosity Seyfert 2s is to clarify how
many obscured AGNs there are and how much they contribute to the X-ray background.
The X-ray spectrum of the Cosmic X-ray backeround is harder than type 1 AGNs, and
X-ray sources with hard spectrum is required to explain the X-ray background by su-

perposition of faint X-ray sources. Seyfert 2 galaxies are s candidate of such a class of
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abjects (Awaki 1991, Comastri et al. 1995), ROSAT X-ray surveys revealed the numiber
of narrow emission line galaxies wucrease at low flux level ( Fx(0.5-2 keV)< 107" gros
s~ tem™?) and there X-ray spectra are hard (Almaiui et al. 1996). Therefore they may be
a candidate to explain the origin and the spectral paradox of the X-ray backgronnd, Ob
servations of nearby relafively low luminosity Seyfert 2s are suitable to measure spectral
shape precisely and to understand structure around central engine

A few X-ray observation of weak Seyfert2 galaxies are available in the literature.
BeppoSAX observed two weak Seyfert 2s NGC 4941 and NGC 3393 and deteeted SH oY
iron K emission at 6.4 keV (Salvati et al. 1997). Although the X-ray continuum of NG(
4941 is very hard, the X-ray emission in the hard energy band is consistent with both a
transmitted continuum through Ny> 4 x 10* em™ and a reflection dominated spectrum
because of poor photon statistics. On the other hand, ASCA detected strong iron K
emission centered at 6.7 keV from NGC 1365 aud NGC 1386 (Iyomoto et al. 1997).
These difference of iron line energies would be due to difference of seometry of a putative
obscuring torus.

In this section, we present ASCA observations of low luminoesity Seyfert 2 zalaxies

NGC 1667, NGC 2273, NGC 3079, NGC 4941. NGC 5194 (M351), and NGC 4565.

5.5.2 NGC 4941 and NGC 2273
NGC 4941

The X-ray spectra of NGC 4941 obtained with SIS and GIS are shown in Fig 5.9. Excess
emission above ~ 4 keV | which suggest the hard band spectrum is obscured by a column
density of Ny> 10% em ™2, and strong line emission is visible around 6.4 keV. A simple
power-law model provides reduced chi-square of 2.45 for 35 dof. A good fit is abtained by
a partial covering model plus Gaussian model. The best fit parameters are summarized in
Table 5.3. The best fit model is also shown in Fig 5.9, The hard component is obscured
by Ny=1.018% x 10* em~? and accompanied by a strong emission line at 6.33755% keV
(rest frame) with an equivalent width of 760738 eV. The line center energy is consistent
with iron K emission from cold or lower ionized iron. These properties are quite similas
to Seyfert 2 galaxies with higher huninosities.

The observed flux in the 2-10 keV band is 1.3 x 1072 ergs s 'cm 2, which corresponds
to the luminosity of 6,4 x 10% ergs s~ at 6.4 Mpe. This observed luminosity is the smallest
among Seyfert 2 galaxies observed in the X-ray regime. The intrinsic luminosity corrected

for the absorption is 48755 % 10% ergs s~L.
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Figure 5.9: SIS (left) and GIS (left) spectra of NGC4941. The best fit partially covered

power-law + Gaussian model is shown as histograms.

NGC 2273

A-ray image

Fig 5.11 shows SIS images of NGC 2273 field in the 0.5-2 keV and 2-10 keV band.
NGC 2273 and one serendipitons source ~ 2' south from the nucleus of NGC 2273 are
detected, The serendipitous source is identified as the radio source 064542.04+605210.
The X-ray images indicate NGC 2273 is bright in both soft and hard band images, while
064542.0-4-605210 is soft and very dim in the hard band image.

X-ray spectrum

Firstly, we extracted X-ray spectra of each sources within radii of 1.5" from NGC 2273
and 1" from the radio source using SIS data, as SIS has superior spatial resolution than
GIS. Obtained X-ray spectra of these source are shown in Fig 5.12. The X-ray spectrum
of the radio source is represented by a power-law model with a photon index of 1.9. On
the other hand, the NGC 2273 spectrum shows hard continunm and a strong emission
line around 6.4 keV. A single power-law fit gives unacceptable fit with reduced chi-square
2.2 for 16 dof. A good fit is obtained if we introduce partially covering to the power-law
continuum. The best fit parameters are summarized in Table 5.15.

Observed flux of NGC 2273 is 1.14 x 10™'* ergs s™'em ™ in the 2-10 keV band, this
corresponds to observed luminosity of 1.1 x 10" ergs s™' and intrinsie luminosity of
6.1 x 10" ergs s~ at 28.4 Mpec.

Secondary, we tried to fit the SIS and GIS spectra simultaneously. In the GIS data

spectra of NGC 2273 and the radio source cannot be extracted separately because of
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Figure 5.10: X-ray image of NGC 2273 obtained with SIS. left: 0.5-2 keV, right: 2-10
keV band.

Figure 5.11: SIS image of NGC 2273 field

coarser spatial resolution than SIS. Therefore we extracted a spectrum within 4 radius
from the NGC 2273. This spectrum includes both NGC 2273 nucleus and the radio
source. Then we fit three data sets (1)SIS spectrum of NGC 2273, (2)SIS spectrum of the
radio source, and (3)GIS spectrum of NGC 2273 + radio source, with models; (partially
covered power-law + Gaussian) for (1), absorbed power-law for (2), and (partially covered
power-law 4+ Gaussian) + absorbed power-law for (3). The spectral parameters ave tied
between SIS and GIS but normalizations are left free. The best fit results are summarized
in Table 5.16.

The obtained fitting parameters are consistent with SIS results, but errors are small.
The hard component is obscured by Ny=4.6%1] x 10 cm~?, and the continuum slope is
1.48%035. The emission line is detected at 6.331 008 keV (observed frame) or 6.3770'0 keV
(rest frame) which is consistent with cold or lower ionized iron-K emission. The equivalent
width is 1.477 keV, These spectral properties are quite similar to Seyfert 2 galaxies with
higher luminosities.

5.13
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Table 5.15: Best fit parameters for SIS spectra of NGC 2273 and the radio source

name model Nu I’ F o EW xﬂfd;_’t:-:
[10°% ergs s—1] [keV] [eV] [keV]
NGC 2273 PL+Gauss 0 0.93 6.29 0(f) 6.30 32.5/15
partial cover 0(< 0.22) 144108 6.32__':3_'?3 O(f) l-ﬁﬁtg::lﬁ LT.S;’H
+ Gauss 80(> 36) (CF 0.97015:05")
radio source PL 0(< 0.38) 1.9410:91 = e 9.8/6

Table 5.16: Best fit parameters for simultaneous fitting for SIS and GIS spectra of NGC
2273 and the radio source

TLAITe model Ny r E a EW x* [ dof
(1022 ergs s~!] (ke V] [eV] [keV]
NGC 2273  partial cover 0(<) 1.481022 6.33102% 0O(f) 1.4%33 70.9/56
+ Gauss 46115 (CF 0.947503)
radio source PL 0(< 0.10) 2.U4fﬁ:§§g - — — 9.8/6

Table 5.17: Observed flux and luminosity in 2-10 keV (SIS)

observed luminosity intrinsic luminosity
(107! ergs s~ 'em™2] [10" ergs s~ [10% ergs s—1]

NGC 2273 1.14 1.10 6.08

radio source (.11

name observed flux

2. 0.
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Figure 5.12: left: SIS spectrum of the NGC 2273 nucleus (r < 1.9") (left), The best fit
model (partially covered power-law) is shown as histogram. right: SIS spectrum of the

radio source located at ~ 2' from the nucleus (r < 1') fitted with a power-law

Discussion

continuum shape

We detected heavily obscured hard X-ray emission from low luminosity Seyfert 2
galaxies NGC 2273 and NGC 4941. Both objects are obscured with column densities
of 10 — 10%* em™2. Such large obscuration is often observed i Seyfert 2 galaxies (e.g.
Turner et al. 1997a, Smith & Done 1996, Awaki et al. 1991). The best fit photon 'lljilr:;-?{
~ 1.5 1s also consistent with Seyfert 2 galaxies. The intrinsic luminosities are 1-3 orders of
magnitude lower than previously observed Seyfert 2 galaxies: 6.1 x 10! ergs s~ for NGC
2273 and 4.8 x 10" ergs s~! for NGC 4941. Thus the continuum shape is very similar
to higher luminosity Seyfert 2 galaxies even in very low luminosity Seyfert 2 galaxies. As
shown in previous section, the photon indices of low luminosit v Seyfert 1 galaxies are also
quite similar to Seyfert 1 galaxies with higher luminosities. Therefore continuum shape
s luminosity independent for both type 1 and type 2 Seyfert galaxies.

Narrow emission line galaxies (NELGs) with hard X-ray spectra detected in ROSAT
surveys have optical emission line ratios classified as HII or Seyfert 2 on the excitation
diagrams. Their X-ray fluxes are Fx(0.5-2 keV)< 10— ergs s 'em™? and they are abun-
dantly present around a redshift of ~ 0.5 (Almaini et al, 1996. 1998). Iwasawa et al,
(1997) suggest that X-ray emission of NELGs is essentially come from hidden AGN based
on hard X-ray spectra and large Ly [Lgg of AXJ 1740+684.
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Figure 5.13: GIS spectrum of the NGC 2273 nucleus + the radio source located at ~ 2
from the nuclens. The fitting is simultaneous with the SIS spectrnm of each sources, but

normalizations of each spectral component are left free independently.

We have shown that Seyfert 2 galaxies NGC 2273 and NGC 4941 indicate very hard X-
ray spectra (see results of single power-law fit ). If they are placed at a redshift of ~ 0.3, an

' is expected. If relatively low luminosity Seyfert

X-ray flux of several times 1071% ergs s~
2 galaxies are numerous even at redshifts greater than 0.1 as is local universe, this class of
objects may coutribute the X-ray background significantly, The optical classification of
nuclear spectra could be diluted by eircum nuclear starforming regions and /or starlight
for distant objects and it is possible that more active galaxies are present than currently
thought to be.

Obviously quantitative estimation based on larger sample of X-ray spectral measure-

ments as well as results from surveys observation will be necessary.
won K line

We detected strong iron K emission from NGC 2273 and NGC 4941. Such intense
iron K emission is generally observed in Seyfert 2 galaxies (e.g. Turner et al. 1997a).
The center energies of iron emission line from NGC 2273 and NGC 4941 are 6.33F59% and
6.37% 008 keV (rest frame). respectively, which 1s consistent with fluorescence origin from
cold or lower ionized iron as is observed in higher lnminosity Seyfert 2 galaxies.

The iron line in Seyfert 2 galaxies are originated from obscuring matter and for scat-
tering matter located above the putative obscuring torus. The equivalent width of iron
K emission from NGC 4941 760105 eV is consistent with that expected from trans-
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mission through the observed colimn density Nyp=1.0113 x 10 ¢m~2 On the other

hand, the strong iron emission from NGC 2273 (equivalent width of 14702 keV) is rathes
large compared to calculation of iron equivalent width produced by transmission throngh
_"fuz-l.ﬁf}f} x 10%* emi—=. This suggest that there s significant contribution from reflection
component possibly due to iner surface of a putative torus as several Seyfert, 2 ealaxies
(Malaguti et al. 1997, Matt et al. 1996, Reynolds et al, 1994, Fukazawa er al. 1094
see also Turner et al. 1997h). Alternatively, luminosity decrease of central continuum
source also explain the strong iron emission, Iron line emitting matter is located far from
the nucleus, iron line intensity remains constant after luminosity decline of the nuclens

(Iwasawa et al. 1994),

5.5.3 NGC 5194 (M51)

The 515 and GIS spectra were extracted from a region within 3° of the M51 nucleus in
radius and fitted simultaneously. Only data from SISO chipl and SIS1 chipd were used
for extracting SIS spectra since most of the source flux fell on these chips. The count
rates of M51 for the SIS and GIS were 0.05 counts s~! and 0.03 counts s—!. respectively.
Although the companion galaxy, NGC 5193, is located ~ 4/ to the north of M51, its X-Tay
flux is about 1/4 that of M51 in the 0.5-10 keV band according to the present ASCA
observation, therefore the flux from NGC 51935 does not significantly affeet the results on
M1,

X-ray images

The ASCA SIS0+1 image of M51 in the 0.5-10 keV band is shown in Figure 1. The
A-ray emission from M51 and the companion NGC 5195 is clearly detected, The discrete
sources detected in the ROSAT (Marston et al. 1995: Ehle et al. 1995: Read et al. 1997)
and Einstein (Palumbo et al. 1985) observations are not clearly seen in the ASCA image
and only hints of the sources A and B in Palumbo et al. (1983) are seen.

In order to evaluate spatial extent of the N-ray emission, we examined a brightness
profile of the SISO image (the SIS have superior spatial resolution to the GIS). We used
a rectangular region parallel to the detector x-axis. as shown in Figure 1. The brightnese
profile projected onto the detector x-axis in this region is shown in Figure 2 for the
0.5-2 keV, 2-5 keV. and 5-10 keV energy bands. The histogram in Figure 2 represents
the point spread function of the ASCA XRT + SIS in each energy range at the source

position projected onto the detector x-axis in the same way as actual data. The brightness

distribution is thus clearly extended in the 0.5-2 keV and 2-5 keV energy bands compared
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model, where we assumed Galactic absorption (Ny= 1.3 x 102 em~2: Stark et al. 1992).

13A30Mm 305 3Fh30MOQS IP29M3IQNS

The fitting results are summarized in Table 1. The reduced chi-square was 1.242 for 142
RightAscensim (J2000) d.o.f. in this model. However, emission-line-like residuals still remained at ~0.65 keV.
0.9-1.0 keV and ~1.9 keV which we identified as H-like O-K, He and H-like Ne-K and He-

Figure 5.14: Contour map of M31 and NGC 5195 taken with SIS detectors (SIS0 + . s g e : . |

'8 14: Cont; p of Mo : ¥ X { lovel like Si-K emission lines, respectively. These residuals suggest a non-solar abundance ratio
: Superpose optical image. Background is not subtracted, The contour levels : = :
SIS1) superposed on optic gos Latieg it h : and/or a multi-temperature plasma. We further examined two models: (1) power-law +
are logarithmically spaced. The region between dashed lines is used to make a projected

| 2kT-Raymond-Smith plasma + Gaussian model and (2) power-law 4 variable abundance
brightness profile. Raymond-Smith plasma + Gaussian model. The best-fit parameters are also summarized
in Table 1. We obtained significant improvement in the fit and the reduced chi-square
was 1.01 and 0.997 for 142 and 140 d.o.f., using models (1) and (2) respectively. Then

X-ray Spectra we allowed the absorption column density for the hard component to vary in the models

The SIS and GIS spectra are shown in Figure 3. These spectra clearly show emission (1) and (2), where the hydrogen column density for the Raymond-Smith component was
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neither the simple power-law nor thermal bremsstrahlung models provide acceptable fits. 90% confidence for one inte esting parameter (Ax = 2.7).

A single temperature Raymond-Smith thermal plasma model (Raymond & Smith 1977)

The SIS and GIS spectra and the best-fit model for the variable abundance case
also poorly fitted the data and significant hard tail residuals remained. Additionally.

are shown in Figure 2. The X-ray luminosities of the hard power-law component and the
enussion-line-like residuals were also seen around 6.4 keV. Accordingly, we fitted the Raymond-Smith component are 1.1x 10" ergs s~! in the 2-10 keV bandpass and 1.2 x 10"
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eros s=) in the 0.5-2 keV bandpass, respectively. The X-ray lnminosity of the power-law

|

: - : : . 3 - ndl e o -
component is about six times lower than that obtained with Cinga (6.7 x 10" ergs s~ ) in

-
1.1

the 2-10 keV band , while the spectral slope of the hard component (I’ = 1.43 535 ) agrees
well with the Ginga results of 4 power-law fit in the 2-20 keV band (I' = 1.43 = 0.08). In
this model. the addition of the narrow Gaussian line at 6.4 keV improved chi-square by
Ay?= 15.7 for the two additional parameters. Therefore the line feature is statist ieally
significant at more than 99.9% confidence level for two additional degrees of freedom (line
center energy and line intensity ). The line center energy, ﬁ.iﬂigj‘fj keV implies the K-line
of nearly neutral iron. The equivalent width was determined to be 910135 eV for the
variable abundance case. The confidence contours for the line center energy and the line

flux are shown in Figure 4.
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Figure 5.16: ASCA SIS and GIS spectra of M51, The solid lines represent the best-fit
motel of a combination of a variable abundance Raymond-Smith model, a power-law, and

a Gaussian.

Discussion

Hard X-ray emission and an iron emission line

The X-ray spectrum from M51 is represented by a combination of a hard component
with a photon index of ~ 1.4 and a thermal emission component with kT ~ 0.4 keV, The
luminosity of the hard component is Lo_jp ey = 1.1 X 10 ergs s~!. This luminosity is
about six times lower than that measured with Ginga (Makishima et al. 1991). Addition-

ally a strong fluorescent iron emission line is found at 6.4 keV with an equivalent width
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Figure 5.17: Confidence contours for the iron line energy and normalization. Contou

levels correspond to 68, 90, and 99% confidence levels from inside to outside.

of ~900 eV.

In normal spiral galaxies, X-ray emission is dominated by discrete sources such as
low-mass X-ray binaries (LMXBs) (Fabbibano 1989: Makishima et al. 1089), The X-
ray luminosity of M51 obtained with ASCA is only a factor of two larger than that of
the normal spiral galaxy M31 which is dominated by LMXBs (Makishima et al. 1989)
The X-ray to B-band luminosity ratio of M31, Ly_1g wev/La~ 3.9 x 1072, is also close
to those of normal spiral galaxies (e.g. Lx/Ly=3.5 x 107" for M31: Makishima et al
1989). Therefore a significant portion of the observed hard X-ray luminosity from M51
is likely to come from the superposition of LMXBs. The extended image in the 2-5 keV
band also supports this interpretation. However, the observed spectral slope of the hard
component (I' ~ 1.4) is harder than those of LMXBs , which are roughly equivalent to
I' ~ 1.8. Moreover, the observed strong iron emission line cannot be explained by the
emission form LMXBs. Therefore the presence of an additional flat spectral component.
accompanied by an iron line, is strongly inferred.

The iron emission line at 6.4 keV is of fluorescence origin from cold material irradiated
by a strong X-ray source (an Fe line produced thermally from hot zas would have had an
energy i excess of 6.7 keV). The large equivalent width of ~900 eV is expected primarily
when the X-ray source is obseured by hydrogen column density significantly greater than
10* em~%(Makishima 1986). Thus the observed iron emission line strongly suggests the
presence of an obscured X-ray source. A strong iron line of an equivalent width as large

as ~ 1 keV, which is not accompanied by high absorption of low energy X-rays, has

been seen in heavily obscured Seyfert 2 galaxies, in which the hydrogen column density is
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thought to exceed L0 em™= (e.g. NGC 1068, Koyama et al. 1989; NGC 4945, Iwasawa
ef al. 1093 NGC 1365, lvomorto er al. 1997). Their continua are interpreted as being
dominated by X-rays scattered mto tle line of sight by partially 1onized material in the
opening part of the obscuring tarns.

In Mal, however, the X-ray unage above 2 keV is extended by more than several
arcminutes i diameter, which requires that scattering material 1s extended over galaxy
seales. A possihility for reconeciling the spectral results with the extended tmage in the
2-5 keV band is that the AGN emission contributes only to the hardest end of the ASCA
spectra. We examined a spectral model consisting of a eombination of a soft thermal com-
ponent, a LMXBs component approximated by a 7 keV thermal bremsstrahlung (Mak-
ishima et al. 1989), and an absorbed power-law from an AGN, Since the photon statistics
are limited, we fixed the photon index for the power-law component at 1.4, which is typi-
cal for Seyfert 2 galaxies observed with Ginga (Awaki ev al. 1991b), and the temperature
of the thermal bremsstralilung component at 7 keV. We assumed the hvdrogen column
density at the Galactic value for the soft thermal component and the LMXBs compo-
nent. For the power-law component, the hydrogen column density was fixed to values
between 5 x 10 ¢m—= and 1 x 10 em™. A good fit was obtained for these assumed
values of absorption column densities with a reduced chi-square of 0,985 (138 d.o.f.) for
Ny= 5 % 10* em = , for example. The intrinsic lnminosity of the absorbed component,
corrected for absorption, varied from 1.5 x 10" t0 3.7 x 10" ergs s~ when the absorption
column was changed from 5 x 10 em™= to 1 x 10" em ™, The equivalent width of the
iron line was then calculated as ~ 1.1 20,6 keV. An equivalent width that exceeds 1 keV is
rather large to be a typical obseured Seyfert 2 galaxy (e.g. Awakiet al. 1991b), although
the errors are large. This large equivalent width may also be a result of variability of
the continuum emission from the nuclens, If the light ¢rossing time over the distance
from the nucleus fo the emitting region of the iron line is larger than the vanability fime
scale of the nucleus, a variation of iron line lux would be delayed relative to a continnum
variation. Therefore in this case after the continnum emission decreases a large iron line

eqiivalent width might be expected.

Alternatively it is also possible that reflected Xerays from an AGN dominates the hacd
band spectrum. In such a case, a large eguivalent width of iron K line up to 1-2 keV
with respect to the reflected continuum would be expected (George & Fabian 1991).
Indeed, an extremely strong iron line is observed from the Seyfert 2 nucleus in NGC 6552
(Fukazawa et al. 1994: Reynolds et al. 1994) and the Circinns galaxy (Matt et al. 1996).
The observed equivalent width of the iron line is ~ 0.9 keV and ~ 2 keV in NGC 6552
and the Citcinus galaxy, respectively. These remarkable X-ray spectra are interpreted as
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bemg dominated by X-vays refected from cold matter, A spectral model for the hard
component, consisting of a thermal bremsstrabhlung (fixed w AT=7 keV) and a refleeted
3 1 e vl 3 SPE o | ; ; # 1 = .

coritmuum (the plrefl model in XSPEC). also repraduced the observed spectrum (with
a reduced chi-square 0.997 for 138 dof) (Figure 5). For the reflection component. we

-

assumed an incident photon index of 2.0 and a face-on disk which subtends a solid angle 27
as seen from the iraddiating source, An equivalent width of 1.5%5% keV was obtained wath
respect to the reflected contimuum. The 2 10keV luminosity of the reflected COMPONEn!
was 3.9 x 10% eres s~ while that of the bremsstrahlung component was 7.7 x 109 epes
s~ The best fit parameters for the soft Raymond-Smith component are similar to the
results presented in Table 1. These results are consistent with the reflection dominated
model, which can explain the extended image in the 2-5 keV band. the compact image in
the 5-10 keV band, and the large equivalent width of the irou entssion line. at the sane

fime,

The 2-10 keV luminosity we measured is abont six times lower than that derived with
Ginge (Makishima et al. 1990). Although we cannot rule ont the possibility that fthe
Ginga LAC field of view was contaminated by other sources, the overall spectral slope
(I' ~ 1.4) obtained with Ginga in the 2-20 keV band is very similar to that derived with
ASCA. Therefore, the apparent flux discrepancy between Gingn and ASCA may be due
to time variations in the AGN of Mal. In fact. when we inerease the ineident luminosity
of the reflection component in Figute 5 by ~ 5 times, and raise its escape fraction up
ta ~ 10%, the spectrum and flux obtained with the Ginga LAC can be approximately
reproduced. A gradual luminosity change of this order lias actually been observed from
the ME81 nucleus (Ishisaki ot al. 1996).

Thermual emission

The presence of diffuse hot gas across the galaxy has been pointed out on the extended
X-ray images of M3l obtained with ROSAT (Ehle et al. 1995, Marston et al. 1995. Read
et.al. 1997). The ASCA spectra, exhibiting varions low-energy emission lines (QVIII,
NelX, NeX, MgXI, Fe L line complex), give a strong support to the ROSAT results.

The results of a variable abundance Raymond-Smith plasma plns a hard component
model fit indicates kT ~0.4 ke and a low iron abundauce compared to other elements

such as O, Ne, Mg, and Si. The 2-kT Raymond-Smith plus a hard component model also

gives an acceptable fit. Hot gas component with these chiaracteristics have been observed
from starburst galaxies such as M82 and NGC 233 (Ptak et al. 1997: Moran & Lehuert

1997; Tsurn et al. 1997). Furthermore, the X-ray luminosity to far-infrared luminosity
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Table 5.18: Results of model fitting to the SIS and GIS spectra of M35

,_% 0.01 3 __{
“:; I Parameter Power-law + RS Puw:-; law Power-law
g m-af ’ T-frz- ','-‘L + 2T RS + variable abundance RS
.' #,,a_—uq';l,f"“-ﬁ_:ui Ny (10%° em~2) 1.3 (fixed) 1.3 (fixed) 1.3 (fixed)
- =1 4 I
= 1 ;_: } ' : 1 hard component
i 2 : kg M L |4 p AN o . - =) - y e
E - F"LHJ']Lf’i++l&'}l+r‘|uﬁ?‘ljﬂﬂl':ﬂ#I_-Jr._hr.rblﬂiﬁ - Power-law photon index I 1,13 (0.84-1.33) .01 (0.94-1.34) 1.43 (1.05-1.60)
5 2 E | N ' _j Line energy (kel') 6.41 (6.26-6.49) G.41 (6.26-06.49) 0.40 (6.28-6.48)
- i it T L
S | 2 - 10 Equivalent width (eV) 20 (390-1120) (20 (410-1090) 910 (530-1320)
Energy [keV] 4
soft component
Figure 5.18: Reflection plus low mass X-ray binaries model fit for the hard component. kT (keV) 0.50 (0.46-0.53) 0.29 (0.26-0.32) 0.42 (0.38-0.52)

Though fitting of SIS and GIS data were done simultaneously, only SIS data is shown for = 0.82 (0.78-0.86) *

clarity. Abundance (solar) 0.027 (0.020-0.035) 0.10 (0.086-0.12) —

O — - 0.11 (0.054-0.20)
ratio of M51, log(Lx/Lgir) = —4.1, is similar to those of starburst galaxies (Heckman, No = . 0.29 (0.27-0.49)
Armus, & Miley 1990; David, Jones, & Forman 1992), where Ly is the luminosity of the Mg _& — 0.12 (0.012-0.30)
Ra}'muud-ﬁmitvh component and Lgg is the far infrared luminosity of 60um plus 100um Si - - 0.42 (0.18-0.81)
IRAS measurements calculated using equation (1) in David et al (1992). These facts Fe == — 0.055 (0.033-0.0635)
suggest that the X-ray-emitting gas originates mainly from active star formation. Thus v2/d.of. 176.4/142 141.0/140 137.6/138
i.'ﬂll'-I'["HIIIT.‘: support the starburst driven winds interpretation of the diffuse emission in

the ROSAT images (Read et al. 1997; Ehle et al. 1995), especially from a spectral point
of view. 2.9.4 NGC 4565

X-ray image

Fig 5.19 shows SISO+1 raw image of NGC 4565 in the 0.5-10 keV . A bright X-ray
source 1s detected at ~0.7" west of the nuclens. There is another X-ray source coincides
with the optical nucleus. These sources can be identified with ROSAT PSPC sources
RXJ 1236.2+2538 (source A32 in Vogler et al. 1996) and (RXJ 1236.34+2559 (source A34
in Vogler et al. 1996), respectively.

In order to evaluate X-ray fluxes of these sources, we made a projected image along
them with a width of 30 pixel (= 3.2") and the obtained profile was fitted with the PSF
of the XRT + SIS at the source positions plus constant background, where the PSF is

made using the ray-tracing code and projected in the same way as the actual data. The
projected profiles in the 0.5-2 keV and 2-10 keV band obtained with SISO are shown in

Fig 5.20. The best fit PSF + background model is also shown in the same figure. Both
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Figure 3.19: X-ray image of NGC 4565 obtained with SIS in the 0.5-10 keV

sources are point-like and well represented by the PSF in both soft and hard band. The
(.5-2 keV and 2-10 keV photon fluxes of the nucleus are 48 £ 8% and 48 £10% of those of
the off center source, respectively, i contrast to the fluxes of the nucleus and east source
are comparable in the ROSAT PSPC image, This fact suggests that X-ray flux at least one
source varied between ROSAT and ASCA observations. There are systematic residuals
about 3' east of the nucleus suggesting the presence of another faint X-ray source. This
source can be identified with RXJ 1236.5+2559 (the sonrce A43 in Vogler et al. 1996).
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Figure 5.20: X-ray brightness projected along the nucleus and the off center source, left:
0.5-2 keV, right: 2-10 keV. Lower panels are data/model.
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X-TAY Spectrimnm

Since the nuclear source and off center source is separated only 0.7, we cannot extract
their X-ray spectra separately. Therefore we extracted X-ray spectra of both sources
within a radius of 6’ for GIS and 4’ for SIS. Other X-ray sources are dim and do not make
a significant contribution to the extracted spectra.

We fitted the spectra with a single power-law and deficit of data was seen around 2 keV
which suggest that hard X-ray emission is obscured by a column density > 10 em—2.
and fits are not acceptable (x*/dof = 164/112) (Table 5.1). We tried to fit the spectra
with two power-law model with different amount of absorption. The photon indices for
these two power-law are agree with each other within statistical errors. Therefore photon
indices are tied (equivalent to a partially covered power-law model) and good fits were
obtained (Table 5.3).

There is a hint of emission lines around ~1.4 keV, which is identified with He-like
and H-like Mg lines, and infer the presence of thermal plasmas with &7 ~1 keV. Then
we added Raymond-Smith plasma model to above partial covering model. Siuce the
abundance value is not strongly constrained (Z > 0.03Z.), we fixed it at the chi-square
minimum 0.27. Addition of the RS component improves chi-square Ay? = 4.6, The results
of a partial covered power-law + RS model is shown in Table 5.4. We also examined a
RS with iron abundance left free and abundances of a elements fixed at 0.5. A better fit
was obtained with chi-square improvement of Ay? = 8.0 compared to the partial covered
power-law model. The results are summarized in Table 5.5. For a model accompanied with
a variable abundance RS plasma, the best fit photon index, absorption column densities
and covering fraction are 2.70%544, 3.170% x 10% em=2 and 0.53%55 x 10?2 em~2, and
0.690 07, respectively. The best fit spectra are shown in Fig 5.21 and the incident model
spectrum is shown in Fig 5.22,

The observed and intrinsic (absorption corrected) luminosities are 1.8 x 1040 ergs 8
and 2.5 x 10" ergs s in the 2-10 keV band, respectively. The X-ray luminosity of the
soft thermal component is 3.7 x 10* ergs s™! in the 0.5-4.0 keV band. According to
above image analysis, the flux of the nuclear source is ~ 1/2 of the off center source.
Then the observed X-ray luminosity of these sources are obtained to be 6 x 10% ergs s~
and 1.2 x 10" ergs s in the 2-10 keV band, respectively. No significant iron line is
detected in the hard band spectra.

X-ray emission obscured with a column density of 3 x 102 em~2 is detected and the
apparent spectral slope (I' = 2.70%53) is much steeper than those of Seyfert galaxies
(I' = 1.7 — 2.0). However the obtained X-ray spectrum is dominated by the off ceuter
source (~ 2/3 of total flux), and does not reflect the X-ray spectrum of the nucleus. The
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Figure 5.21: X-ray spectra of NGC 4565. left: SIS, right: GIS. Note both nuclear source

and the off center source are included.

projected brightness profiles indicate the hardness of nuclear source is similar to the off
center source and we cannot separate spectral components from each of sources. Therefore
we use only the flux value for discussion. We assume that the 2-10 keV flux of the nucleus
s 1/3 of the total flux, i.e. 6.0 x 10" ergs s™'. As discussed in §6.1, the ratio Lx/Lya
located well within the range of low luminosity AGNs, supporting the X-ray nucleus is

the ionizing source of the optical emission lines.

T'he nuclear source is consistent with point-like. NGC 4565 is a relatively nearby
galaxy, we can securely conclude that contribution from the discrete sources distributing

over the host galaxy is negligible.

2.5.5 NGC 3079

The X-ray images of NGC 3079 in 0.5-2 keV band is extended compared to the point
spread function of the XRT+SIS, while the 4-10 keV image is consistent with a point
source. The X-ray spectra clearly show various emission lines such as K emission of He-
like O, He-like and H-like Ne, He-like and H-like Mg, He-like Si, and iron L line complex.
Therefore we tried a R-S + power-law model and acceptable fit is obtained (Table 5.4),
We also examined a variable abundance R-S + power-law model. Since abundance value of
each elements are not strictly constrained, we assume the abundace of the o elements (O.
Ne, Mg, Si) is 0.5 solar, and only iron abundance is varied. The fit is significantly improved
(Ax? = 16.3) for one additional degree of freedom (Table 5.53). The X-ray spectra and the

best fit model are shown in Fig 5.23. The hard component is represented by a power-law
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Fignre 5.22: The best fit model of NGC 4565 including both the nuclear source and the

off center source.

with a photon index of 2.0 + 0.7 modified by some absorption 1.87}7 x 102em~2 and the

intrinsic luminosity of this compouent is 2.5 x 10% ergs s~1.
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Figure 5.23: X-ray spectra of NGC 3079. left: SIS, right: GIS

2.53.6 NGC 1667

NGC 1667 is dim in X-rays and has a very soft spectrum. In the hard band image above

2 keV, NGC 1667 is almost invisible. Because of the soft spectrum, photon statistics
of the GIS spectrum is very poor. Therefore we fit the SIS spectrum in the 0.5-5 keV

range. The SIS spectrum is shown in Fig 5.24. The X-ray spectrum is well reproduced
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Figure 5.24: X-ray spectrum of NGC 1667 obtained with SIS. The best fit power-law

model is shown as a histogram,

3.6 LINERSs with broad Hao

5.6.1 Introduction

IThe optical spectroscopic surveys revealed that about one-third of nearby bright galaxies
have LINER nuclei (see §2). Several possible origin of LINERs are proposed, The detec-
tion of broad Her in optical spectra from 20% of LINERs (Ho et al. 1997b) and X-ray
nuclel in some objects support the low luminosity AGN origin among several mechanisms.
The observation in the X-ray band can provide evidence of the presence of an AGN
such as bright and hard X-ray nuclens, time variability, iron fluorescence lines, and so
on. However few X-ray observations are available, becanse of limited sensitivity and/or
energy band of previous observations. Here we report ASCA observations of LINERs with
broad Ha. LINERs without broad Ha will be discussed in the following sections.
LINERs with broad Ha are the candidates of low luminosity AGNs among numerous
LINERSs, since broad line widths suggest that the line emitting gas is moving under strong

gravity, and therefore suitable to study X-ray properties of low luminosity AGNs. We

5.0, LINERS WITH BROAD Hu 99

present results of six LINERs with broad Ho NGC 1052, NGC 3998, NGC 4203. NG
4438, NGC 4450, NGC 4594, and NGC 3005.

5.6.2 NGC 3998, 4203, 4450, 4594, and 5005

NGC 3998

NGC 3998 is bright X-ray source and detected with count rates of 0.29 connts s~ per
SIS and 0.18 counts s™ per GIS. The X-ray image is point-like in both below and above
2 keV and the radial profiles of surface brightness are well represented by the PSF, No
significant intensity variability is detected within a one day observation.

The X-ray spectra obtained with SIS and GIS detectors are shown in Fig 5.25. The X
ray spectra are fitted with a power-law model with a photon index of 1.894+0.03 and small
absorption 8.8 1.2 x 10 cm~2 No significant low energy emission lines are seen. There
is a hint of iron K emission arcund 6.4 keV and we tried to add an Gaussian component
to the power-law model. Since we cannot set a stringent constraints on the line width
because of very weak line feature, we assumed the width of the Gaussian to be narrow.
An addition of a narrow Gaussian improved Ay® = 4.1 and obtained line center energy

and equivalent width are 6.407 3 keV (observed) and 9070 eV (90% for one interesting

parameter), respectively, The line center energy corresponds to 6,425 keV in the rest
frame. Obtained reduced y* value for the power-law + Gaussian model is 1.19 for 280
dof. Fig 5.26 shows the confidence contours for the line center energy and line intensity,
where the line width is again fixed at ¢ = 0, . The line center energy is consistent with
fluorescence from cold iron, although He-like iron (6.7 keV) cannot be rejected at 90%
confidence level for two interesting parameters. The iron line is statistically significant at
95.6% if we assume a narrow 6.4 keV line according to F-test for one additional parameter
(line normalization) or at 82 % for two additional parameters (line center energy and line
normalization),

The observed X-ray flux in the 2-10 keV is 8.1 x 107*? ergs s~'em~* which corresponds
10 4.5x 10" ergs s" at 21.6 Mpe. This luminosity is about 60% of the luminosity obtained
with Ginga on 1988 Apr 30 - May 1 (7.5 x 10% ergs s~ in 2-10 keV).

NGC 4203

A-ray image

Fig. 5.27 shows an X-ray image obtained with SISO 4+ SIS1 in the 0.5-10 keV band.
A bright X-ray source is detected at the position of the optical nucleus within position
determination errors. Another bright source is detected about 2’ South-East of the nu-

clens. The position of this off-nuclear source coincides with the position of TON 1480
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Figure 5.25: X-ray spectra of NGC 3998. left: SIS, right: GIS

(12h15m9.2s, 33dIm55.8s) (J2000).

In the GIS2 + GIS3 image (Fig 5.27), there are two more sources at (12h14m04s,
33d9m20s) and (12h14m26s, 33d11m20s). The former coincides with the position of QSO
12114334 (12h14m04.2s, 33d09m46s) and the latter has no counter part in the NED.

The nucleus of NGC 4203, TON 1480, and QSO 1211 are also detected in a ROSAT
PSPC image. The source without known counter part is clearly detected in the GIS image,
not detected in the SIS and the ROSAT PSPC image. Although these facts suggest the
source would have hard X-ray spectrnm, it is too dim to measure a 2-10 keV flux using
the GIS image.

X-ray spectrum

Since the separation between the nucleus of NGC 4203 and TON 1480 is only 2', we
extracted the spectra using small radii; 1.2' for SIS and 1.5° for GIS. Firstly, we fit SIS
spectra of NGC 4203 and TON 1480 with a power-law model to measure their spectral
shape and an X-ray flux. The spatial resolution of SIS is superior to that of GIS and
we can measure X-ray spectra and fluxed of these sources with small contamination from
the other source. The spectrum of TON 1480 obtained with SIS is shown in Fig5.29.
The NGC 4203 spectra are shown in Fig5.28. The fitting results for the SIS spectra are
summarized in Table 5.19. Their X-ray spectra are well represented by a power-law model
with little absorption. The photon indices are very similar to each other; 1.72 £ 0.1 for
NGC 4203 and 1.81+0.07 for TON 1480. Although the X-ray flux of TON 1480 is ~ 73%
of that of NGC 4203, photons from TON 1480 in the GIS spectrum of NGC 4203 does not
affect the spectral fitting results significantly. We fit the SIS and GIS spectra of NGC 4203

simultaneously with a power-law model, where the normalizations of model functions for

5.6. LINERS WITH BROAD Ho
-
o
- X ' R
',ﬁ ol |
o a -l !
[ ‘= . |
g m ]
s 2 R PR
g s
-_E‘I l‘I:F "JI .-'rr’- .f‘f;r’ﬁk‘.‘x. \ - ]
& E ._ /‘lf "ll ""I. b T 1
f Jf A 1
= - 7y , -
L N wal [/ ' N\
i = / |' N\ |
= l"'ifl| =3 \ f,.' !
E‘ p—" N __,.-r"f )
3 o :
0 : 1 -
8 g8 2 B.4 B8.8 8.8

Line Energy [keV]|

Figure 5.26: Confidence contours for the line energy and intensity for NGC 3098, The
line width is assumed to be narrow. The contours correspond to 68%, 90%, and 99%

confidence level for two interesting parameters (Ay® = 2.3, 4.6, and 9.2, respectively).

Table 5.19: Spectral fitting results of SIS spectra

Ny photon index flux (2-10 keV)
(10 em—2] [10=" ergs s~'em ]
NGC 4203 1.8(< 5.6) .72 £ 0.1 B
TON 1480 < 1.3 1.81 = 0.07 1.6

SIS and GIS are left free separately. The best fit parameters are summarized in Table 5.1
The obtained photon index 1.77 & 0.08 is quite similar to Seyfert 1 galaxies and the
absorption column density is consistent with the Galactic value (Ny=1.3 x 10% cm—?
Stark et al. 1992). The X-ray flux in the 2-10 keV band is 2.1 x 1072 ergs s 'em =2 We
examined the presence of iron K emission by adding a narrow Gaussian at 6.4 or 6.7 keV
to the fitting model. The chi-square value was not improved and upper limits for a 6.4
and 6.7 keV line is 300 eV and 260 eV, respectively.
fitting results of SIS spectrum

NGC 4450

The X-ray spectra of NGC 4450 can be fitted with a power-law model (reduced chi-
square of 1.03 for 70 dof). However there is small excess around 0.7-1 keV. We tried

a Raymond-Smith + power-law model and the chi-square improvement of Ay? ~ 8 is
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Figure 5.27: X-ray image of NGC 4203. left: SIS image in the 0.5-10 keV band, right:
GIS image in the 0.7-10 keV band.

obtained, where we assumed the abundance of 0.1 solar or 0.5 solar since we cannot
constrain the abundance value because of the weak line feature. The variable abundance
Raymond-Smith 4+ power-law model improves only Ay? = 1.2. The X-ray spectra and
the best fit Raymond-Smith + power-law model are shown in Fig 5.30 and the best fit

parameters are shown in Table 5.4. No significant iron K emission is detected.

NGC 4594

The X-ray image in the 0.5-2 keV range is extended compared to the point spread function,
while the hard band image in 2-10 keV is point-like,

The X-ray spectra are not represented by a single power-law model and positive resid-
nals are visible around 0.7-1 keV. In the spectral fittings, the normalization for SIS and
GIS are varied separately, as SIS provides systematically lower normalization by ~ 10%.
Since the pointing position (2CCD nominal position) is close to the inter-chip gap of the
CCDs, this systematic difference is probably due to photon loss into the gap. Secondary,
we introduced a Raymond-Smith thermal plasma and a better fit is obtained. We tried to
vary abundance of iron separately from that of alpha elements. Since abundance of iron
and alpha elements cannot be well constraint independently, we assumed iron abundance
of 0.5 solar and obtained relative abundance. The chi-square value improves Ay?=5.0
from this model. The X-ray spectra are shown in Fig 5.31 along with the best fit variable
abundance Raymond-Smith + power-law model. The best fit parameters are summarized
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Figure 5.28: X-ray spectra of NGC 4203, left: SIS, right: GIS
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Figure 5.29: X-ray spectrum of TON 1480 obtained with SIS.
in Table 5.4 and Table 5.5.

NGC 5005

The X-ray image of NGC 5005 looks extended. The azimuthally averaged surface bright-

ness profiles of SIS images are compared with the point spread function + constant back
ground model. The radial profiles in the 0.5-2 keV and 2-10 keV band are shown in
Fig 5.32. Systematic residuals suggest the X-ray source is not point-like and extended
to ~ 2 in radius. Actually fittings with a PSF + background model provide reduced
chi-square of 1.42 (0.5-2 keV) and 1.61 (2-10 keV) for 11 dof. The X-ray spectra show

relatively strong broad line like feature around 0.7-1 keV and hard emission. A Raymond-
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Figure 5.30: X-ray spectra of NGC 4450, left: SIS, right: GIS. The best fit Rayvmond-
Smith + power-law model is shown as a histogram. The abundance of the soft thermal

component 1s assumed to be 0.1 solar,

Smith 4+ power-law model well fit the observed spectra. The best fit parameters and
spectra are shown in Table 5.4 and Fig 5.33, respectively. The obtained temperature and
abundance are similar to other object analyzed here. However the photon index of the
power-law component ' = 0.97 & 0.37 is significantly harder than other LINERs which
show photon indices around ~ 1.8.

Discussion

We detected hard X-ray emission from all of NGC 3998, NGC 4203, NGC 4450, NGC
4594, and NGC 5005. The 2-10 keV images obtained with SIS is point like except for
NGC 5005. As is discussed m §6.1, these objects show correlation between Ha and X-
ray lnminosity observed in Seyfert galaxies. and strongly suggest that optical emission
lines are ionized by photoionization by high energy photons emitted from low luminosity
AGNS,

The hard X-ray spectrim is well represented by a power-law with a photon index ~ 1.8
but for NGC 5005. This spectral slope is quite similar to Seyfert 1 galaxies (e.g. Nandra
et al. 1087b). On the other hand, iron emission lines, which is generally observed from
Seyfert 1 galaxies, are not observed except for marginal detection in NGC 3998. Detailed
comparison to higher luminosity AGNs will be presented in §6.2.

The photon index of 1.22573; from NGC 5005 is harder than other objects. The
signature of extended hard X-ray image infer the significant contribution from discrete

sources siuch as low mass X-ray binaries (LMXBs) in the host salaxies as in normal spiral
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Figure 5.31: X-ray spectra of NGC 4594. left: SIS, right: GIS. The best fit variable

abundance Ha}‘mumi—ﬁmith -+ power-law model is shown as a }11:-31,{];,_{]‘{1;“_

galaxies. However X-ray spectrum of NGC 5005 is harder than the spectrum of LMXBs
whose spectrum is approximated by thermal bremsstrahlung of several keV. Similar hard
X-ray spectrum is observed from the starburst galaxy NGC 1808 (Awaki et al. 1996).
A power-law fit to the hard component of NGC 1808 provides photon index of 1.3%07%.
Awaki et al. (1996) attributed the hard X-ray spectrum to high mass X-ray binaries
produced by the starburst activity. Since NGC 5005 also shows starburst activity, similar
interpretation would be possible. We cannot exelude the possibility of the presence of an
obscured AGN. However, the extended hard band image suggest that the obscured AGN
does not contribute to X-ray flux significantly.

2.6,.3 NGC 1052
Results

image

NGC 1052 is detected at the position of the optical nucleus and some serendipitous
sources are also detected, The brightest one is NGC 1042 at (2h40m23.7s. -8d25m59.95)
(J2000), which is an Scd galaxy with a nucleus classified as an HII nucleus based on
detection of an Ha emission line and an upper limit of NTI] line (Keel 1983). X-ray
images in the 0.5-2 keV and 2-10 keV band are consistent with the point spread function
The azimuthally averaged profiles of surface brightuess is well fitted with the point spread

function with reduced chi-square of 1.30 in 0.5-2 keV and 0.88 in 2-10 keV for 11 dof.

spectruin
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Figure 5.32: Radial profiles of surface brightness in the 0.5-2 keV (left) and 2-10 keV
range for NGC 5005. Solid lines are the best fit model of point spread function of SIS +

XRT superposed on constant background. Lower panels show data/model.

The X-ray spectra of NGC 1052 show turnover above ~3 keV and a power-law fit to
the spectra provides an extremely flat photon index (I' ~ 0.2) and unacceptable reduced
chi-square (y2=2.2 for 111 dof). These spectral shape suggest that the hard component
suffers from heavy absorption of order of 10** em~2 and that medinum hardness component
with small absorption is also present. Additionally, an emission like feature is seen around
6.4 keV. Therefore we fit the spectra with partial covered power-law + Gaussian model.
Although the fit is significantly improved (Ay*=112), positive residuals are seen around
0.7-1 keV. Then we add a Raymond-Smith thermal plasma model to above model. This
model fits the data well (y2=1.00 for 104 dof) and the best fit spectra are shown in
Fig 5.34.

Lhe best fit parameters are summarized in Table 5.4. Observed fiux and luminosity
in the 2-10 keV band are 4.8 x 107" ergs s~ 'em =2 and 1.8 x 10" ergs s—!, respectively,
and the intrinsic luminosity corrected for absorption is 3.8 x 10* ergs s~! in 2-10 keV
(Table 5.9). Fig 5.35 shows the best fit model spectrum and Fig 5.36 shows the confidence
contours for the absorption column density — the covering fraction, and the line center
energy — line intensity. In this model, an addition of a narrow Gaussian improved chi-

square Ax*=12.1 for two additional parameters (line center energy and normalization).

Discussion

Emission from obscured AGN
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Figure 5.33: X-ray spectra of NGC 5005. left: SIS, right: GIS. The best fit Raymond-

Smith + power-law model is shown as a histogram.

We detected a hard X-ray emission absorbed by a column density of ~ 10% cm—2
which is most likely from an obscured AGN. NGC 1052 is the first example of a LINER
with a significant absorption (N>~ 10%* cm—2).

The continuum slope 1.6770:3] and absorption column density Ny = 2.050% x 1023 ¢m—2
are typical for Seyfert 2 galaxies with higher luminosities (e.g. Turner et al. 1997a). Iron K
emission is also detected at 6.32 = 0.08 keV with an equivalent width of 1805 V. This
equivalent width is consistent with expected from transmission through the equivalent
hydrogen column density of ~ 2 x 10 cm™ (Turner et al. 1997a, b: Leahy & Creighton
1993).

NGC 1052 is known as an H,O megamaser source (Braatz, Wilson, & Henkel 1004,
1996). Our X-ray measurement of the X-ray spectrum shows the nucleus is obscured
by ~ 2 x 10® cm™2. H,O megamasers are expected when we are seeing the AGN from
almost edge on view. We confirmed all of the H;O megamaser source is ohscured by
column density of more than 10% ¢m=2 but for NGC 3079 (Table 5.20).

origin of the soft component
As NGC 1052 is an early type galaxy (E4), extended halo of thermal plasma would by

present. ROSAT PSPC spectrum are fitted with a RS model with k7' = 2.9773 keV, which
1s significantly higher than typical temperature of elliptical galaxies and inconsistent with

kT' — o correlation (Davis & White 1996). This is likely to be due to emission from the

AGN significantly contributes to the ROSAT band. If we assume iron L complex is due
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Figure 5.34: X-ray spectra of NGC 1052. left: SIS, right: GIS
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Figure 5.35: The hest fit model spectrum of NGC 1052,

to a thermal plasma and AGN emission is represented by partially covered power-law,
temperature of AT = 1.015% keV and abundance of 0.0473%% solar are obtained. These

values are well within the IJT — g and kT —abundance correlations by Davis & White
(1996).

2.6.4 NGC 4438

X-ray image
ASCA observations of NGC 4438 were performed on 1995 Dec. 24 and 1996 Jan.

0 for 20 ksec each. NGC 4438 is detected at the position coincides with the optical
nucleus (12h27md5.6s, +13d00m32s) (J2000) and one serendipitons source is detected at
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Figure 5.36: Confidence contours for the absorption column density and the covering
fraction (left), and the line center energy and line intensity. The contours correspond to
68%, 90%, and 99% confidence level for two interesting parameters (Ax* = 2.3, 4.6, and
9.2, respectively).

(12h27m57s, +13d02m22s). Additionally diffuse emission due to an intracluster gas of
the Virgo cluster of galaxies is seen and becomes brighter towards South-East which is
the direction to the M87.

The X-ray flux of NGC 4438 is very low (0.01 counts s~ per 1SIS and 0.004 counts s~
per 1GIS) and there is no significant flux change between two observations, Therefore we
present the results of analyses based on combined data of two observation.

X-ray spectrum

We extracted the X-ray spectra using a 2’ radius region centered at NGC 4438 to
minimize the photons from the serendipitous source and the Virgo cluster emission. Back-
ground spectra are accumulated from the source free region in the same field to subtract
the diffuse cluster emission.

The X-ray spectra cannot be fitted with a simple power-law or thermal bremsstrahilung
model. Excess emission is seen around 0.8-1 keV which indicate the presence of thermal
plasmas of kT < 1 keV. We fit the spectra with a power-law + Raymond-Smith (RS)
model and a good fit is obtained. Since the abundance of the RS plasmas is not con-
strained, we assumed the abundance of 0.1 solar or 0.5 solar. The fitting results are
summarized in Table 5.4. The power-law slope and absorption column density for the

power-law component are not well constrained because of poor statistics and couples with

the soft RS component. For example the photon index of I' = 2.07}2 and absorption

1. 4 T . r" 2 — . 2 =
columnn density Ny = 141“1‘:1} x 10°* em ™ are obtained for an assumed abundance of 0.1
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Table 5.20; X-ray absorption in H;O mega maser detected ohjects.

Galaxy class Ny [10% em™"] reference
NGC 1052 1.0 2,452 this work
NGC 1068 S =10 ]

NGC 1386 82 oS 2

Mrk 1210 2 20t 3

NGC 3079 52 this work
NGC 4258 S1.8 15=x02 4

NGC 4945 §2 400 5, 6
Cireinus 52 > 10 T

E50 103-G35 (1988) §2
ESO 103-G35 (1991) S2 22+03

|_I.
L
|+
SAh
(e oo

references: (1)Koyama et al. 1989, (2)Iyomoto et al. 1997, (3)Ueno 1995, (4)Makishima
et al, 1094, (5)[wasawa et al. 1993, (6)Done et al. 1096, (T)Matt et al. 1996, (8)Warwick
et al. 1993, (9)Smith & Done 1996

solar, No significant iron line is detected and upper limit of the equivalent width of a
narrow line at 6.4 keV is 1.3 keV. The X-ray Hlux of the hard component in the 2-10 keV
band is 2.7 + 0.5 x 107" ergs s~ 'em =2 for assumed abundances 0.5 or 0.1 solar. These
fluxes correspond to the X-ray luminosities of 9.1 — 9.5 x 10% eres s at a distance of 16.8
Mpe. The soft component is represented by a RS plasma model of kT ~ 0.76 keV and the
X-ray flux in the 0.5-4 keV band is ~ 2 — 4 x 1071 ergs s~ for an assumed abundance
between (.5 and 0.1 solar, which corresponds to 6.8 x 10 ergs s='-1.5 x 10%° ergs s

We detected very weak X-ray emission from NGC 4438. The Ha flux of this object is
large (Fy.=7.1 x 10~" eTES s—t: Ho et al. 1997a) and nearly the same as the Seyfert 1.5
galaxy NGC 5033 (Fiy,=5.0 x 107" ergs s7!) and the LINER/Seyfert 1.9 galaxy NGC
4579 (Figa=8.1 x 107" ergs s71) from which bright X-ray emission is detected. However
observed X-ray flux is only ~ 3x 10~ ergs s~'em—? which is more than an order of magni-
tude smaller than NGC 5033, NGC 4579 and a flux expected from the Lx /Ly, correlation
tor low luminosity Seyfert galaxies and LINERs with broad Ha discussed above. This X-
ray weakness suggest following possibilities; (1) the AGN is heavily obscured and/or (2)
dominant excitation mechanism of LINER emission lines are not photoionization by low
luminosity AGN.

If AGN is present and powering the all Ho luminosity, AGN should be obscured to
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Figure 5.37: X-ray spectra of NGC 4438. left: SIS, right; GIS

explain observed small 2-10 keV Ly /Ly, ratio. Although the obtained X-ray spectrum
show no indication of absorption, this would be explained if other component such as
X-ray binaries in the galaxy dominates the 2-10 keV flux as in M51 (NGC 5194: 99.5.3,
Terashima et al. 1998a). Heavily obscured AGNs generally exhibit-e strong fluorescent
iron K emission with an equivalent width of more than several hundreds of eV (e.g. Turner
et al. 1997a). The upper limit of an iron emission line at 6.4 keV is ~ 1.3 keV. whick
cannot exclude the presence of iron emission like Seyfert 2s,

Alternatively, other ionizing source may be present in stead of an AGN. Sinece the
LINER optical emission lines are emitted from extended region (ref). significant fraction
of them may be driven by processes such as circumnuclear starformation or cooling lows

In summary, we found no X-ray evidence for the presence of an AGN. If AGN is
present, it is required to be heavily obscured to explain small Ly /Ly, ratio compared to
low luminosity Seyfert galaxies and other 'AGN-like' LINERs with broad Ha emission.
Then weak broad Ha (Ho et al. 1997b) is likely to be scattered component.

2.7 LINERs without broad Ha

9.7.1 Introduction

Excitation mechanism of a LINER is still under debate and most likely to be hetero-

geneous, mcluding photoionization by a low luminosity AGN, photoionization by very
hot stars, shock, and so on. Broad Ha emission is detected from about 10% of LIN-

ERs. Broad Balmer lines are indicator of gennine AGN candidate, since broad line widih
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(>1000 km s*) infer that the line emitting gas is moving under strong gravity by supe
massive blackholes. As shown mm the previous sections, hard X-ray emission i1s actually
detected from LINERs with broad Her and strongly supports they are genuine AGNs with
very low luminosities (Lx< 10" ergs s, If the origin of a LINER is heterogeneous, LIN-
ERs without broad Ho component (hereafter referred as LINER 2) are good candidates
to investigate lonizing source of LINERs other than low luminosity AGNs. No detailed
study of LINER 2 15 done in the X-rav regime, so far.

[n the case that LINER Z2s are genunine AGNs. emission from the nueleus may be
obscured in analogy to Seyfert 2s. Since LINER 2s are quite numerous (~ 30% of bright
galaxies), significant fraction of bright galaxies mayv harbor obseured AGNs. Recent X-ray
surveys and optical follow up observations show narrow emission line galaxies (NELGs)
(including HII nuclei, Seyfert 2s, and LINER 2s) become dominant population at a low
X-ray flux (< 1 x 107" ergs s7'em™) in the 0.5-2 keV band (Almaini et al. 1996) and
their X-ray spectra are harder than broad lined AGNs such as QSOs. At present, most of
the X-ray sources are classified as HII nuclei, Sevfert 2s by optical follow up observations
(Boyle et al. 1995). At a faint flux, LINER 2s may be a important class, since LINERs
tend to be less luminous than Seyferts, and they may contribute to the X-ray background
(XRB) significantly. Alternatively, they may be very dim X-ray sources and not important
as the origin of the XRB, specifically in the case of most of LINER 2s are not genuine
AGNs.

A-ray observations at energies above 2 ke is essential to clarify ionization mechanisms
im LINERs and to search for faint obseured AGNs, which may be contribute to the XRB
significantly. We selected objects with large Ho fluxes and observed them with ASCA.
If LINER 2s are genuine AGNs, large X-ray fluxes are expected, since X-ray fluxes are
proportional to Ha Auxes even for low Inminosity AGNs (see §6). If observed X-ray fluxes
are very small, it means that AGN is not present or that AGN is negligibly contribute
to X-ray emission. We present here the X-ray results of LINER 2s NGC 404, NGC 4369,

and NGC 7217. These galaxies are bright in Ha and indicate no broad Ha emission.

5.7.2 NGC 404, 4569 and 7217

NGC 404

NGC 404 is not detected with the exposure time of ~ 14 ksec. We fit the one dimensional
projection with a width of 3’ of SIS images in the 2-10 keV and fit this profile with the

pomt spread function 4 constant background model. Obtained a 3¢ upper limit of the
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N-ray Aux s ~ 2 x 10 EIES 5 i the 2-10 keV band ASSULNINE An X-ray spectrim of
A ;mwm'~law with a lzlmlnn index of 1.8

NGC 4569

A-ray emussion from NGC 4569 is detected at the position coincides with the optical

nucleus (Fig, 5.38) with count rates of 0.02 counts s=* and 0.007 connts s— tor SIS

=

and GIS, respectively. Some serendipitous sources are detected in the GIS field of view

(Table 5.21). The source #5 is identified with the QSO QI235+1335 at a redshift of 0.15

Additionally diffuse emission is seen over the GIS field. This emission is due to eI1Ss10Nn

from the hot gas in the Virgo cluster of galaxies, since NGC 4569 is located from 2 1 deg
from MS8T7 (Bohringer et al. 1994).

. |
e & 8 B
Figure 5.38: GIS image of the NGC 4569 field

The GIS image shows some X-ray sources and diffuse emission around NGC 4589, Tn
order to minimize photons from these sources, we extracted spectra from 3’ radius region
for both SIS and GIS. Background spectra for SIS are extracted using outsicde of 4" radius
circle centered at NGC 4569 on the same chip. Backgrounds for GIS are accumulated

from an annular region centered on NGC 4569,

The X-ray spectrum cannot be explained by sumple power-law or thermal bremsstrahlung

model, and positive residuals are clearly seem around 0.7-1 keV. which is identified with
iron L emission from sub-keV thermal plasma. Therefore we introduced a Raymond-Smith

thermal plasma model in addition to an absorbed power-law, where absorption column
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Figure 5.39: SIS (left) and GIS (left) spectra of NGC 4569. Histogram represents the
best fit R-S plus power-law model

density for the RS component is fixed at the Galactic value (2 x 10" em~%; Stark et al.

NGC 7217
1992).
NGC 7217 and some serendipitous sources are detected in the field of view (Fig 5.40). The
The best fit photon index and absorption column density are I' = 2.1 + 0.6 and position of these sources are summarized in Table 5.22. These serendipitous sources hayve
Nu=1.57119 % 102 cm2, respectively. The soft component is represented by a RS model no counter part in the NASA Extragalactic Database. The X-ray images of NGC 7217 in
with 7" = 0.607,"5 keV and abundance = 0.1%5:0¢ solar. We also examined a model the 0.5-2 keV and 2-10 keV band obtained with SIS are consistent with the point spread
RS + thermal bremsstrahlung and equal quality of fit was obtained with the best fit function.

temperature of kT = 8.1(> 3.3) keV and Ny=0.74(< 1.9) x 10?2 em~2. The spectral

parameters for the soft component is same as the RS + power-law fit.

o211 APy )

Although spectral shape is well represented by this model, the best fit normalization
values are different between SIS and GIS. From the fitting of the spectra extracted from
r=4"region, the 2-10 keV fluxes are obtained to be 3.770% x 1073 ergs s~lem™2 for SIS
and 2,470 x 101 ergs s~ 'em~? for GIS. The 0.5-4 keV fluxes of the RS component are
4.210x 10713 ergs s~lem=2 for SIS and 2.440.4x 10~ ergs s~lem~2 for GIS. These results
are almost same for the spectra of r=3" region. These discrepancy between fluxes from

different instruments are probably due to different contribution of serendipitous sources

and the diffuse emission. We regard these values as possible uncertainties of background
subtraction and use the average of flux value between SIS and GIS 3.171% x 10~ in
2-10 keV in the following discussions. This flux corresponds to 1.05:04+ x 10% ergs s~!
at a distance of 16.8 Mpe. The 0.5-4 keV flux and luminoesity of the RS component are

4‘-1."’: — - T - K d - -
3.3713 x 107 ergs s7lem™2 and 1.1505 x 10%° ergs s—!, respectively.

Figure 5.40: GIS image of the NGC 7217 field

Since the serendipitous sources #5 and #1 are located at 9'-10" from NGC 7217, we

extracted GIS spectra using 4' radius region centered at the NGC 7217 nucleus to avoid
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Table 5.22: Source positions detected in the NGC 7217 field

SOULCe NG position (J2000) 1D
(] (22h07ma4s, +31d21mlss) NGC 7217 (22h0Tm52.3s +31d21m32s)
i (22h07Tm12s, +31d16mao4ds)
P (22h07m00s, +31d08m48s)
3 (22h07m27s, +31d06m40s)
4 (22h08m02s. 4+31d02m34s)
2 (22h08m09s, +-31d13m08s)

the photons from these sources. Background spectra are extracted from the blank sky
observations released from the NASA Guest Observer Facility using the same region on
the detector as extracted region of the source spectra., SIS spectra are extracted from a
region of 4" radius. NGC 7217 and source #1 are located on SISO chipl / SIS1 chip3 and
SIS0 chipD / SIS1 chip2, respectively, and contribution of photons from source #1 to the
SISO chipl / SIS1 chip3 is small. Therefore the spectrum of outer region (r > 4' from
NGC 7217 ) is used as a background.

A-ray spectra cannot be represented by simple model (single power-law or thermal
bremsstrahlung) and residuals suggest the presence of a soft component accompanied
by excess emission in 0.7-1 keV. We tried the canonical model (absorbed power-law +
Raymond-Smith thermal plasma), where abundance is fixed at 0.5 solar as poor statistics
prevent us making a stringent constraint on the abundance value, The best fit parameters
are summarized in Table 5.4 and the SIS and GIS spectra with the best fit model are shown
in Fig 5.41. The best fit photon index of the hard component 2.2709 is somewhat steeper
than the typical value from Seyfert galaxies (~ 1.7 — 2.0). The excess absorption column
density ~ 10** em~ is required in addition to the galactic value 9 x 10% ¢m~2 (Stark et al.
1992). The observed spectra are also fitted with an absorbed thermal bremsstrahlung +
Raymond-Smith thermal plasma model. The flux in the 2-10 keV band is 2.0 x 1012 ergs

- | o
s 'em™? for these models ( Table 5.8).

Discussion

We observed three Hor bright LINERs without broad Ha and detected very weak X-ray
emission from NGC 4569 and NGC 7217. No significant X-ray emission is detected from
NGC 404,
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Figure 9.41: SIS (left) and GIS (left) spectra of NGCT217. Histogram represents the best
fit R-S plus power-law model

X-ray spectra of NGC 4569 and NGC 7217 are represented by a two component model
The soft component is described by a thermal plasma model of kT ~ 0.7 keV. The A-ray
to far infrared luminosity ratios Ly /Lyg are 2.4 x 1074 for both NGC 4569 and NGC 1217.
and very similar to the typical value of starburst galaxies. Starburst galaxies generally
show apparently weak iron L emission line features (Moran & Lehnert 1997, Ptak et al
1997, Tsuru et al. 1997). Although we cannot make a stringent constraints on the iron
abundance because of poor statistics, X-ray spectral shape is consistent with starburst
galaxies,

The X-ray fluxes of the hard component are ~ 3 x 1013 ergs s em™? and ~ 2 x
1073 ergs s~*em =2 for NGC 4569 and NGC 7217, respectively. Only upper limit of the
X-ray flux ~ 2 x 107" ergs s~'em™2 is obtained for NGC 404. If X-rays above 2 keV
are originated from an AGN, the X-ray to Ha luminosity ratio Lx [ Ly 15 expected to
be similar to low luminosity AGNs discussed in §6.1. However observed Ly /Ly, vilues
for these three galaxies are about an order of magnitude smaller than low luminosity
AGNs and Seyfert 2 galaxies, where Ly is the luminosity in the 2-10 keV band and Ly,
5 the luminosity of the narrow component of the Ha emission line. Furthermore, X-ray
binaries seem to make a significant contribution to the hard X-ray emission, since the
N-ray to B-band luminosity ratios Lx/Lg are similar to normal galaxies. Actually the
observed X-ray spectra of the hard component is consistent with superposition of low

mass X-ray binaries, whose spectra can be approximated by thermal bremsstrahlung with

temperature of several keV. If contribution from binaries is subtracted, Ly /Ly, for the

nuclear component is much lower than the observed Lx/Lyo. The small L /Ly, values
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sugeest two possibilities; one 1s that optical emission lines are generated by the enersy
sonrce which emit less X-rays than AGNs, and another is that the AGN is obscured even

at enereies above 2 kel

The X-ray spectra of the hard component in NGC 4569 and NGC 7217 are represented
by a power-law with photon index of ~2.5 or thermal bremsstrahlung of several keV, and
suffers from excess absorption of order of 10°° em—=*. The X-ray spectral slope is consistent
with super position of low mass X-ray binaries or starburst galaxies (Ptak et al. 1997,
Tsuru et al. 1997, Moran & Lehnert 1997, Ohashi et al. 1990), but somewhat steeper
than AGNs, Thus there is no clear indication of the presence of AGN in three galaxies

analyzed here. We discuss the possible onization sources in these LINER 2s.
1. lomization by hot stars

N-ray detected LINER 2s NGC 4569 and NGC 7217 show soft thermal emission,
probably due to starburst activity, and weak hard X-ray emission. Although NGC 404
is not detected in X-rays, the upper limits for Lx/Lpg and Lg /Ly values are consistent
with NGC 4569 and NGC 7217,

Starburst could produce LINER-like optical emission lines through shock heating in
starburst driven winds (e.g. Heckman et al. 1990) or photoionization by very hot stars
(Filippenko & Terlevich 1992, Shields 1992).

Recent UV observations with ST FOS of NGC 404 and NGC 4569 show UV spectra
are dominated by hot stars (Maoz et al. 1998). Maoz et al. (1998) extrapolate the UV
luminosity at 1300 A towards higher energies and estimate the expected He flux under
Case B recombination with 100% covering factor, where they assume instantaneous burst
of age 1 Myr with Salpeter initial-mass function with upper mass cut off of 120M; or
J0Mg. They conclude that stellar populations probably provide enough ionizing photons
to drive the observed optical emission line flux. If shock excitation plays an important
role in ionizing LINER spectra, strong UV emission lines are expected. NGC 4569 shows
no strong UV emission line and shock is not a dominant ionizing process at least in this

1}1_1_1&”:'? ~

NGC 7217 is a UV dark object and UV emission is probably hidden by dust obscu-
ration, as the observed large flux ratio Ha/HZ = 6.83 indicates significant reddening
(Barth et al. 1998). Therefore no spectral information in the UV is available and we

cannot exclude the presence of enough number of hot stars to explain optical emission
line luminosities.
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2. Hidden AGN

Although the optical emission line flux can be probably explained by hot stars, it has
not yet answered whether AGN is present or not. The X-ravs from AGN does not con-
tribute significantly to the observed X-ray flux even at energies above 2 keV as disenssecd
above. Hence, if AGN is present, AGN should be obscured. In order to obscure X Ay
emission of several keV, an equivalent hydrogen column density of the absorbing matte:
15 necessary to exceed ~ 10° cm™. Then UV emission from the hidden AGN is com.
pletely blocked and only scattered UV emission wounld be expected, Actually. recent HST
WFPC2 observations of Seyfert 2 galaxies show that UV emission from Seyfert 2 galaxies
are fully explained by circum nuclear starforming regions and UV emission from the nuclei
is barely detected (Colina et al. 1997). Therefore bright UV emission dominated by hof
stars (NGC 404 and NGC 4569) and no detection in the UV (NGC 7217) do not exclude
the possibility of the presence of hidden AGN at the LINER 2 nuclei.

There are two possibilities to reconcile observational data and the presence of a hidden
AGN. In the case that X-ray flux above 2 keV is dominated by emission from X-ray
binaries, it may possible that X-rays from obscured AGN emission contribute on ly above
several keV. The low luminosity Seyfert 2 galaxy M351 (NGC 5194) is actually the case
(§3.5.3; Terashima et al. 1998a). Alternatively, X-rays from the nucleus may completely
blocked by the obscuring matter. Then we expect only scattered X-rays and the scattered
fraction is typically less than several percent (Ueno 1995). In this case. the observed small
Lx /Ly, can be explained, since narrow He is emitted from out side of the obscuring
matter, and the observed X-ray luminosity Lx is only a small fraction of the intrinsic
luminosity. In both cases, strong iron K emission with an equivalent widik greater than
several hundreds of eV is expected. Although the observed spectra show no indication of
iron lines, we cannot set a physically meaningful upper limit because of limited photon
statistics. The obtained upper limits for the equivalent width are ~ 1.5 — —2 keV for
NGC 4569 and NGC 7217.

In summary, observed X-ray properties are consistent with starburst origin and UV
data indicate that optical emission lines are probably explained by hot stars. X-ray

erssion from AGN does not dominates even at energies above 2 keV and we exclude

the presence of ‘type 1' AGN, while we cannot exclude the possibility of the presence of
heavily obscured AGN,
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5.8 Poststarburst LINERs NGC 4736 and NGC 5195

5.8.1 Introduction

Optical spectroscopic surveys have revealed low-level activity in the form of low ionization
muclear emission-line regions(LINERs) and they are usually considered to be due to AGN
with low lonization parameters. Some LINERs show strong Balmer absorption lines as
well as low lonization emission hnes and make it difficult to measure Ho precisely, Such
absorption features could lead ns to misclassification to LINERs based on emissin line
ratio such as [NIIJ/Ha, X-ray measurements are crucial to determine 'true' ionizing
source including low luminosity AGNs. starburst driven winds, very hot stars and so on.

The deep Balmer absorption lines indicate presence of a number of A-type stars. The
nuclei with these features would suggest they are in poststarburst phase. If this is the
case, X-ray observation of this class is of quite importance for studying link between star-
burst and AGN. Furthermore X-ray measuremets of abundances of hot gas produced by
galactic winds caused by starburst activity provide us information on chemical evolution
of starburst galaxies.

Here we present X-ray results of NGC35195 and NGC4736 which are LINERs with deep
Balmer absorption lines (Filippenko & Sargent 1985, Ho, Filippenko & Sargent 1995, Ho,
Filippenko & Sargent (1997a), Yamada 1995 private communication, Taniguchi et al,
1996).

0.8.2 NGC 4736

The SIS images of NGC 4736 in the 0.5-2 keV and 2-10 keV band is consistent with the
point spread function. A ROSAT PSPC image indicates the presence of weak extended
component extended to 1" scale in raduis (Cui et al. 1997). we find no clear evidence of
extended emission probably due to different band pass between two instuments ( ROSAT
PSPC has more sesitivity in the soft energy band). This would also suggest that extended
emission has soft X-ray soectrum. Actually hot gas of kT ~0.3 keV is suggested from
ROSAT PSPC spectrum (Cui et al. 1997).

The SIS and GIS spectra of NGC 4736 are shown in Fig 5.42. The X-ray spectra are
well fitted with a two-component model Raymond-Smith + power-law and the best fit
spectral parameters are summarized in Table 5.4, The best fit photon index (1,44%014) is
slightly flatter than typical AGNs. We also examined a model with different abundance
between iron and alpha elements, where we fixed abundance of iron at 0.5 solar. Similar
chi-square is obtained for this model. In this model, the best fit photon index 15 slightly

5.8. POSTSTARBURST LINERS NGC 4736 AND NGC 5195 L0A

-
rap— | i

steepar than previous model: 1,577 15

A hint of iron K emission 1s seen. We add a narrow Gaussian at 6.4 keV or 6.7 keV o
above models. An addition of a 6.7 keV Gaussain slightly improves chi-sgnare ( Ay =29
and an equivalent width of 340755 eV is obtained. This line emission is significant at onl

907 confidence: A 6.4 keV line does not improves clhi-square (Ay*=0.3). If iron emission
at 6.7 keV is real, the center energy is higher than 6.4 keV which is generally observed

from Seyfet 1 palaxies.
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Figure 5.42: SIS (left) and GIS (left) spectra of NGC4736. The best fit Raymoud-Smith

+ power-law model is shown.

9.8.3 NGC 5195

NGC 5195 is the companion galaxy of M51 (NGC 5194) and located at ~4' from M51
Therfore we extracted X-ray spectra within 1.5' and 2' radii from the NGC 5195 nuclens.
Although count rates are small (0.012 ets s~ 1518~ and 0.006 cts s~ 1GIS~1). the X-ray
spectra cannot be explained by a single power-law model. An acceptable fit is obtained
with a Raymond-Smith + power-law model. The SIS and GIS spectra and the best fit
model are shown in Fig 5.43.

Discussion

We detected bright X-ray source at the nucleus of NGC 4736. The X-ray Specrum is
slightly flatter than typical spectrum of Sevfert 1 galaxies and LINERs with broad Ha

As discussed in §6.1, the ratio Lx /Ly, is sumilar to other low luminosity AGNs and X-ray




106 CHAPTER 5. HESULTS
St e GE
: :
T = S, T - 1
M oL f by - < o 4
& 8 = ThPhg g 2 i
,3 — - SEFealy |
I s, T
= E =~ { 3 of — e e [
7] i o F = = =5y —_—
; e L -
2 i .' Sk 3
r
r [ [
=1 i_L' "",__l_'_i" 4 o] _'__'__ B i
S alr..--.-—-_..._.i..l—L —-T-— —u————————+——w—-r+“___§ e 2 - — = [ AN =y ._."_“-—_:_——-"—_—=1'_— _____
o2 [ (i o ] oo [ 1 —— 3
-r'F_ h| « [ 1
| | e | i . 4 " 4
0.5 1 2 2 10 0.5 1 2 5 10
Energy|keV] Energy[keV]

Figure 5.43: SIS (left) and GIS (left) spectra of NGC5195. The best fit Raymond-Smith

+ power-law model is shown.

emission is most likely to be dominated by emission from AGN. Only weak hint of iron
emission is seen around ~ 6.7 keV and equivalent width is constrained to be 3407350 eV.
Iron emission line centered at 6.7 keV of equivalent width around ~300 eV are observed
in the low luminosity Seyfert / LINER NGC 3031 (MS81) (Ishisaki et al. 1996) and NGC
4079 (85.4.2, Terashima et al. 1998b). If this iron emission is really present, it provides
additional evidence for the AGN.

On the other hand, the X-ray spectrum of NGC 5195 is consistent with photon index of
~ 1.8 although the error are large. However smaller Ly /Ly, suggests small contribution
of AGN to X-ray flux as is the case for LINER 2s discussed in §5.7. The small X-ray
luminosity and X-ray spectrum is consistent with LMXBs origin distributed in the host
galaxy.

Chapter 6

Discussion

6.1 Summary of Observational results

We observed twenty low luminosity Sevfert galaxies and LINERs with ASCA and detected
X-ray emission from all of the galaxies but for one LINER (NGC 404). In this section.
we briefly summarize the results.

6.1.1 Spectrum

The X-ray spectra of our sample galaxies are represented by a combination of a soft
thermal emission and a hard component. Several objects (NGC 2273, NGC 3998. NGC
4203, NGC 4941, NGC 5033) show no signature of a soft thermal emission and require
only a hard component.

A summary of the best fit parameters of the hard components is tabulated in Table 6.1,
In many cases, the hard component can be modeled by a power-law modified by photo-
electric absorption. The hard component of NGC 1052, NGC 2273, NGC 4565 and NGC
4941 show both heavily absorbed and less absorbed components and well represented by
a partial covering model. The best fit parameters for iron K emission are also shown in
Table 6.1 for objects from which iron emission is detected (NGC 1052, NGC 2273. NGC
3998, NGC 4579, NGC 4941, NGC 5033, NGC 2194),

The spectral fitting parameters for the soft components are shown in Table 6.2. The
soft components are represented by a Raymond-Smith thermal plasma model of kT ~
0.5 — 1.0 keV. The abundance is determined for objects with good statistics and typically
less than sub solar. The thermal emission from NGC 3079. NGC 4450, NGC 4594, and
NGC 5194 show weak iron L line complex compared and apparently small iron abundance

compared to « elements is obtained.

107




108 CHAPITER 6. DISCUSSION
Table 6.1: Summary of the spectral parameters for the hard component.
name class Ny photon index Energy width EW maodel =
[em™] ke V] [eV] [eV]
NGC 4579 SL.9/LL9 0.04 £0.03 .7240.06 6.78%% 0.17R0n 49000 PL+RSLGL
NGC 5033 S1.5 0.087 £0.017 1.72 + 0.04 6.407, o 0(f) 200 +£ 100 PL+GA
NGC 1667 52 0(< 0.16) 3k — — — PL
NGC 2273 S2 9.5+ 1.6 I el G378 ns 0(f) 14007300 PC+G.%T
0(< 0.034)
(.CF-D7=82%)
NGC 3079 S2 18731 2.0+ 0.7 — — - PL+vRS
NGC 4365 52 0.85 2% 2.60 + 0.32 — — — PC+RS
0.30 4 0.07
(CF 0.65 3 1¢)
NGC 4941 S2 1003 1501958 6331 g(1) 760150  PC+GA
0.18(< 0.56)
( CF 0.96271)923
NGC 5194 S2 2B 1697548 64110405  0O(fF) 010335  PL+vRS+G
NGC 1052 L1.9 20.077 % Lt 6.35 £ 0.08 0(f) 180%5" PC+GA
2.
( CF 0.7725%0)
NGC 3998 L1.9 0.088 4 0.012 1.89+0.03 6427010 0 9070  PL+GA
NGC 4203 L1.9 0.024(< 0.036) 1.77+£0.08 — — - PL
NGC 4438 L1.9 1.4(< 5.3) 20579 == — —~ PL+RS
NGC 4450 L1.9 0(< 0.38) 1.6dF 0130 - — — PL+vRS
NGC 4594 L2(1.9)  0.73+£0.29 1.89+0.16 — - - PL+vRS
NGC 5005 L1.9 0.10(< 0.86) 097037 — — - PL+RS
NGC 404 L2 no detection
NGC 4569 T2 4 G B - - — — PL+RS
NGC 4736 L2 0(< 0.88) 1.44%0:04 — — — PL+RS
NGC 5195 L2: 14753 2.000:3 — ~ — PL+RS
NGC 7217 L2 1.5%40 24753 — — — PL+RS |
model : PL : power-law, PC : partially covered power-law, RS : Raymond-Smith, vRS : variable abun-

dance Raymond-Smith, GA : Gaussaian

Lhe center energies of iron emission lines are at the rest frame.

0.1.

SUMMARY OF OBSERVATIONAL RESULTS

Table 6.2:

1 ()8

Summary of the spectral parameters for the soft component.

name class kT abundance abundance (Fe) model

[keV] [solar] solar]
NGC 4579 S1.9/L1.9 0.907%1L  0.5(f) = PL+RS N
NGC 5033 S1.5 - — — PL4+GA
NGC 1667 S2 — = PL
NGC 2273 S2 - —~ - PL
NGC 3079 S2 0.627,15 0.5(f) 0.048715 028 PL+vRS
NGC 4365 S2 1.350,52 0.27(>0.03) — PC+RS
NGC 4941 S2 — - —~ PC+GA
NGC 5194 S2 87 DG Ll o 0.041+7013 PL+vRS+GA
NGC 1052 L1.9 1.0T55  0.04(<0.10) — PC+RS+GA
NGC 3998 L1.9 - - - PL+GA
NGC 4203 L1.9 — — — PL
NGC 4438 L1.9 0ivgNyns D) PL+RS
NGC 4430 L1.9 0.6675 40  0.5(f) 0.09(> 0.03) PL+vRS
NGC 4594 12(1.9)  0.6229% 0.5(p) (% e PL+vRS
NGC 5005 L1.9 0T8T g s 10:06%520 PL+RS
NGC 404 L2 no detection
NGC 4369 T2 0:690 508 0325082 — PL+RS
NGC 4736 L2 0:62%5s: (05T PL+RS
NGC 5195 L2 0.6173% 0.03+£002 — PL+RS
NGC 7217 L2 076735 JO:(E) — PL+RS

The center energies of iron emission lines are at the rest frame.

model : PL : power-law, PC : partially covered power-law, RS : Raymond-Smith, vRS : variable abun-
dance Raymond-Smith, GA : Gaussaian
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6.1.2 Image

We compared the SIS images in the 0.5-2 keV and 2-10 kel band with the point spread
funetion (PSF). The X-ray tmages of NGC 3079, NGC 3005 and NGC 3194 (M31) 1s
extended in the 2-10 keV band. For these objects, we also examined the X-ray images in
the higher energy band. NGC 3079 in the 4-10 keV band and NGC 5194 in the 5-10 keV
band are consistent with the PSF, while NGC 5005 in the 4-10 keV is still extended.
All the other objects are consistent with point-like above 2 keV. In the soft energy band
().5-2 keV, several sources are extended compared to the PSF. These are NGC 3079, NGC

4450, NGC 4569, NGC 4594, NGC 5005, NGC 5194,

6.1.3 Variability

We searched for vanability of X-ray infensities using light curves binned to 5760 sec,
We found significant variability within one day observation only from NGC 5033. Other
objects indicate no signature of variability. We compare the fluxes obtained to previous

X-ray observations in the next section.

6.2 Origin of X-ray emission

We detected hard X-ray emission with lnminoesities of ~ 10 — 10%! ergs s! from all the
observed low luminosity Sevfert galaxies and LINERs but for NGC 404, Since normal
ralaxies also emit X-rays with luminosities of the order of 10% — 10* ergs s™', only the
detection of hard X-rays does not provide evidence for the presence of AGN. We discuss
the origin of X-ray emission above 2 keV based on X-ray properties (variability, images,

iron emission lines) and correlation between X-ray and other wavelengths data.

6.2.1 X-ray evidence for AGN

Iron K emission line

ron K fHuorescence lines are generally detected from Seyfert galaxies. The fluorescent
lines indicate the presence of cold matter and X-rays irradiating it, Thus detection of
fluorescent iron emission is strong evidence for the active nuclens and the cold matter
subtended to large solid angle viewed from the nucleus (type 1) and/or large column
density along the line of sight (type 2). A fuorescent iron line is detected from NGC 5033
and its X-ray emission is obviously dominated by emission from an AGN as variability is

also detected.
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Strong fluorescent iron lines are present in the spectra of NGC 1052, NGO 92973

s | )

NGC 4941, and NGC 35104. Heavily absorbed continunm (N~ 107 — 10* em2) is
also detected from NGC 1052, NGC 2273 and NGC 4941. These spectral features ar
reminiscent of Seyfert 2 galaxies with higher lnminosities and these objects are considerad
to be low luminosity version of Seyfert 2s. Although NGC 5194 shows extended hard X
ray 1umage in the 2-5 keV band, detection of a strong Hnorescent iron line strongly suggest
that presence of a hidden AGN (see subsection for M51).

In summary, fluorescent iron lines, which is strong evidence of the presence of an AGN,
are detected from NGC 5033, NGC 1052, NGC 2273, NGC 4941, and NGC 5194 and they
are most likely to be AGNs.

Variability

Detection of X-ray variability indicates that the X-ray flux is dominated by single or at
most a few compact objects. Significant X-ray variability within one day observation
s detected only from NGC 5033. Then we compared our ASCA fluxes with Previous
observations. Table 6.3 summarizes the X-ray fluxes of the current sample galaxies in the
2-10 keV range obtained by previous observations. Three galaxies NGC 1667. NGC 3908
and NGC 5194 (M51) are observed by the Ginga satellite. Their ASCA fluxes are smaller
than the fluxes measured with Ginga. Such X-ray variability indicates the presence of a
compact nucleus in these galaxies; although we cannot rule out the possibility that Gingu
flux is contaminated by other X-ray sources because of large field of view (1° x 2°) of the
Ginga LAC. NGC 5033 is observed by EXOSAT/ME and the ASCA flux is about 15%
smaller than that obtained with EXOSAT/ME, Since spectral shape of NGC 5033 is not
constrained by EXOSAT/ME (Turner & Pounds 1989), flux estimation from EXOSAT
data depends on assumed spectral shape., Furthermore. the uncertainty of the ASCA flux
15 about 10%. Therefore loug term variability of NGC 5033 is not significant in currently
available data in the 2-10 keV range.

In Table 6.4, we compared also the 0.5-2 keV fluxes with previous ROSAT observa-
tfions. The fluxes, measured instruments (PSPC/HRI) and the energy range reported in
the literatures are shown as well as ASCA measurements. We assumed the best fitting
spectra of ROSAT PSPC to convert the energy range to 0.5-2 keV. For the HRI data. we
assumed a photon index of 2.0 and the Galactic absorption. According to Table 6.4, some
objects show flux difference of a factor of 2 between ROSAT and ASCA observations.
However we should be cautious when we compare fluxes obtained with different instru-
ments because of different energy responses, bandpass, and the best fit [assumed model

spectra. Furthermore, the response matrix of the ROSAT PSPC detector is known to give
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steeper spectral slope (Al ~ (0.5) than other mstruments such as ASCA and BeppoSAX
(Iwasawa, Fabian, & Nandra 1998). This fact also mtroduee the uncertainty in estimating
the soft X-ray Hux using ROSAT data. In case of NGC 5104, the AGN is heavily obscured
and the X-ray emission is dominated by extended hot gas and several point sources. Then
drastic Aux change cannot be expected. Nevertheless, a factor of 2 different soft X-ray
fluxes is reported for NGC 5194 (M351). Therefore we estimate the uncertainty in the soft
X-ray flux estimation is a factor of 2. Then the Hux change of listed objects in Table 6.4
is not sigmificant, but for NGC 5033. Note two ROSAT PSPC observations of NGC 5033
are analyzed in the same manner, and a factor of 6 flux increase seems to be real.

[n summary, X-ray variability is detected from NGC 1667, NGC 3998. NGC 4579,

NGC 5033, and NGC 5194, and they are most likelv to contain a nuclear compact source.

Table 6.3: X-ray fluxes obtained with previous missions in the hard energy band

Name Fy(2-10 keV) Bef. Fx(2-10 keV; ASCA) ratio
[10~** ergs s7'em™?] [10~"° ergs s~'em™*]
NGC1667 Ginga 0.09
NGC3998 13 Ginga A90 3.1 0.537
NGC5033 4.7 Exosat/ME T89 5.3 0.855
NGC5194 6.1 Ginga MB0 1.1 0.164

references ; A90 : Awaki et al, 1990, TS89 : Turner & Pounds 1989, M90 : Makishima et al. 1990

X-ray images and Contribution from X-ray binaries

The X-ray emission from normal spiral galaxies are primarily from superposition of dis-
crete sources specifically low mass X-ray binaries (Makishima et al. 1989) and their
spectra are approximated by thermal bremsstrahlung of several keV, The X-ray continua
of the brightest objects NGC 3998 and NGC 5033 are power-law shape and cannot be
fitted with a thermal bremsstrahlung model. The X-ray spectra of NGC 1052, NGC
2273, and NGC 4941 are heavily absorbed and indicate the presence of a compact X-ray
sources surronnded by thick matter. Therefore, in these galaxies, discrete sources in the
host galaxies negligible contribute to the overall X-ray emission. On the other hand, the
nard component of the X-ray spectra from other objects are also fitted with a thermal
bremsstrahlung model of several keV except for the objects with very hard spectra (NGC
4736 and NGC 5005). Therefore we cannot exclude the possibility of discrete source origin

of the hard X-ray emission only from the spectral shape.
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[able 6.4: X-ray fluxes obtained with previous missions in the soft enereyv barid

Name Fy Ref. Fy(0.5-2 keV) Fy(0.5-2 keV: ,41-_;{",.1.1_ mu.,-
NGC307T9 0,727 ROSAT PSPC 0.1-2.0 keV  R97 (.53 (.47 E:13
NGC4203 2,16 ROSAT PSPC 0.1-2.5 keV B95 L.40 1.19 .18
NGC4594 230 ROSAT HRI0.1-2.4 keV Fa7 1.G1 .32 1.32
NGC4T36 1.78 ROSAT PSPC 0.1-2 keV C97 1.4 1.32 1T
NGC3005 0.840 ROSAT PSPC 0.1-2.0 keV  RO7 (0, Gl 0,43 1.42
NGC3033 2.13 ROSAT PSPC 0.1-3.0 keV Pop .91 2,44 037

7.0¢4 ROSAT HRI 0.2-2.2 keV K95 4.90 2.44 2.01
13.1 ROSAT PSPC 0.1-3.0 keV P96 5.61 2.44 2.30)
NGC5194 4.05 ROSAT PSPC 0.1-2.0 keV R97 2.79 1.36 2.5
4.45 ROSAT HRI 0.1-2.4 keV E95 284 1.36 2.09
1.72 ROSAT PSPC 0.2-2.2 keV M95 L.36 1.36 1.00
NGC5195 065 ROSAT HRI 0.1-2.4 keV E95 ().42 (.47 U, 41

references : R97 : Read, Ponman, & Strickland 1997, B95 ; Bregman, Hogg, & Roberts 1995, P06 -
Polletta et al. 1996, K95 : Koratkar et al. 1995, F97 : Fabbiano & Juda 1997. C97 Cui et al, 1997,
M85 : Marston et al. 1995, E95 : Ehle et al. 1995

If discrete sources distributing over the host galaxy dominate the X-ray emission. the
X-ray image is expected to be extended. The X-ray images above 2 keV of NGC 5005
and M51 (NGC 5194) are extended and discrete sources contribute to the hard Xorav
enussion significantly, The relatively nearby galaxies NGC 4203 (0.7 Mpe), NGC 4565
(9.7 Mpc), and NGC 4736 (4.3 Mpe) in our sample show a point like X-ray source at
the nucleus. Therefore these objects are cousidered to be dominated by the central point
source. NGC 4594 (20.0 Mpe) is observed with ROSAT HRI and several point sources
and diffuse emission is are detected (Fabbiano & Juda 1997). They estimate that the
nuclear source emits ~ 50% of total X-ray flux within the PSF of the ROSAT PSPC even
in the soft X-ray band. Since ASCA image is extended below 2 keV and point-like above
2 keV, and and probably contribution from diffuse component is small in the hard X-ray
band.

In summary, NGC 1052, NGC 2273, NGC 3998. NGC 4203. NGC 4565, NGC 4594,
NGC 4736, NGC 4941 and NGC 5033 are dominated by a nuclear source, while discrete

sources significantly contribute to X-ray emission from NGC 5005 and NGC 5194
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6.2.2 X-ray emission from hot gas

Most of the sample galaxies exhibit the soft component represented by a thin thermal
plasma maodel of KI' ~0.5-1 ke, In this section, we discuss the origin of the thermal

component based on X-ray morphology, temperature, abundance, and luminosities.

The presence of hot gas with temperature of AT ~0.5-1 keV is known in elliptical
oalaxies, starburst galaxies, and some normal spiral galaxies. Several objects (NGC 3079,
NGC 4565, NGC 4594, NGC5194) indicate that their iron abundance is lower than alpha
elements. Such hot gas component with lower iron abundance is observed in starburst
galaxies (Tsuru et al. 1998, Moran & Lehnert 1996, Ptak et al. 1996) and giant HII
regions (Ptak 1997), while the metal abundance of hot gaseons component of elliptical
galaxies 15 consistent with the solar ratio (Awaki et al. 1994, Matsushita et al. 1997).
Therefore contribution from starformation activity to the hot gas is strongly suggested
for at least these objects. Although the metal abundance in hot gas of other objects
is consistent with the solar ratio, the possibility that iron is less abundant cannot be
ruled ont because of limited photon stafistics. If the hot gas is originated from starburst
activity, the luminosity of the hot gas is expected to be proportional to the far infrared
huminosity, which reflects the power of starburst activity, as in starburst galaxies. Fig 6.1
shows the correlation between the X-ray luminosity in 0.5-4 keV of the Raymond-Smith
component in the speetral fitting and the fir infrared luminosity. We caleulated the
far infrared Aux from IRAS measurements of fluxes at 60 pum and 100 pum as Fpp =
1.26 % li]_llfﬂ.ﬁﬂf?ﬁnm“ + Flooum ) [ergs :‘i'l], where Fgg,m and Figgum are measured in unif
of Jy. In the same figure. data points for starburst galaxies taken from literatures are also
shown.

The X-ray lnminosities of hot gas in starburst galaxies are roughly proportional to
far infrared luminosities and the X-ray to far infrared Inminosity ratio Lx /Lgg is around
10~* ( Fig 6.1, see also Heckman et al. 1990). The ratio Lx /Ly for most of the present
sample galaxies are similar to starburst galaxies and their hot gas are most likely to be
produced through starburst activity.

The Lyx/Lpg values for NGC 4594 and NGC 1052 are higher than other objects
and starburst galaxies. The X-ray image of NGC 4594 in the 0.5-2 keV band is clearly
extended to the galaxy scale or more and the X-ray distribution seems to be spherical.
NGC 4594 is a Sa galaxy with a large buldge and an X-ray sas halo similar to elliptical
galaxies may be present. Since NGC 1052 is an E3/S0 galaxy, such a gaseous halo is a
possible origin of the hot gas. Actually, for both NGC 4594 and NGC 1052, observed

KT is consistent with the relation between kT and the stellar velocity dispersion (o) for
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Figure 6.1: Far infrared luminosity vs X-ray (0.5-4 keV) luminosity for the soft thermal
component. Upper and lower solid lines correspond to Lx/Lpir=10"2 and Lx/Lem=10"4
respectively. Crosses represent the galaxies in the present sample and triangles are star-

burst galaxies compiled from literatures.

elliptical galaxies (Davis & White 1996).

6.3 Ionization mechanism of LINERs

6.3.1 X-ray to Ho luminosity ratio

[f X-ray emission is dominated by an AGN and optical emission lines are due to photoion-
ization by radiation from an AGN, the X-ray luminosity is expected to be proportional
to the optical emission line luminosity. Actually X-ray luminosities in 2-10 keV and lu-
minosities of broad Ha positively correlate well for Seyfert 1 galaxies and quasars (e.g.
Ward et al. 1988). ROSAT observations of low luminosity Seyfert galaxies show this cor
relation extends to lower luminosity though number of sample zalaxies are vather limited
(Ihoratkar et al. 1995).

If the origin of LINERs is photoionization, intensity of optical emission lines are ex-
pected to be proportional to number of ionizing photons. Among optical emission lines,
strength of forbidden lines such as [NI[JAAG548, 6583 and [SITJAAGT16, 6731 depends on
other parameters e.g. electron density. Therefore Hydrogen recombination lines are more
straight forward to compare with X-ray luminosities and to study ionization mechanisms.

Assuming case B recombination (Osterbrock 1989). expected number of Balmer photons

can be calenlated from number of ionizing photon number, Therefore we compare the
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observed X-ray luminosity and luminosity of Hydrogen recombmmation line. Since both
narrow and broad Ho fluxes are availlable in iteratures (Ho et al, 1997a, b), and Ho 1s
less affected by extinetion than HJ, we use Ha flux for the following analysis.

We also included the ASCA results taken from literature to obtain more galaxy samples
and compare with our galaxy samples; NGC 1097 (Ivomoto et al. 1996), NGC 1365 and
NGC 1386 (Iyomoto et al. 1997), NGC 3031 (M81; Ishisaki et al. 1997), NGC 3147 (Ptak
et al. 1996), NGC 4258 (Makishima et al. 1094). All of these objects are low luminosity

Seviert ealaxies and X-ray emission is considered to be dominated by AGN.
i - % d

Table 6.5: X-ray spectral fitting results of LLAGNs taken from literature

fame distance class infrinsic photon Nu Fe
luminosity index center energy EW

[Mpe] (10 ergs ™) [10%% em~?] [keV] [eV]
NGC1365 16.9 515 3.2 0:8%55 0(< 3.0) T 21005300
NGC1386 16.9 S2. 22 LGNS 281 5% 653 50 16007 500
NGC3031 14 S1.5 0.3 1.85+0.04 1 6.6-6.7 200-300
NGO3147  40.9 S2 50 1.80 £0.00 0.015(< 0.043) 6.447036 490310
NGC4258 6.8 51.9 3.6 1.78+£0.29 15+72 6.5 £ 0.2 250 4 100

We show the Lx - Ly, plot for the low luminosity Seyfert 1s and LINER 1s along with
Seyfert 1 / quasars sample by Ward et al. (1988) in Fig 6.2. Seyfert galaxies and LINER
ls (LINERs with broad He) are probable candidates of low luminosity AGNs. LINER
2s are discussed later. As the low luminosity Seyfert 1s and LINER 1s in our sample are
intermediate types, i.e. type 1.5 / 1.8 / 1.9, luminosities of both broad and narrow Ho are
available. Hence we plot the broad, narrow. and total Ha luminosities. The data points
locate at the extension of the correlation for Seyfert / quasars, but somewhat scattered.
This may be caused by obscuration of the broad line regions.

Then we plot the X-ray and narrow Ha luminosities of the low luminosity Sevfert 1s
and LINER Is. For luminous Seyferts / quasars, broad Ha dominates and narrow Ha
measurements are often difficult. Therefore we use narrow Ha luminosities of Seyfert 2
galaxies (Mulchaey et al. 1994 and references therein). Fig 6.3 presents the Lx - Lya plot
using narrow He lines. The Lx - Lp. correlation is well extends to lower luminosities.
Few objects (NGC 4438) would be X-ray faint compared to the correlation. Scatter of
one order of magnitude 1s seen for both luminous and low luminosity sample. One reason

is variability; ionizing continnum (UV-X-ray) shows rapid variability of a time scale of
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Figure 6.2: Ly, Lx plot for low luminosity Seyfert 1 galaxies, LINER ls, and Seyfert
/ quasar sample by Ward et al. (1988). Broad, narrow, and total He luminosities are

plotted for low luminosity Seyfert 1 galaxies and LINER 1s. The Ha luminosities taken
from Ward et al. (1988) are for broad Ha

a day or less, while the narrow emission line infensity is not vary in such a time seale
since narrow line regions are located far from the nucleus (>10 pe). In Fig 6.3 Seyfert
2 galaxies with NGC number are heavily obscured AGN and only scattered radiation is
observed even in X-rays. Then they are more than one order of magnitude X-ray faint
compared to the correlation. We further discuss the Ly [ Ly, value quantitatively in the
next section.

Secondary, we present the same plot for LINER 2s in Fig 6.4. Among LINER 25, NGC
4736 is on the correlation. Note that both X-ray and Ho luminosity of NGC 4736 are
almost same as the Seyfert 1.5 / LINER 1.5 galaxy M81. On the other hand. other LINER
25 NGC 404, NGC 4569, NGC 7217 are X-ray faint compared to the Ly, Ly relation
These X-ray weakness suggest that optical emission lines are ionized by other mechanism
rather than photoionization by the central AGN and/or that the AGN is heavily obscured.,
Actually, as discussed in the LINER 2s subsection, optical emission lines are most likely
to be ionized by primarily hot stars for NGC 404 and NGC 4569.

For comparison, we also compiled starburst galaxies for which measurements of Ho and
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Figure 6.3: Ly,-Lx plot for low luminosity Seyfert 1 galaxies, LINER 1s, and Seyfert 2

sample by Mulchaey et al. (1994). Narrow Ha luminosities are plotted.

2-10 keV luminosity are available. Except for NGC 1569 and NGC 4449, Ho luminosities
are estimated from observed Bry luminosities assuming Case B recombination (7' = 101
K). These starburst galaxies are also plotted in Fig 6.4 and it is obvious that starburst
galaxies are 1 /10 - 1/100 X-ray faint at a given Ha luminosity. Small Ly /Ly, for starburst
galaxies compared to Seyfert galaxies are also reported in Pérez-olea & Colina (1996) using

soft X-ray luminosity in the 0.1-2.4 keV band.

In starburst galaxies, correlation between X-ray and Ho luminosities are loose and
scatter 1s large. This is probably due to the heterogeneous origin of the hard X-ray
emission in starburst galaxies ; X-ray binaries, inverse Compton scattering of far-infrared
photons by energetic electrons, hot gas produced by collective supernova explosions. Then

X-ray luminosity reflects the power of the starburst indirectly.

Lx /Ly, of LINER 2s and NGC 4438 are ~ 1/10 of those of low luminosity Seyferts
and LINER1 s, and they are within large scatter of starburst galaxies or slightly higher
than starburst galaxy. Thus 2-10 keV X-ray luminosities of LINER 2s and NGC 4438 are

consistent with starburst origin, although small contribution from other origin may also
present,
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Figure 6.4: Ly,—Lx plot for low luminosity Seyfert 1 galaxies, LINER 1s. LINER 2s
and Seyfert 2 sample by Mulchaey et al. (1994). Narrow Hao luminosities are plotted

Starburst galaxies are also plotted for comparison.

6.3.2 Ionizing photons

Most of the LINER 1s show Ly - Ly, correlation as in luminous Seyfert galaxies. This
correlation strongly suggests that optical emission lines in LINER 1s are photolonized by
low luminosity AGNs with X-ray luminosities of 10%? — 104! ergs s .

We examine whether Lx luminosities are large enough or not to explain observed Ha

luminosities. We estimate the ionizing photon number

00 j:_“
(= —du,
g h
where vy is the frequency of the Lyman edge, by extrapolating observed X-ray luminosity
at 2 keV under assumption of the spectral shape of the ionizing continuum of L, oc v~
This spectral slope seems to be adequate to LINER ls, as is shown in the next section.

Then we compare the number of lonizing photon @ and Ha photon Ny,. If we assume

Case B recombination and 100% covering fraction, Q / Nijo = 2.2 is expected (Osterbrock
1989). For low luminosity Seyfert galaxies and LINER 1s, Q | Nye values are greater
than 2.2, This means X-ray luminosity is enough to drive Ha luminosity. On the other
hand, for the lowest Lx /Ly, object NGC 4569, Q / Ny, is calenlated to be 1.3, which
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means that X-ray photon number 1s in deficit to explain Ha even if we assume all of the
X-ray flux goes into iomization. NGC 5195 has also low Ly /Ly, and @ / Ny, of 2.8, Since
our estimation is under extreme condition (i.e. 100% covering fraction and all of ionizing
photons are used to photoionize the narrow line regions), presumably this Q@ / Ny, is
not enough to explain all Ha luminosity. Therefore, for these objects (NGC 4569 and
NGC 5185), 1t 1s most probable that there is other 1onization source rather than AGNs
or that AGN is heavily obscured even at energies above 2 keV, Actually the presence of
hot stars as an 1onizing source is snggested for NGC 4569 from the UV spectrum (Maoz
et al. 1998).

Such variety in Lx/Ly, suggest heterogeneous origin of LINERs: photoionization by

low luminosity AGNs, photoionization by hot stars, and possibly starburst driven winds

6.4 X-ray properties of low luminosity AGNs

[n this section, we summarize the low luminosity AGN (LLAGN) sample and discuss their
X-ray properties.

We use low luminosity Seyfert galaxies and also LINERs which satisfy following criteria
as low luminosity AGN: X-ray image is point-like in X-rays above 2 keV and Lx /Ly, is
similar to low luminosity Seyfert galaxies. However, the low lnminosity Seyfert 2 galaxy
NGC 4565 and NGC 5194 (M51) are excluded because of following reasons. Since NGC
4505 1s dominated by the off nuclear source and we cannot measure the AGN spectrum, we
utilized only the X-ray flux data of NGC 4565. NGC 5194 is dominated by discrete sources
distributing over the host galaxy, and again we cannot measure the AGN spectrum.

The LLAGN sample consists of NGC 1052, NGC 2273, NGC 3998, NGC 4203, NGC
4450, NGC 4736, NGC 4579. NGC 4594, NGC 4941, NGC 5033. We also compiled ASCA
results of low luminosity Seyferts and LINERs taken from literature; NGC 1097, NGC
1365, NGC 1386, NGC 3031 (M81). NGC 3147, and NGC 4258.

6.4.1 Spectral shape
Absorption column density

TI'he X-ray spectra of observed galaxies are generally explained by the 'canonical model’
Raymond-Smith thermal plasma of kT =0.5-1 keV + hard component. The hard com-
ponent, which is dominated by LLAGN, is well represented by a power-law with some
absorption.
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The intrinsic absorption column densities are widely distributed from Ny~ 102 o
to ~ 10% em™2, F'ig 6.5 shows the distribution of the hydrogen column densities Ny Small
and large intrinsic absorption are reminiscent of Seyfert 1s and Seyfert 2s. respectively
Then we classify our sample galaxies into two classes; type 1 (small absorption) and type
2 (large absorption). Here we define objects with Ny< 10*2 e as type 1 LLAGN., and
objects with N> 10%%® ¢m~2 as type 2 LLAGN. Note that distribution in Fig 6.5 does

not reflects the true number ratio of type 1 aud type 2 since our sample are not complete.

5 : =

45 |-

00 203 21 215 22 225 23 335 24 34
log NH
Figure 6.5: Histogram of log Ny for low luminosity AGNs

Continuum slope

We compare the continuum slope of LLAGNs with luminous Seyfert galaxies. Fig 6.6
shows luminosity dependence of photon indices for type 1 LLAGNs and Seyfert 1 galaxies
taken from Nandra et al. (1997hb). The photou indices of type 1 LLAGNSs are quite similar
to higher luminosity Seyfert 1s. The spectral slope of Seyfert 2s are known to be slightly
flatter than Seyfert 1 galaxies (e.g. Awakiet al. 1991). For type 2 LLAGNS, the errors of
photon indices are large and differences of photon indices between type 2 LLAGNs and
luminous Seyfert 1/2 caunot be ¢learly recognized.

Thus spectral slope in LLAGNs are quite similar to luminous Seyfert galaxies. As
shown in following subsections, LLAGNs are suggested to emit at very low Eddington

ratio LfL.;dd-mgmﬂ. Even under such extreme conditions, the spectral slope remains the

Salne,




[ 22 CHAPTER 6. DISCUSSION
\ ! .
5 ! Ikt 1
g i F i
H S
- I-i-! r
E
Yo & Zaylart 1
k = iypa | LLAGN
o[ .
= 40 42 4

log Ly(2-10keV)[erg + ]

Figure 6.06: Luminosity dependence of photon indices of type 1 AGNs

Iron emission line

Type 2 object

[n luminous Seyfert 2 galaxies, strong iron K emission is generally detected and the
line center energy is consistent with 6.4 keV (e.g. Turner et al. 1997a). Tron emission
with the line center energy higher than 6.4 keV is also often observed (e.g. Turner et al.
1997b), These strong emission lines are due to transmission through cold matter in the
line of sight, reflection from cold matter out of line of sight, and ionized scatterer located
above the opening part of the putative torus (Turner et al, 1997b).

We detected iron emission lines from all the LLAGNSs with large intrinsic absorption.
The line center energy is consistent with 6.4 keV but for two galaxies NGC 1365 and NGC
1386 (Ivomoto et al. 1997).

The equivalent width of iron K emission at 6.4 keV in NGC 1052, NGC 4238, and NGC
4941 are consistent with expected from fransmission through observed column density. On
the other hand, the equivalent width of the 6.4 keV line in NGC 2273 (EW=1.4701 keV) is
rather large compared to the expected equivalent width in the fransmission case. Possible
reasons for such large equivalent width are (1)significant contribution from reflection
and/or (2)time variability (see subsection NGC 2273).

The strong line emission dominated by highly ionized iron in NGC 1365 and NGC
1386 would be explained by geometrical configuration. If we are seeing the obscuring
matter in an almost edge on geometry, contribution of a reflection component from the

inner surface of the obscuring matter becomes small, and scattered component dominates
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the iron emission. The equivalent widths in NGC 1365 and NGC 1386 are consistent with

the scattering model calculations by Band et al. (1990),
Type 1 object

We detected iron K emission from only a few type 1 LLAGNs: NGC 45379, NGC 5033,
A detection of iron K emission from NGC 3031 (MB81) is reported by Ishisaki et al. (1996)
and Serlemitsos et al. (1996). From NGC 3998, only marginal iron K emission is detected.
For LLAGNSs except for these objects, photon statistics are limited to st udy iron emission
lines. From some bright objects, upper limits of a equivalent width of narrow Ganssian
line at 6.4 keV and 6.7 keV are typically 200-300 eV,

Since almost all the type 1 LLAGNs have very similar X-ray characteristics (spectral
slope, intrinsic absorption, no short time scale variability), we summed up X-ray spectra
of relatively bright objects which have no significant iron lines to obtain the COIPOS-
ite spectrum with better photon statistics. We added the spectrum from four objects
NGC1097, NGC3998, NGC4450, and NGC4594 (Fig 6.7)

We fitted the composite spectra in 2-10keV band with power-law model, since most
of the ASCA spectra of LINERs indicate thermal emission from a hot gas of kT ~ 0.5
keV which is negligible in the energies above 2keV. An iron emission line is not detected
from this composite spectrum, An upper limit of an equivalent width is ~ 100 eV for
narrow line at 6.4 keV or 6.7 keV. Our data cannot set a limit to the Compton reflection
component. Obtained upper limit of the equivalent width 100 eV is smaller than the
typical value of Seyfert 1s (100-200 eV; Nandra et al. 1997h).

Optically thick disk

The iron emission line in NGC 5033 is consistent with fluorescence from cold iron,
which are usually observed from Seyfert 1 galaxies. On the other hand, NGC 4579 shows
iron K emission at 6.7 keV with an equivalent width of ~ 500 eV. The broad iron line
is detected from MB81 and the center energy, width, and equivalent width of the iron line
from MB81 are ~ 6.6 keV, ~ 200 eV, and ~300 eV, respectively (Ishisaki et al. 1996,
Serlemitsos et al. 1996).

If the optically thick aceretion disk is present in LLAGNS as in Seyfert galaxies, dif-

terence of ionization states of iron line emitter would explain iron lines from LLAGNs.
The line energy is consistent with He-like iron for M81 and NGC4579. A large equivalent
width can be also explained by highly ionized species which have larger effective fluores-
cent yield. For FeXVII-FeXXIII, resonant trapping by the next ionized speeies destroy
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Figure 6.7: Composite X-ray spectra of LINERs. NGC 1097, 3998, 4450, and 4594 are
added. left: SIS, right: GIS

the Huorescent photons (e.g. Zycki & Czerny 1994, Ross & Fabian 1993). When the ion-
\zation state of an iron lines are in this range, an iron emission is suppressed. Therefore a
6.4 keV line from NGC5033, weak iron line from the averaged spectrum, and 6.7 keV line
from NGC4579 can be explained by ilonization state of an iron emitter. Weak or no iron
line is also explained if matter aronnd the nueleus is fully ionized. A possible problem
with this interpretation is to maintain high ionization parameter under low luminosity
|see subsection of NGC 4579).

Adwvection dommated aceretion fow

Alternatively, it is also possible that LLAGNs have no standard aceretion disk. An
advection dominated accretion flow (ADAF) is proposed for an LLAGNs emitting at
very low Eddington ratio (e.g. NGC4258, Lasota et al. 1996). In an ADAF, accreting
matter is heated up to very high temperature (T; ~ 10K, T, ~ 10°K), Therefore iron
atoms are fully ionized and no iron emission is expected. This aceretion model naturally
explain the upper limit for an iron line equivalent width for the averaged spectrum of
LLAGNs. Actually, super massive black hole is suggested to be present in NGC4594
(M ~ 1 x 10°M5; Kormendy et al. 1996) and the Eddington ratio is estimated to be
~ 107%. Such an extremely low Eddington ratio is compatible with an ADAF.

Detection of an iron line indicates the presence of matter, which is not fully ionized,
siurrounding a large solid angle viewed from the light source. Therefore iron lines from
NGC5033 and NGC4579 cannot be explained by ADAF. An optically thick disk probably
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present in LLAGNSs, from which an iron line is detected,

6.4.2 UV — X-ray spectral slope and blue bump

We calculated continuum slope between optical to X-ray. In ususl AGNs. there existe
so-called 'blue bump’ in the UV band. Therefore the spectral slope between UV and
X-ray reflects the strength of the UV bump relative to the power-law continuum. We
compiled UV luminosity at 2300 A from HST FOC and WFPC?2 observations (Maoz e
al. 1995, Maoz 1996, Barth et al. 1996b. Barth et al. 1998) for type 1 LLAGNs. We use

monochromatic X-ray flux at 2 keV and define UV ~ X-ray spectral slope as

The asx values of LLAGNSs distribute around ~ 1.0. This value is lower thag typical
values (1.2-1.4) for luminous Seyfert galaxies and quasars (Elvis et al. 1995, Bechtold
et al. 1994, Mushotzky 1993, Mushotzky and Wandel 1992.), Recent UV observations
around 1300 A of NGC 3031, NGC 4579, and NGC 4594 with HST FOS suggest the
possibility that hot stars contribute to the UV emission to significant amount, Henece (ko
values obtained here could be only an upper limit. Therefore we conclude that LLAGN:
have small gy than higher luminosity AGNs, This means that big UV bump generally
observed in luminous AGNs is absent in this class of objects.

One possible reason for the absence of big UV bump is low temperature of the ac
cretion disk. If energy extraction efficiency n in LLAGNS #ire same as higher luminosity
objects, very low luminosity means that mass accretion rate 7 is very small. where output
luminosity is denoted as L = nmc® According to the standard aceretion disk (Shakura
& Sunyaev 1973), the effective temperature T,(r) is proportional to m'/* at radins large
enough compared to the radius of the inner boundary of the accretion disk, If the mass
accretion rate i LLAGNs is 1/1000 of those of luminous AGNs, T.(r) becomes 1/5.6.
Then the peak wavelength of the UV bump shift to the near UV optical band. In these
wavelengths, star light dominates the emission from weak AGN and we cannot observe the

UV bump. Alternatively, if optically thick accretion disk is absent. strong UV emission

from the accretion disk will disappear. For example, an advection dominated aceretion
How (ADAF) model predicts no UV bump (e.g. Lasota et al. 1995). Again the ADAF
todel is not appropriate for the objects from which iron emission is detected: NGC 3031
(M81) and NGC 4579.
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§ oy F ry = -
narre X-ray Hux® UV Hux” asx UV reference

(10~ ergs s *em "‘]-:ﬂ"n.'_l] (10~ Pergs s~ =4 A ]

NGC 3031 (M81) 0.86 HI6
NGC 4203 9.3 0.21 1.14 B98
NGC 4579 (M38) 10 0.92 B9
NGC 4736 4.3 .43 0.98 M3I6
NGC 4594 (M104) 6.7 0.12 1.28 M98

Table 6.6: UV-X-ray continunm slope a.x

(a)monochromatic flux at 2 keV, (b)monochromatic flux at 2300 A, references : H96: Ho.
Filippenko & Sargent 1996; B06 Barth et al. 1996; M96 Maoz 1996: M98 Maoz et al. 1998

6.4.3 X-ray to Ha luminosity ratio

The correlation between X-ray and Ha luminosity extends to low luminosity. However
N-ray to He luminosity ratio Lx /Ly, is larger for low luminesity objects as clearly seen in
Fig 6.8 which shows histograms of logLx /Ly, for our LLAGNs sample and Seyfert 2 sam-
ple of Mulchaey et al. (1994). The Kolmogorov-Smirnov test indicates that distributions
are different at the 98.5% confidence level ( Pr¢=0.015).

LLAGNS indicate weak UV emission relative to X-rays in at least objects discussed
above. Then number of ionizing photons are smaller at given X-ray luminosity. Therefore
in order to explain a given Ha, LLAGNs should be more X-ray luminous than luminous
seyfert galaxies. Assuming ionizing continuum shape of L, & v, we calculated the
lonizing photon number. @=0.9 provides about 5.4 times more ionizing photons than
2.6) in

I

a=1.3. This agrees with the difference between two histograms (~ 1007
Fig 6.8,

6.4.4 Variability

Seyfert 1 galaxies with lower luminosity show larger amplitude and more rapid variability
than higher luminosity objects, However type 1 LLAGNSs indicate no time variability
within one day except for NGC 3031 and NGC 5033, and longer time scale seems to be
common, A variability time scale provides npper limit of the size of the X-ray emitting
reglon and longer time scale would suggest the presence of the large central engine, Le.
large central black hole mass.
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Figure 6.8: Histogram of log Lx /Ly, for low luminosity AGNs (solid line) and Seyfert 2

sample of Mulchaey et al. 1994. (dotted line)

6.4.5 Eddington ratio

If a blackhole mass is large (comparable or greater than that of lnminous AGNs) as is
inferred by slower time variability , the Eddington ratio L/Lgddigen becomes extremely

low for LLAGNSs because of their low luminosities, where Eddington luminosity is

we M
= 1.3 x 10" —Jeres/sl.
o U ‘1“' S lEI rn:'f‘j]

dreGmyg M
= f

The large mass is also suggested for blackholes at the center of nearby relatively quiescent
galaxies (e.g. Kormendy & Richstone 1995). Here we compare observed X-ray luminosities
and inferred blackhole mass, and calculate the Eddington ratio. The blackhole mass
taken from literature and the calculated Eddington ratio are summarized in Table 6.7,
The blackhole mass is estimated from kinematics around the nucleus measured by water
vapor maser for NGC 4258 (Miyoshi et al. 1993) and measured by optical emission lines
for NGC 4594 (Kormendy et al. 1996), and the ionization parameters and line width of
UV broad emission lines for NGC 3031 (Ho et al. 1995) and NGC 4579 (Barth et al
1996a),

Obtained Eddington ratios are very small and at most ~ 107%. Particularly, the
Eddington ratio of NGC 4594 is extremely low; ~ 1075, If we apply bolometric correction

of one order, this value becomes ~ 107?, Thus LLAGNs are suggested to emit at very

low Eddington ratio.
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Table 6.7. Summary of the central blackhole mass, Eddington ratio Lyx/Lgaq

NATe BH mass X-ray luminosity Lx/Lgag reference
fergs 57|

NGC 3031 (MS1) (0.7—3)x 10°M, 2 % 10% ~ T 301070 1

NGC 4258 (M106) 3.6 x 107 M- 4% 1099 ~1x107 2

NGC 4579 (M38) ~4'x10%M5 }.4 x 10% ~ 3 % 107% &

NGC 4594 (M104) ~ 1 x 109)M- 1.0 x 10% RS0 4

. Ho, Filippenko & Sargent 1995: 2. Mivoshi et al. 1995: 3. Barth et al. 1996: 4.
hormendy et al. 1996

6.4.6 Limits on accretion mechanisms

We usnally assume the presence of the standard Shakura & Sunyaev disk (1973) in AGNs.
An advection dominated accretion flow (ADAF) model is extensively studied (e.g. Kato
et al. 1996), Lasota et al. (1996) applies an ADAF to the LLAGN NGC 4258 which emits
at extremely low Eddington ratio. In an ADAF, accreting matter is optically thin and
geometrically thick, and heated up to very high temperature (T; ~ 102K, 7. ~ 10°K).
Then UV bump and iron K emission expected from an optically thick and geometrically
thin disk are not present.

The absence of the UV bump in LLAGNSs is consistent with an ADAF. No significant
iron IX emission in most of the objects is also consistent with an ADAF. However iron
emission lines are detected from NGC 3031, NGC 4579, and NGC 5033 among type 1
LLAGNs. Their observed equivalent widths indicate that matter in cold - He-like ioniza-
tion state subtends large solid angle viewed from the X-ray nucleus. This is inconsistent
with an ADAF,

On the other hand, the iron emission line at 6.7 keV detected from NGC 4579 cannot
be explained by the expected ionization state from the X-ray irradiated standard disk
calculated by Matt et al. (1993) (see subsection NGC 4579).

These results suggest that the accretion process in LLAGNs would be different from
higher luminosity AGNs. Thus simple ADAF model or standard accretion disk model

alone cannot explain all of the observed properties.

Chapter 7

Conclusion

We observed low luminosity Seyfert galaxies and LINERs with the ASCA satellite and
detected X-rays from all of the object but for one object. Almost all sources are detected
for the first time in the 2-10 keV band,

We obtained hard X-ray sample of LINERs of unprecedented number and quality.
Almost all LINERs with broad He in the optical spectrum indicate point like hard X- ray
source. Their X-ray luminosity is well correlated with Ha luminosity. This fact st rongly
support the the origin of these LINERs are photoionization by a low luminosity AGN
On the other hand, majority of LINERs without broad Ha in our sample are X-ray dim
compared to Lx-Ly, correlation for low luminosity Seyfert galaxies and LINERs with
broad Ha. X-ray weakness of these objects means that their optical emission lines are
tomized by other mechanism rather than low luminosity AGNs and /or that AGN is heavily
obscured even at energies above 2 keV. X-rays from these objects are consistent with due
to starburst activity and /or discrete sources in the host galaxy.

Using low luminosity AGN (LLAGN) sample consists of low luminoesity Seyfert salaxies
and LINERs whose X-ray emission is considered to be dominated by low luminosity
AGNs, we compared their X-ray properties with luminous AGNs. There are two classes
of LLAGNS, i.e. type 1 and type 2 which indicates small and large intrinsic absorption
in their X-ray spectra, respectively; as Seyfert 1 and 2. Their continuum shape are Very
sinilar to luminous Seyfert galaxies. Iron emission in type 2 LLAGNS are fully consistent
with luminous Seyfert 2 galaxies. On the other hand, iron emission lines from type |
LLAGNSs show variety in the strength and center energy on the contrary to usual Seyfert
ls. These results are inconsistent with both prediction of iron emission from the X-ray
irradiated disk (Matt et al. 1993) and advection dominated aceretion flow model by Lasota

et al. (1995), and infer that physical states of the accretion disk aronnd the LLAGNs are
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different from those of Hw}'fpr’r ls.
We also detected thermal emission of kT = 0.5 — 1 keV from most of the galaxies.
The origins of thermal component are inter stellar medium / galactic super winds heated

by on going starburst activity and extended X-ray halo similar to elliptical galaxies.
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