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Thanks to well-calibratedinstrumentsanda low background level, Suzaku could measurethe

broad-bandX-ray spectramorepreciselythanever, andalsotracethesubdaytimevariability upto

40keV. Thereforewecandecomposethespectralcomponentsby performingabroad-bandfitting

andby utilizing a different time scaleof eachcomponent, andconstrain the physical structure

of the nuclear region. Herewe reporton systematicstudiesof nearby28 Seyfert galaxieswith

Suzaku, utilizing a recentlyimproved backgroundmodel.Theoverall spectrum is well described

by thepower-law modelwith partialcovering absorption,togetherwith Fe-K line structuresand

reflection humpabove 10 keV. The reflection fraction is sometimesdifferent from thosein the

previousmeasurements,possiblydueto differenttime scalesbetween directnuclearcomponent

and reflectioncomponent. Flux-flux correlationor energy-dependent rms could be tracedup

to 40 keV for someAGNs, thanks to their subdaytime variability . Theseindicatethat two-

component spectralmodelsaregenerally accepted,andthelessvariablefractioninferredfrom the

timing analysis is almostconsistentwith thatobtained by thespectralfitting. Therefore,Suzaku

is very powerful to decomposethe complex spectralfeaturesof Seyfert galaxies. Accordingly,

we canconstrain the physical properties of reflectionandabsorptionmaterialbetterthanever.

Thecenter energy andwidth of theFe-K line is stronglyconstrainedto be6.395
�

0.005keV and
� 2500km/s. Fe abundance of the reflector is alsowell constrainedto be 0.6–1.2 solar, thanks

to precisemeasurementsof bothFe-K line andreflection continuum. Thesefindings supportthat

the reflectoris � 0� 1 pc away from the nucleus. The large equivalent width and(back-scatter)

Compton shoulderin the Fe-K line for Compton-thin AGNs indicatevarioustypes of material

with different Compton-thickness aroundthe nucleus. In somecasethe reflectionfraction is

smallregardlessof largeabsorptioncolumn, indicating thattheabsorberis inhomogeneousrather

thana regular anduniform torus.
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1. Intr oduction

Seyfert galaxiesshow a bright X-ray emissionfrom the nuclearregion, but the X-ray spec-
tra have beenfound to be very complex. The direct nuclearemissionis thoughtto be a power-
law modelwith a high energy cut-off aroundseveral100keV. However, thesurroundingmedium
aroundthesupermassiveblackholecreatescomplex spectralstructures.Materialtowardtheline of
sightcausesasoftX-ray absorption.RecentX-ray observationshaverevealedthattheabsorptionis
not simplebut partialcoveringwith ionization.Highly ionizedthin materialis alsofoundasFe-K
resonanceabsorptionlines. Part of nuclearemissionis reflectedby thematerialsuchasaccretion
disk or moleculartorusandit appearsasreflectionhumppeakingaround40 keV with fluorescent
elementallines.

Then,studyof X-ray spectraof Seyfert galaxiesis very importantto probethe surrounding
materialaroundthesupermassive blackholeby usingtheabove spectralfeatures.Thesematerial
are fuel of black holesand thus valuableto investigate the evolution of black hole. It is inter-
estinghow the geometrya so-calledmoleculartorus is, how far away the torusexists from the
nucleus,how aboutthe disk structure. Also the spectralshapeof the nucleardirect emissionis
interesting,becausewe canobtainthe informationaboutthe physical propertiesof AGN central
engine;temperature,density, energy distribution of hot corona.Theseareimportantto understand
thegeometryandphysicalstateof thehot corona.

However, dueto the complex spectralstructures,the spectralfitting is very difficult andwe
cannotavoid themodelingambiguitysuchasparametercoupling.Wide-bandX-ray spectroscopy
from sub-keV to several 100 keV is essentialto resolve this issue. BeppoSAX/PDSgave many
opportunitiesof suchstudiesfor Seyfert galaxies.Risaliti (2002)[17] andMalizia etal. (2003)[12]
reportedthat thephotonindex of Seyfert 2 galaxiestendto besmallerthanthatof Seyfert 1 ones.
However, the different tendency wasobtainedby Deluit andCourvoisier (2003)[2]. Deluit and
Courvoisier(2003)claimedthatthecut-off energy of Seyfert 2 galaxiesis lowerthanthatof Seyfert
1 galaxies.Risaliti (2002)[17] summarizedthephotonindex, reflectionfraction,andcut-off energy
for Seyfert 2 galaxies,but they arelessconstrainedthanthoseof Seyfert 1 galaxies.

TheSuzakuXIS/HXD combination(Mitsudaetal. 2007,Koyamaetal. 2007,Takahashietal.
2007,Kokubunetal. 2007)[14, 9, 20, 8] is verypowerful to studythespectralstructuresof Seyfert
galaxies.They coverawideX-ray bandin 0.4–500keV simultaneously, andthuswecanconstrain
the spectralshapeaccurately. The well-calibratedXIS andlow backgroundof both instruments
give us a spectrumwith high quality above 6 keV, andwe canmeasurethe Fe-K structureswith
high accuracy of energy determinationand good constraintof the underlyingcontinuum. The
low-backgroundHXD-PIN (figure1) without rockingmotionenablesusto performtheshort-term
timing analysiseven above 10 keV, which givesus anothertool of spectraldecomposition.The
HXD-GSOgivesusimportantinformationof thehigh energy part in 50–200keV. Herewe report
the SuzakuhardX-ray view of Seyfert galaxies,focusingon the spectralstructureabove 2 keV,
referringto thepublications,togetherwith our systematicanalysisof theSuzakuarchival dataof
28 Seyfert galaxies. Here we utilized a recentlydevelopedHXD-PIN/GSO backgroundmodel
(Fukazawa et al. 2009)[4]. Table 1 summarizesthe analyzedsampleof Seyfert galaxies. All
objectsaredetectedup to several tensof keV with HXD-PIN, andthustheflux above 10 keV is
higherthan0.5 mCrab. 18 of themareSeyfert 2 galaxies,andconsequentlythespectraareoften
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heavily absorbedin thesoftX-ray band.

Figure1: Comparisonof thebackground level between theSuzaku-HXDandothers.Thebackground count
rateis normalized by theeffective area.

Table1: Sample of Seyfert galaxies.

3C120 CENTAURUS A CIRCINUSGALAXY IGRJ16318-4848
IRAS19254-7245 M81 M106 MCG-5-23-16
MCG-6-30-15 MRK3 MRK79 MRK273
MRK335 MRK509 NGC1068 NGC2110
NGC3516 NGC3783 NGC4051 NGC4388
NGC4945 NGC4992 NGC5728 PKS2356-61
SWIFTJ0138.6-4001 SWIFTJ0505.7-2348 SWIFTJ0601.9-8636 SWIFTJ1628.1+5145

2. Wide-bandHigh Signal-to-NoiseSpectra

SuzakuobservedseveralbrightSeyfert galaxies,providing highsignal-to-noisespectrawhich
enableus to determinethe spectralshapemore accuratelythan pastobservations. An accurate
determinationof the underlingcontinuumshapeis very importantto studythe broadFe-K line.
Thedisk-linestructureandreflectionfractionwerewell constrainedfor MCG-6-30-15(Miniutti et
al. 2007)[13], MCG-5-23-16(Reeveset al. 2007)[16], NGC 3516(Markowitz et al. 2008)[11],
andthenboththebroadandnarrow FeKα line aswell asthereflectionhumpareunambiguously
detected.Well-calibratedXIS energy scalecouldconstraintheionizationlevel of fluorescentFe-K
linesto be � Fe

�
10; NGC2992(Yaqoobetal. 2007)[22], CenA (Markowitz etal. 2007)[10], NGC

4388(Shiraiet al. 2008)[19], andMrk 3 (Awaki etal. 2008)[1].
Hereweshow theresultsof NGC2110(Okajimaetal. 2007)[15], whichwasobservedonSep.

16–18,2005,whenNGC2100brightenedupto 10–20mCrab. Thebroad-bandX-ray spectrumwas
obtainedup to 200keV, anda simplepower-law with anabsorptionandFe-K line doesnot fit the
spectrumwell; a residualexcessaround1 keV andFe-Kedge,togetherwith asignificantdeviation
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from the power-law above 10 keV. Sucha deviation remindsus of a reflectionhump. However,
regardlessof a large changeof the continuumflux, the depthof the Fe-K edgeis τ 	 1
 0 � 0
 2,
almostsimilar to that in thenormalstate(Hayashiet al. 1996)[5]. This indicatesthat theedgeis
not dueto thereflection.Then,a partialcoveringabsorptionmodelexplainsthat thedeepedgeis
dueto a thick absorberandthe soft residualis dueto a leakageof the direct emissionthrougha
thin absorber. The best-fitspectrumis shown in figure 2. The power-law photonindex becomes
1
 77 � 0
 02 against1.60of the simpleabsorptionmodel. Absorptionis somewhat complex; full
coveringof NH 	 3
 0 � 1022 cm
 2, apartialcoveringof thethin absorberof 3
 6 � 1022 cm
 2 with a
fractionof 0.45andthethick absorberof 5
 0 � 1023 cm
 2 with a fractionof 0.14.Thereflectionis
notneededwith a fractionof � 0
 1. In otherAGNs,it is reportedthatapartialcoveringabsorption
is needed;CenA (Markowitz et al. 2007)[10], NGC 4388(Shiraiet al. 2008)[19], andNGC 3516
(Markowitz et al. 2008)[11]. Therefore,it is suggestedthat the absorberor reflectorconsistsof
multi-phasestructuresandasimpleone-zoneabsorptionmodelis notaccurate.Suchamulti-phase
absorberis alsorequiredto explain a time variability of theabsorptioncolumndensityfor several
Seyfert 2 galaxies(Elvis et al. 2004,Risaliti et al. 2005)[3, 18] with RXTE, Chandra,andXMM-
Newton. Theresultsof NGC 2110demonstratesaSuzakuadvantageof asnap-shotobservationto
studyaspectralshapewith highsignal-to-noise ratio.

Figure 2: Suzaku spectrumof NGC 2110. Best-fit model is cut-off power-law with a partial covering
absorption.

3. SpectralDecomposition

Studiesof timevariability of spectrais anindependenttool to decomposethespectrumagainst
thesimplespectralfitting. Thedirectnuclearcomponentis mostlytime variablewith a time scale
of � 1 day for 107M� black hole mass,while the reflectioncomponentfrom the distantmatter
is lessvariablewith a time scaleof � 1 month. Thereforedifferenceof time scalebetweentwo
componentswill enableus to decomposethem,andwide-bandX-ray studyis very importantto
constrainthe direct componentbelow 10 keV and the reflectioncomponentabove 10 keV. The
HXD-PIN enablesusto studytheshort-termvariability above 10 keV for many AGNsfor thefirst
time,andthusit is very usefulfor this study. Suchstudiesaresuccessfully performedfor MCG-6-
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30-15(Miniutii et al. 2007)[13], MCG-5-23-16(Reeveset al. 2007)[16], NGC 4388(Shiraiet al.
2008)[19], NGC 4051(Terashimaetal. 2008)[21], with Suzaku.

Figure3 shows a PIN light curve of NGC 4388,for which the intradaytime variability was
for thefirst time confirmedfor this objectwith Suzaku.Theflux correlateswell betweenXIS and
PIN energy band,indicatingthatthetwo componentmodelis reasonable,aswell asMCG-6-30-15
(Miniutti et al. 2007)[13]. Also a RMS spectrum,anenergy-dependentroot-mean-square of time
variability, shows a small variation toward the higherenergy band. This is consistentwith that
the constantreflectioncomponentbecomesdominantin the higherenergy band. The spectrain
thehigh andlow statearesuccessfully fitted with a variablepower-law componentplusa constant
reflectionandFe-K line. The photonindex of the direct power-law componentis constrainedto
be1.75� 0.15. Thedifferencespectrumbetweenthehigh andlow state,which is likely thedirect
nuclearcomponent,shows no significantFe-K line andis well fitted with the simplepower-law
modelwith theabove photonindex, asshown in figure4. Unlike Seyfert 1 galaxiesfor which the
differencespectrahavebeenstudiedwith XMM-Newton,measurementof thespectralshapeof the
directnuclearcomponentsis not easyfor Seyfert 2 galaxies,sincetheunabsorbedspectralshape
cannotbeobservedbelow 10 keV. Therefore,theresultsobtainedfor NGC 4388demonstratethat
Suzakucanextractthedirectcomponentasadifferencespectrafor Seyfert 2 galaxies.

Figure 3: HXD-PIN light curve of NGC4388. Top
panel shows a total count rate (red) and background
model count rate (green), and bottom panel shows a
background-subtractedcount rate(blue).

Figure 4: Differencespectrabetween the high andlow
stateof NGC 4388. Best-fitmodelis a simpleabsorbed
power-law.

Extractionof only thedirectnuclearemissionis importantto determinethephotonindex of
the power-law component.For Seyfert 2 galaxies,determinationof the power-law photonindex
is somewhatdifficult for spectralfitting dueto complex absorption.In fact,simplespectralfitting
with one-zoneabsorptiongivesa flat photonindex, but measurementswith studiesof time vari-
ability recovers the photonindex closeto the canonicalvalues;1.2 � 1.75� 0.10 (NGC 4388),
1.5 � 1.76� 0.05(NGC 3516). Even in thespectralfitting, considerationof complex absorption
gave1.6 � 1.77� 0.02for NGC2110.Figure5 showsadistributionof thepower-law photonindex
of Seyfert 2 galaxies,obtainedwith Suzakuby studiesof timevariability or partialcoveringmodel.
Thephotonindex narrowly distributesin therangeof 1.7–1.9,andthereis nosignificantdifference
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betweenSeyfert 1 and2 galaxies. However, in the caseof Compton-thickobjects,the recovery
of photonindex might beincomplete.Anotherimportantis thattheFe-K narrow line oftendisap-
pearsin thedifferencespectraaswell asthereflectioncomponent,indicatingthatthenarrow Fe-K
line comesfrom thedistantmatterfar away from thenucleus.Spectraldecompositionwith time
variability alsoopensthestudyof thejet emission.Kataokaet al. (2007)[7] extractedthejet steep
emissionwith a fastvariability from the disk emissionwith a slower variability for a broadline
radiogalaxy3C120.Sincejet emissionfrom radiogalaxiesis not sorelativistically boosted,it is
oftenhiddenby thedisk emission.But it is importantto probethejet structureandunderstandthe
disk-jetconnection.

Figure 5: Power-law photon index vs absorptioncolumn density for Seyfert 2 galaxies observed with
Suzaku.

Figure6: Feabundanceof reflectionandabsorptionma-
terial, against the redshift, obtained with Suzaku. The
red, greemandblue pointsareSeyfert 1, compton-thin
Seyfert 2, compton-thickSeyfert 2, respectively.

Figure7: Centerenergy andwidth of narrow Fe-Kα line,
obtained with Suzaku. Thecolorsarethesameasfigure
6.
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4. Propertiesof reflectionor absorption material

In thissection,wedescribetheimprovedunderstandingof thereflectionor absorptionmaterial
obtainedwith Suzaku.SuzakucanconstraintheFeabundancewell by usingbothFe-Kedgedepth
and reflectionhump, and sucha measurementwas demonstratedby Reeves et al. (2007)[16].
Figure6 shows theFeabundancesof reflectionmatter. For Seyfert 2 galaxieswhoseFe-K edgeis
alsodueto theabsorption,we assumetheFeabundanceof theabsorberto be thesameasthatof
thereflector. TheFeabundanceis in therangeof 0.6–1.2solar, constrainedmoretightly thanever,
andno evidencesof Fesupersolarabundance.Therefore,it is possiblethat thepastreportsof Fe
supersolarabundanceis dueto the apparentdeepedgeby the multi-layer absorption,asseenfor
NGC 2110or theionizedabsorber. Figure7 shows thescatterplot betweenthecenterenergy and
the width of the Fe-Kα fluorescenceline. Thesequantitiesarealsodeterminedbetterthanever,
leadingto theconstraintof theionizationstateof reflector. Thecenterenergy narrowly distributes
at 6.385–6.405keV, indicatingthat the Fe ionizationis lessthan10th. For somebright objects,
Fe Kα to Kβ line intensityratio canbe measuredto give a similar upperlimit of ionization,as
demonstratedby Yaqoobet al. (2007)[22], Awaki et al. (2008)[1], andShirai et al. (2008)[19].
The line width is mostly lessthan2500km/s, indicatingthat thereflectoris at � 0
 1 pc far away
from thenucleus.Apart from thenarrow Fe-Kα line, broadFe-Kα line is alsoconfirmedin some
objects;MCG-6-30-15,MCG-5-23-16,NGC3516,and3C120.

TheSuzakuwide-bandhighsensitiveobservationsisadvantageousalsofor studiesof Compton-
thick objects.Uedaetal. (2007)[23] foundthattwo Swift hardX-ray sources(Swift J0136.6-4001
andSwift J0601.9-9636)exhibit a Compton-thickabsorptionanda weakscatteringcomponent.
Consideringtheopticalnon-activities of theseobjects,they suggestthat theseobjectshave a geo-
metrically thick torus,by which mostof scatteringor reflectioncomponentarealsoblocked. Itoh
et al. (2008)[6] indicatedthat a large variationamplitudeof the flux anda broad-bandspectral
fitting requiresa reflectorwith a small solid-angleof a few � 10
 2 � 2π for NGC 4945. On the
otherhand,astrongreflectioncomponentis detectedfor Mrk 3 (Awaki etal. 2008)[1], NGC4388
(Shirai et al. 2008)[19] andso on, andthustheseobjectsmight have a toruswhosegeometryis
typical. Suzakuhasobservedmany Compton-thickSeyfert 2 galaxies,basedontheSwift/BAT and
INTEGRAL sources.Figure8 shows an exampleof their spectra,whereit canbe seenthat the
scatteringor reflectioncomponentin the soft X-ray bandis often weakwith � 1% of the direct
emission.Therefore,thegeometryof thetorusis indicatedto bevarioustypes;geometricallythick
like Swift J0136.6-4001andSwift J0601.9-9636,geometricallythin like NGC 4945. Othercases
also suggeststhat the scattering/reflectioncomponentvarieswith somedelay against the direct
emissionandthe scattering/reflectionis occasionallyweakwhenthe nucleusbegins the activity
afterquiescence.In fact,a long-termvariationof thereflectionfractionwasobservedwith Suzaku
andpreviousobservations(Shiraiet al. 2008)[19]. Thus,Suzakuwill giveusimportantnew infor-
mationon thepropertiesof theabsorberandreflector.
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Figure8: Examplesof Suzaku spectraof Compton-thickSeyfert 2 galaxiesasrepresentedby theCrabratio.
Top-left, top-right,bottom-left,andbottom-rightareIRAS19254-7245,Mrk273,NGC4992,andNGC5728,
respectively.
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