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Abstract. Spectralmeasurementof Mkn 421weremadein thehardX-ray
energy bandof 20–200keV usingahighsensitivity, largeareascintillation
countertelescopeon November21, 2000 and thesecoincidedwith the
onsetof anactiveX-ray phaseasseenin theASM countingratesonboard
RXTE. The observed spectrumcan not be fitted to a single power law
similar to the PDSdataof BeppoSAX.The datacanbe fitted both by a
two componentpower-law function or a combinationof an exponential
functionwith a power law componentat thehigh energiesabove 80keV.
Weidentify thesecomponentswith thosearisingfrom thesynchrotronself
comptonandthehighenergy power-law tail arisingfrom theupgradingof
the thermalphotonsdueto multiple Comptonscatteringa la Cyg X-1. A
comparisonwith theearlierdataclearlysuggestsa spectralvariability in
thehardX-ray spectrumof thesource.We proposea continuouslyflaring
geometryfor thesourceastheunderlyingmechanismfor energy release.

Key words. X-rays;AGNs—BLLacsources,massiveblackholecandi-
dates,jet emission;individual—Mkn421.

1. Intr oduction

Among the active galacticnuclei, blazersform a distinct classof highly luminous,
radio loud andrapidly variableobjectsin the entireelectromagneticspectrum.The
X-ray spectraof thesesourcesextendfrom the soft X-ray region of < 1keV to the
TeV energy band.Mkn 421 is thebrightestof theBL Lac objectsin theX-ray band
and the photonflux hasbeenobserved up to > 102 eV. This sourcewas the first
BL Lac objectto bediscoveredin X-rays(Rickettset al 1976)andhardX-ray spec-
trum up to 100keV wasfirst measuredby Ubertini et al (1984).Thesourcehasbeen
repeatedlystudiedin differentwave bandregionsof radio,UV, X-rays,gammarays
andat TeV energiesboth individually andin coordinatedcampaignsfor simultane-
ousmultiwavelengthmonitoringof thesource.Theseobservationsindicateacomplex
spectralvariability of the sourcebut a clearcorrelationof pronouncedX-ray flares
with theobservationof TeV photonssuggestsa commonemissionmodefor thetwo
bands.

The low energy X-ray observationsof the sourcebelow 10keV with EXOSAT,
ROSAT andASCA during thequiescentstatereveal that thevariability of Mkn 421
in thesoft X-ray bandcanbeinterpretedassmallamplitudevariationsabouta mean
luminosity level which remainsalmostconstant(Georgeet al 1988).The time scale
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of thesevariationsis of the orderof 105–106 sec.The temporalanalysisof the X-
ray photonsduring the1998flare from theBeppoSAXdatasuggeststhathardpho-
tonsbetween3 and10keV bandlag thesoft photonsbelow 3keV by about103 sec,
which is in completecontrastwith theobservationsin theotherBL Lacspectra(Fos-
sati et al 2000a).The combinedmulti-frequency observations of the sourcewith
EUVE, ASCA, RXTE andSAX-LECS andTeV bandduring the 1998active phase
(Macombet al 1995)indicatebothpositiveandnegativelagin individualflares(Taka-
hashiet al 2000).The measuredtime lag is also at variancewith earlier reported
data(Takahashiet al 1996).In summary, the temporalstudiesin the radio andlow
energy X-ray banddo not constrainthe X-ray emissionmodels,however, the data
doesshow a clear correlationbetweenthe soft X-ray photonsand the TeV pho-
tons.No other underlyingsystematicfeaturehasemerged to date(Maraschiet al
1999).

The spectralmeasurementsof the sourcein the X-ray bandbelow 10keV with
BeppoSAXduring 1997 and 1998 flare period show a remarkablevariability and
spectralevolution duringtheflare.Theobservedspectradoesnot appearto fit either
a singlepower law or evena brokenpower law (Fossatiet al 2000b),a curvedmodel
hasbeenthusappliedto extract the modelparameters.The ν-Fν plot in the 0.1 to
10keV energy bandhowever, resemblesa truncatedparabolicshapein all the data
sets.While the descriptionof the spectralfeaturesin a narrow 10keV bandat low
energiesis limiteddueto theinherentproblemsof absorptionwithin thesourceregion,
it is likely thatthesourcespectrummayitself consistof boththermalandnon-thermal
components.In the hardX-ray region above 20keV, the availablespectraldataon
Mkn 421 is very limited. Entiredataconsistsof mainly pre1990observationsfrom
balloon-borneinstrumentsandtherecentdetectionof thesourceupto 100keV during
aflare.

In the canonicalmodelsfor blazars,the observed radiationin radio,UV andlow
energy X-ray band,is believedto arisein thesynchrotronself compton(SSC)emis-
sion from the highly relativistic electronsin the jets which are fortuitously aligned
to the line of sight (Ghisellini et al 1985). However, in thesephenomenological
modelsthe accelerationof electronsto extremely high energies of about1016 eV,
their survival in a strongphotonfield andthe requiredenergy densityof thesehigh
energy electrons,still remainsunresolved.Similarly, theshapeof theobservedspec-
tra of BL Lac sourcesdoesnot provide a definite clue for any single fundamen-
tal mechanismin the X-ray emitting region. For example,in the low energy X-ray
bandof 0.1–10keV, a convex spectralshapeis seenfor Mkn 421, while the spec-
trum of ON 231 exhibits a concave profile (Tagliaferri et al 2000).Therefore,the
hard X-ray spectrafrom AGNs may be composedof a superpositionof multiple
componentsarisingin boththermalandnon-thermalprocessesconsistingof thesyn-
chrotrontail, synchrotronself comptoncontribution andpossiblya comptontail pro-
ducedby upgradingof the low energy photonswith thermalelectronsin the hot
regions.

A direct way to distinguishbetweenthe thermalandnon-thermalcomponentsis
to observe theAGNs in thehardX-ray andsoft gammaray energy band,wherethe
spectralbreaksareexpectedfor the thermalandComptonmodels.The hardX-ray
spectralmeasurementsof galacticBHC X-ray sourcesdo show that thenon-thermal
spectralcomponentwhichdominatestheflux for energiesabove30keVdoesnotshow
spectralvariability and therefore,the spectralpropertiesof the thermalcomponent
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mustbeinferredbycomputinglow energyresiduals.In thispaperwereportthespectral
measurementsof Mkn 421 madeduring the active phasein the energy band20–
200keV. Thespectralvariability is studiedusingotheravailabledata.Wealsopropose
acontinuousflaringmodelandlist differentprocesseswhichmaycontributeefficiently
in differentenergy regions.

2. Instrument and observations

The observations were made with a Large Area Scintillation counter Experi-
ment (LASE) which is designedto study fast variations in the flux of X-ray
sourcesin the hard X-ray energy region up to 200keV. The payload consists
of three large areaX-ray detectormodulesmountedon a servo-controlledplat-
form. The detectorsare a speciallydesignedcombinationof thin and thick large
area NaI(Tl) scintillation counters configured in back-to-backgeometry. Each
of the detectormoduleshas a geometricalareaof 400cm2 and the thicknessof
the prime detector is 4mm. The active anti-coincidenceshield is provided by
a 30mm thick crystal. The field of view of eachmodule is 4.5◦ × 4.5◦ and is
defined by a slat collimator specially designedwith a sandwichedmaterial of
lead, tin and copper. Each module along with the collimator is further encased
with a passive shield. Each detectoris designedas a stand-aloneunit with inde-
pendenton-boardsubsystemsfor HV power and data processing.The payload
platform is servo-stabilizedand the target X-ray sourceand the corresponding
backgroundregion are tracked using an on-boardmicro-processorcontrolled star
tracker.

Theback-to-backconfigurationof thedetectorgives80%reductionin thedetector
backgroundin theoperatingenergy range,mostof which is produceddueto partial
energy lossby theComptonscatteringof high energy photonsin themaindetector.
The pre-flight calibrationof the X-ray detectorsis doneat differentenergiesusing
radioactivesources,Cd109(22.1,87.5keV),Am241(24.7and59.6keV)andBa133(32.4
and81keV).In addition,anAm241sourceismountedonthepayloadfor thecalibration
of the detectorsduring the flight using groundcommand.The acceptedeventsare
pulse-heightanalyzed,timetaggedwith a25µ secresolutionandtransmittedtoground
ona40Kbit PCM/FMlink. Thedetailsof thedetectordesign,associatedelectronics,
controlsub-systemsandin-flight behaviour of theinstrumentarepresentedelsewhere
(D’Silvaet al 1998).A 3σ sensitivity of theLASE telescopein theentireenergy range
up to 200keV is ∼ 1 × 10−6 cm−2 s−1 keV−1 for asourceobservationof 104 sec.

Theballoonflight waslaunchedon November21st,2000from Hyderabad,India
(cut-off rigidity 16.8GV) andreachedtheceiling altitudeof 42km correspondinga
residualatmosphereof 2.5mbars.A numberof X-ray sourcesin theright ascension
bandof 12h to 20h wereobservedduringthisexperiment.Mkn 421wasin thefield of
view of threedetectorsfor atotalperiodof 60min(twosightingsof 20and40mineach)
between0215UT and0350UT andthe backgroundwasmeasuredfor 20min each
beforeandafter thesourceobservationandfor 15min midway thesourcepointings.
The off-sourcepointing locationwascarefully selectedblank field from the known
X-ray sourcecatalog.TheX-ray light curve from theall sky monitoronboardRXTE,
suggeststhatatthetimeof ourobservationthesourcehadtransitedto theactiveflaring
phasewith sourceluminositytwice thelowestvalue.
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3. Resultsand discussion

A total excessof 6960countsdueto Mkn 421 wererecordedin the threedetectors
in the entireenergy region. This correspondsto a combinedstatisticalsignificance
of ∼ 7.5σ . The positive excesswas seenup to 200keV. The sourcecontribution
was divided in 12 energy bins and correctedfor atmosphericabsorption,window
transmission,detectorefficiency andenergyresolutionfor eachdetectorandco-added.
Thecombinedspectrumof thesourceis shown in Fig.1.Theerrorsonthedatapoints
correspondto 1σ statisticalerrors.A systematicerrorof ∼ 10%is estimatedfor the
lowestenergy channelandincludedin theplot.

ENERGY (kEV)

10 100

F
LU

X
 (

p
h 

cm
-2

s-1
 k

eV
-1

)

10-6

10-5

10-4

10-3

Mkn 421
Nov 21 2000

Figure 1. HardX-ray spectrumof Mkn 421in 20--200keV. Solid linesrepresenta composite
power law spectrumwith two componentsα1 andα2. Thedottedlinesgive thecombinationfit
with α andkT.

It isclearlyseenfromFig.1,thatasinglepowerlaw fit of theformdN/dE = KE−α

photonscm−2s−1 keV−1 doesnot fit thespectraldataandthespectrumdoesconsist
of atleasttwo components.A broken power law or a compositefit with a thermal
andnon-thermaltermsrepresentthedatafairly well. Therepresentativebestfit model
parametersfor thetwo componentpower law modelare;α1 = −3.6 ± 0.1 andα2 =
−.86±0.15for aχ2

4 valueof 1.15perdof.Thesolidline in thefigureshowsthepower
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law fit. A goodfit to thedatais alsoobtainedfor acompositepowerlaw + exponential

functionof theform dN

dE
= A

Eα + B
E

e−E/kT phcm−2 s−1 keV−1. Thebestfit parameters
obtainedusinggradientmethod(Bevingtonet al 1969)arekT = 13.5 ± 2.2keV and
α = 0.86 ± 0.07 for χ2

4 valueof 1.2 per dof Lamptonet al (1976).The estimated

luminosityof thesourcein 20–200bandis 7 × 1042–1043
(

D

M pc

)2
ergss−1.

The spectraldatapresentedabove correspondsto an active X-ray phaseof the
source.The long term behaviour of the sourceasseenin the ASM light curve on-
boardRXTE is shown in Fig. 2. Theepochcorrespondingto thepresentobservations
is markedwith anarrow. A continuouslyvaryingnatureof thesourceis quiteapparent
from thefigureafterMJD 51860,on which day thesourcemadea transitionfrom a
lower luminositystate.
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Figure 2. Long termvariability of Mkn 421in low energy range.Thearrow markstheepoch
for presentobservations.

In Fig.3,wehaveplottedtheavailablespectralmeasurementsof thesourcebetween
1 and 200keV band.The observationscorrespondto HXR 81 data(Ubertini et al
1984),OSO-8data(Coeet al 1979)andHEAO-A2data(Mushotzky et al 1979),Upper
limits from OSSEobservations(McNaron-Brown et al 1995)andthedottedline in the
figureshows thesinglepower law approximationto theBeppoSAXdata(Guainazzi
et al 1999).ThehardX-rayspectraldataobtainedduringpresentobservationsis in fair
agreementwith theearlierobservationsof Ubertiniet al 1984,however themeasured
flux duringthepresentepochis factorof 20higherthanOSSEdatain the50–200keV
band.It is alsoseenfrom thefigurethatthepresentmeasurementcanbeconstruedas
anextensionof theOSO-8datain thelow energybandof 1–10keV, butarein complete
contrastwith theHEAO-1spectrum.Similarly, recentresultsof aflarespectrumin the
1–10keVflarefromBeppoSAXarealsonotconsistentwith thepresentmeasurements
athigherenergies.Althoughspectralevolutionduringtheflareperiodis seenfrom the
sourcein thelow energydata,nosimplefunctionalformfits thedata.Thebestfit power
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Figure3. A comparisonof thehardX-raydataof Mkn 421with theotherdatain the1.6–200keV
band.

index for abrokenpower law fit above1.6keV is α ∼1.5–1.8(Fossatiet al 2000a).It
is alsoclearfrom thefigurethata continuationof thelow energy spectrumasshown
in the dottedline, cannot fit the presentobservations.A flatteningin the spectrum
above 30keV is essentialin any functionalform. At theextremehigh energy end,a
combinedfit to thehardX-ray observationsandtheEGRETdataatGeVenergies(Lin
et al 1996)requiresfurther steepeningof the shapebeyond 200keV. In summary, a
non-linearnatureof the spectralshapebetween1keV andUHE energies,pointsto
differentemissionmechanismswhichcaterto differentenergy regions.

4. Continuousflaring geometry

The presentmeasurementsmadeduring the active phaseclearly indicatethat X-ray
spectrumof thesourcein the20–200keV bandis certainlynotasimplepower law as
expectedfrom theSynchrotronandComptonscatteringmodels.Even if we assume
that convex spectralshapein the 0.1–10keV from BeppoSAXrepresentsthe high
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energy endof thesynchrotronemission,thehigh energy datapointsrepresenta new
component.Addedto this is thestrongvariability of thesourcein all wavebands.In
theX-ray region, thepercentagevariationincreaseswith increasein photonenergies.
It is therefore,necessaryto examinealternatemodelsandthe possibility of thermal
contribution to theX-ray spectrum.A new look is alsonecessitated,for theparticle
accelerationto higherenergies.It is alsoessentialthatTeV photonsmustoriginatein a
regionwherethemagneticfield is extremelylow, in orderto avoid strongattenuation
of thesephotonsthroughmagneticpair-productionprocess.An approximatelimit is
givenby

√
B2[G] < 1012 × ε/Eph (Bednareck1991).

We therefore,proposea continuouslyflaring modelin which theparticleflux con-
sistingof protonsandelectronsis squirtedduringeachflaring episodeandwhich is
acceleratedin therelativistic jets.Randomnatureof theintensityvariationsof Mkn 421
in differentwavelengthbandssupportssucha geometry. A steadyemissionfrom the
sourcepointsto continuousinjectionof theparticlesinto thejets.Theactive phaseis
therefore,analogousto the increasein the amplitudeandthe flare occurrencerate.
Consideringthat the largeflaresarethehigh amplitudesub-setof continuumof low
level flaresandleadto a variability of theambientparticleflux, onecanaccountfor
theobservedtemporalbehaviour of thesourceevenatultrahighenergies.

4.1 Particle acceleration and the photon emission

Thephotonspectrumof Mkn 421extendsfrom radioemissionto TeV (> 1012 eV)

gammarayenergiesandis highly variable.Theobservationof a jet in thesourcepro-
vides a naturalbasisfor radio emissionas due to synchrotronemissionfrom high
energy electrons.Theformationof the jet features,their morphology, extentandthe
speedof expansionareultimatelyascribableto eithertheaccretionon to thecentral
blackholeor episodicejectionfrom thecentreof thegalaxy. Thedynamicalparame-
tersincludingmassflow, momentum,collimation,energy, magneticflux andthecool-
ing dependupontheambientenvironmentandmany hydro-dynamicalmodelsof the
formationof narrow jetsfor AGN’s andstellarscalecompactobjectshave beenpro-
posedin literature(Begelmanet al 1984,Colgate1990).A continuousinput to the
jetsasenvisagedabove doesrequiretheformationof accretiondisk andthetransfer
of thematerialto thebaseof thejet. For synchrotronemissionfrom relativistic elec-
trons,theelectronenergycorrespondingto theobservedradioemissionlie in therange
E ' 300− 2000× [ν/H⊥]1/2 eV. Hencethedetectionof radioflux from thesource
is itself anevidenceof thepresenceof relativistic particlesandin situ acceleration.

The particle accelerationin the jets is believed to be due to shockwave at the
interactionboundaryof theexpandingrelativisticplasmaandtheambientenvironment.
During the shockaccelerationa particlewith velocity v gainsa momentum' w/v

every time it crossestheshockof velocity w. If theparticlesarescatteredefficiently
both sidesof the shockandstaytrapped,the particlecanreachrelativistic energies
providedtheadiabaticlossesarenegligible.In caseof thediffusiveshockthemaximum
protonenergy E

p
max ∼ 1015 eV is attainablefor a shockcompressionratio of 4 and

reasonablevaluesfor otherparameters(Ogelman1986).Treatingultrasonicturbulent
massflow in the jet streamasanalogousto the strongstellarwinds the maximum
energy maybeevenhigherby ∼ 100at theshockboundary(Cesarsky & Montmerle
1991).In shockacceleration,theresultantspectrumof theparticlesis apowerlaw and
for ashockcompressionof ∼ 3 − 4 theexponentliesbetween2 and2.5.
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A largepopulationof high energy electronswithin a strongradiophotonfield can
alsogive rise to high energy X-ray photonsdueto InverseComptoncollisions.This
SSCmechanismis generallybelieved to be the main operative processfor photon
emissionin the AGN sources.The SSCmechanismhowever, predictsvery definite
relationshipbetweenthe spectralindicesin the radio and the X-ray energy bands
with the electronspectrum.If we take the spectralindex for the electronspectrum
to be γ ∼ 2.5, then the power index for the synchrotronphotonflux is given by
α = (γ−1)

2 − 1 ∼ −1.75. With the estimatedvalueof B ∼ 0.03G, a breakin the
incidentelectronspectrumandachangeof thepower index by ≥ 1,dueto steepening
causedby thesynchrotronandbremsstrahlunglossesis expectedat electronenergies
above1014 eV. Onecantherefore,infer afurthersteepeningin thephotonspectrumby
≥ 0.5 at higherenergies.Furthermore,theenergeticconstraintsprovide that theflux
of X-ray photonsproducedin Comptoncollision of high energy electronswith radio
photonsincreases,if valueof B decreases,whichin turnrequiresmuchhigherelectron
energyfor theproductionof radiophotons.TheobservedX-rayspectrumbelow 20keV
cantherefore,be identifiedwith the tail endof theSSCphotons.A flatteningin the
X-ray spectrumin hardX-ray region anda changeof spectralindex from 3.6 to 0.86
cannotbetherefore,ascribedto anon-thermalorigin. As seenin Fig. 1. anadditional
componentdominatingthehardX-ray flux above60keV is essential.Weproposethat
the high energy componentarisesdueto upgradinglow energy photonsby thermal
electrons.

It is well known that a localized non-radiative heatingof the plasmacan take
placenear the shock front. Therefore,a significant fraction of soft X-rays in the
2–10keV region may arise due to thermal bremsstrahlungemissionat the col-
lision boundaryof the jet since temperatureof the hot gas behind the shock is
∼ 107 − 108 K. The presenceof an iron line at 6keV in the spectrumclearly
points to the existenceof high temperatureregionsof thermalemissionwithin the
sourcevolume.In addition,theobservationsof soft excessin bright quasars,without
any obvious correlationwith other spectralpropertiesof the sourceis also indica-
tive of a thermalcomponentin the quasarsspectra.Upgradingof the low energy
seedphotonsdue to multiple Comptoncollision with thermal electronscan lead
to Comptontail in the 40–200keV energy rangeas seenin the Mkn 421 spec-
trum. During Comptonization,if 4kTe > hν, the seedphotonswill be upgraded
in energy. The increasein photon energy on averageduring each scatteringis
given by 1ε = 4

3[γ 2 − 1]ε, even for a Maxwellian distribution of electronswith
kTe � mec

2. Therefore,multiple scatteringeven by a Maxwellian gasin hot spots
can lead to very high photonenergies.The emergent spectrumis a unified power
law but the exact spectralshapeis radically modified if the seedphotonshave a
spectraldistribution and there is a temperaturegradientin the scatteringelectron
cloud.

Sincethe correlatedmeasurementshave revealedbeyond doubtthat TeV gamma
rays have a one-to-onecorrespondencewith the low energy X-ray emissionfrom
the source,oneis temptedto assumethe TeV emissionto be a simpleextensionof
the SSCspectrum.However, an enhancementby a factor of 109 in the energy of
electronsis neededto emitTeV photonsandis farmoredifficult to achievedueto long
accelerationtimescalegivenby ta ∼ (c/v)2tc, wheretc is thecollision time,which is
necessaryto reachtheseenergies,againsttheefficientcoolingdueto synchrotronand
bremsstrahlungprocesses.RecentlyDermerandSchlickeiser(1991)haveshown that
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productionof UHE gammaraysby theinverseComptonprocessis notplausibleeven
if oneconsidersthe ‘triplet pair production’process.A muchmoreefficient way of
producingTeV gammaraysis from theprotons.UHE photonscanarisefrom theπ◦

decaywhich areproduceddueto thecollisionsof theacceleratedprotoncomponent.
The productionof gammaray per target nuclei in pp collisionsis given by Ozel &
Ficktel (1988); q[Eγ ] dEγ = dEγ

∫

R(Eγ , Ep)Np(Ep) dEp; whereR represents
the integratedgammaray productionratebasedupontheπ◦ mesonproductionand
distribution function andNp is the protonnumberdensity. The integral gammaray
flux from thesourcevolumecanbewritten asSγ ∼ 2 × 1025ηnHV , whereV is the
volumeof thesource,nH is thenumberdensityof hydrogennucleiandη is theratio
of the proton spectraldensityto that in the vicinity of the earth.Anotherpossible
sourcefor theemissionof TeV photonsis dueto pγ -photomesonphotoproduction
process.The gammaray yield efficiency in this caseis higher by a factor of ∼ 2
sincethesquaremassinvariantin pp collisionsis higherthanthecorrespondingpγ

collision with X-ray photons.The estimatedefficiency in the first processis only
∼ 8%.In addition,themultiplicity of pionsin pp collisionsincreaseswith energy and
this resultsin lower energy gammaray photonfor a given protonenergy compared
to pγ process.Theobservableflux from thejet regionwill correspondto anoriented
directionalbeamwith asolidangle�. Therequiredprotonluminosityfor adetectable
gammaray flux of ∼ 10−8 phcm−2 s−1 keV−1 in thegammaray region will require

a numberdensityof emitting protonsgiven by Lp ∼ 3 × 1044 × � ×
(

D
Mpc

)2
. An

apparentsimultaneityof the TeV andX-ray photonsis maintainedin the proposed
processasboth theelectronandprotonsareacceleratedat thesametime. This may
alsoexplain theobservedfeaturethatthedecayof theTeV flux is fasterthanthekeV
flux.

In conclusion,thepresenceof jet in Mkn 421doesprovideaselfconsistentbasisfor
theaccelerationof theelectronsandprotonswithin thesourcevolume.Theemission
of ultrahighenergy photonscaneasilybeproducedin pp collisions.Theobservation
of two componentpower-law X-ray spectrumof the source,with clearflatteningat
higherenergiesdoesnot supporta pureSynchrotronSelf Comptonemissionmodel
or the continuallycurved modelproposedby Malizia et al (2000).The datapoints
to anadditionalcomponentpossiblyarisingfrom thermalComptonizationin thehot
regionswithin theemissionvolume.
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