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Abstract. Spectrameasuremerttf Mkn 421weremadean thehardX-ray
enegy bandof 20—20GkeV usingahigh sensitvity, largeareascintillation
countertelescopeon November21, 2000 and thesecoincidedwith the
onsetof anactive X-ray phaseasseenn the ASM countingrateson board
RXTE. The obsered spectrumcan not be fitted to a single power law
similar to the PDS dataof BeppoSAX.The datacan be fitted both by a
two componentpower-lav function or a combinationof an exponential
functionwith a power law componentt the high enegiesabove 80keV.
We identify thesecomponentsvith thosearisingfrom thesynchrotrorself
comptonandthehigh enegy power-law tail arisingfrom the upgradingof
the thermalphotonsdueto multiple Comptonscatteringa la Cyg X-1. A
comparisorwith the earlierdataclearly suggests spectralvariability in
thehardX-ray spectrunmof the source We proposea continuouslyflaring
geometryfor the sourceasthe underlyingmechanisnior enepgy release.

Keywords. X-rays; AGNs—BL Lac sourcesmassve black hole candi-
datesjet emissionjndividual—Mkn 421.

1. Intr oduction

Among the active galactic nuclei, blazersform a distinct classof highly luminous,
radio loud andrapidly variableobjectsin the entire electromagneticpectrum.The
X-ray spectraof thesesourcesextendfrom the soft X-ray region of < 1keV to the
TeV enegy band.Mkn 421 is the brightestof the BL Lac objectsin the X-ray band
andthe photonflux hasbeenobsered up to > 10?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).The sourcehasbeen
repeatedlystudiedin differentwave bandregionsof radio, UV, X-rays,gammarays
andat TeV enegiesbothindividually andin coordinatedcampaigndor simultane-
ousmultiwavelengthmonitoringof thesource Theseobsenationsindicatea comple

spectralvariability of the sourcebut a clear correlationof pronouncedX-ray flares
with the obsenationof TeV photonssuggesta commonemissionmodefor the two

bands.

The low enegy X-ray obsenationsof the sourcebelov 10keV with EXOSAT,
ROSAT andASCA duringthe quiescenstatereveal that the variability of Mkn 421
in the soft X-ray bandcanbe interpretedassmallamplitudevariationsabouta mean
luminosity level which remainsalmostconstan{Geoge et al 1988).Thetime scale
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of thesevariationsis of the order of 10°~1( sec. The temporalanalysisof the X-
ray photonsduring the 1998 flare from the BeppoSAXdatasuggestshat hardpho-
tonsbetweerB and10keV bandlag the soft photonsbelov 3keV by about10® sec,
whichis in completecontrastwith the obsenrationsin the otherBL Lac spectraFos-
sati et al 2000a). The combinedmulti-frequeny obsenrations of the sourcewith
EUVE, ASCA, RXTE andSAX-LECS andTeV bandduring the 1998 active phase
(Macombet al 1995)indicatebothpositive andnegative lagin individualflares(Taka-
hashiet al 2000). The measuredime lag is also at variancewith earlier reported
data(Takahashit al 1996).In summarythe temporalstudiesin the radio andlow
enegy X-ray banddo not constrainthe X-ray emissionmodels,however, the data
doesshawv a clear correlationbetweenthe soft X-ray photonsand the TeV pho-
tons. No other underlying systematicfeaturehasemepged to date (Maraschiet al
1999).

The spectralmeasurementsf the sourcein the X-ray bandbelov 10keV with
BeppoSAXduring 1997 and 1998 flare period shav a remarkablevariability and
spectralevolution duringtheflare. The obsered spectradoesnot appeato fit either
asinglepower law or evenabroken power law (Fossatiet al 2000b),a curved model
hasbeenthus appliedto extractthe model parametersThe v-F, plot in the 0.1to
10keV enegy bandhowever, resemblesa truncatedparabolicshapein all the data
sets.While the descriptionof the spectralfeaturesin a narrav 10keV bandat low
enepgiesis limited dueto theinherenproblemsof absorptiorwithin thesourceregion,
it is likely thatthe sourcespectrunmayitself consistof boththermalandnon-thermal
componentsin the hard X-ray region above 20keV, the available spectraldataon
Mkn 421 is very limited. Entire dataconsistsof mainly pre 1990 obsenrationsfrom
balloon-borneénstrumentsandtherecentdetectionof thesourceupto 100keV during
aflare.

In the canonicalmodelsfor blazars the obsened radiationin radio, UV andlow
enegy X-ray band,is believedto arisein the synchrotronself compton(SSC)emis-
sion from the highly relativistic electronsin the jets which arefortuitously aligned
to the line of sight (Ghisellini et al 1985). However, in thesephenomenological
modelsthe acceleratiorof electronsto extremely high enegies of about10'¢eV,
their survival in a strongphotonfield andthe requiredenegy densityof thesehigh
enengy electronsstill remainsunresohed. Similarly, the shapeof the obsened spec-
tra of BL Lac sourcesdoesnot provide a definite clue for ary single fundamen-
tal mechanismin the X-ray emitting region. For example,in the low enegy X-ray
bandof 0.1-10keV, a corvex spectralshapeis seenfor Mkn 421, while the spec-
trum of ON 231 exhibits a concae profile (Tagliaferri et al 2000). Therefore,the
hard X-ray spectrafrom AGNs may be composedof a superpositionof multiple
componentsirisingin boththermalandnon-thermaprocessesonsistingof the syn-
chrotrontail, synchrotrorself comptoncontribution andpossiblya comptontail pro-
ducedby upgradingof the low enegy photonswith thermalelectronsin the hot
regions.

A directway to distinguishbetweenthe thermaland non-thermalcomponentss
to obsere the AGNsin the hard X-ray andsoft gammaray enegy band,wherethe
spectralbreaksare expectedfor the thermaland Comptonmodels.The hard X-ray
spectraimeasurementsf galacticBHC X-ray sourcesdo show thatthe non-thermal
spectratomponentvhichdominatesheflux for enegiesabore 30keV doesnotshaw
spectralvariability and therefore the spectralpropertiesof the thermalcomponent
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mustbeinferredby computingow enegy residualsin thispapemwereportthespectral
measurementsf Mkn 421 madeduring the active phasein the enegy band 20—
200keV. Thespectralariability is studiedusingotheravailabledata We alsopropose
acontinuoudlaringmodelandlist differentprocesseshichmaycontributeefficiently

in differentenepy regions.

2. Instrument and obsewations

The obserations were made with a Large Area Scintillation counter Experi-

ment (LASE) which is designedto study fast variationsin the flux of X-ray

sourcesin the hard X-ray enepgy region up to 200keV. The payload consists
of three large area X-ray detectormodulesmountedon a seno-controlled plat-

form. The detectorsare a specially designedcombinationof thin and thick large

area Nal(Tl) scintillation counters configured in back-to-backgeometry Each
of the detectormoduleshas a geometricalareaof 400cn? and the thicknessof

the prime detectoris 4mm. The active anti-coincidenceshield is provided by

a 30mm thick crystal. The field of view of eachmoduleis 4.5° x 4.5° andis

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 passie shield. Each detectoris designedas a stand-aloneunit with inde-

pendenton-board subsystemdor HV power and data processing.The payload
platform is seno-stabilized and the tamget X-ray source and the corresponding
backgroundregion are tracked using an on-boardmicro-processorcontrolled star
tracler.

Theback-to-baclconfigurationof the detectorgives80%reductionin the detector
backgroundn the operatingenegy range,mostof which is produceddueto partial
enegy lossby the Comptonscatteringof high enegy photonsin the main detector
The pre-flight calibrationof the X-ray detectords doneat differentenegiesusing
radioactvesourcesCd!°(22.1,87.5keV), Am?41 (24.7and59.6keV) andBa®3(32.4
and81keV).In addition,anAm?*! sources mountecbnthepayloadfor thecalibration
of the detectorsduring the flight using groundcommand.The acceptedeventsare
pulse-heighanalyzedtimetaggedvith a25 u secresolutiorandtransmittedo ground
ona40Kbit PCM/FMlink. Thedetailsof thedetectordesign,associate@lectronics,
controlsub-systemandin-flight behaiour of theinstrumentarepresente@lsavhere
(D'Silvaet al 1998).A 30 sensitvity of the LASE telescopén theentireenegy range
upto 200keVis ~ 1 x 106 cm2s 1 keV ! for asourceobserationof 10* sec

The balloonflight waslaunchedon November21st,2000from Hyderabad]ndia
(cut-off rigidity 16.8GV) andreachedhe ceiling altitude of 42km corresponding
residualatmospheref 2.5mbars.A numberof X-ray sourcedn theright ascension
bandof 12" to 20" wereobsenedduringthis experimentMkn 421wasin thefield of
view of threedetectorgor atotalperiodof 60 min (two sightingsof 20and40mineach)
between0215UT and0350UT andthe backgroundvasmeasuredor 20min each
beforeandafterthe sourceobsenrationandfor 15min midway the sourcepointings.
The off-sourcepointing locationwas carefully selectedblank field from the known
X-ray sourcecatalog.The X-ray light curve from theall sky monitoronboardRXTE,
suggestthatatthetime of ourobsenationthesourcehadtransitedo theactiveflaring
phasewith sourcduminositytwice thelowestvalue.
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3. Resultsand discussion

A total excessof 6960 countsdueto Mkn 421 wererecordedn the threedetectors
in the entire enegy region. This correspond$o a combinedstatisticalsignificance
of ~ 7.50. The positive excesswas seenup to 200keV. The sourcecontritution

was divided in 12 enepgy bins and correctedfor atmosphericabsorption,window

transmissiongetectoefficiency andenepgy resolutionfor eachdetectoandco-added.
Thecombinedspectrunof thesources shovnin Fig. 1. Theerrorsonthedatapoints
correspondo 1o statisticalerrors.A systematicerrorof ~ 10%is estimatedor the

lowestenegy channelndincludedin theplot.
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Figurel. HardX-ray spectrunof Mkn 421in 20--200keV. Solid linesrepresena.composite
powerlaw spectrumwith two components:; andw,. Thedottedlinesgive the combinatiorfit
with o andkT.

Itisclearlyseerfrom Fig. 1,thatasinglepowerlaw fit of theformdN /dE = KE~®
photonscm~2s~1keV~! doesnot fit the spectraldataandthe spectrumdoesconsist
of atleasttwo componentsA broken power law or a compositefit with a thermal
andnon-thermatermsrepresenthedatafairly well. Therepresentatie bestfit model
parameter$or thetwo componenpower law modelare;a; = —3.6 £ 0.1 anday =
—.86+0.15for a x7 valueof 1.15perdof. Thesolidline in thefigureshavsthepower
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law fit. A goodfit to thedatais alsoobtainedor acompositgpowerlaw + exponential

functionof theform %% = & +8 ¢~E/K phem 2 s tkeV . Thebestfit parameters

obtainedusinggradientmethod(Bevingtonet al 1969)arekT = 135+ 2.2keV and
o = 0.86+ 0.07 for x2 valueof 1.2 per dof Lamptonet al (1976). The estimated

2
luminosity of the sourcein 20—200bandis 7 x 10*2-10* (M%:) ergss?.

The spectraldata presentedabore correspondgo an active X-ray phaseof the
source.The long term behaiour of the sourceas seenin the ASM light curve on-
boardRXTE is showvn in Fig. 2. Theepochcorrespondingo the presenbbsenrations
is markedwith anarraw. A continuouslyaryingnatureof thesources quiteapparent
from the figure after MJD 51860,0n which day the sourcemadea transitionfrom a
lower luminosity state.
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Figure2. Longtermvariability of Mkn 421in low enegy range.Thearrov marksthe epoch
for presenbbsenations.

In Fig. 3, wehave plottedtheavailablespectrameasurements thesourcebetween
1 and 200keV band.The obsenationscorrespondo HXR 81 data(Ubertini et al
1984),0S0-8data(Coeet al 1979)andHEAO-A2 data(Mushotzhk et al 1979),Upper
limits from OSSEobsenations(McNaron-Bravn et al 1995)andthedottedline in the
figure shaws the single power law approximationto the BeppoSAXdata(Guainazzi
etal 1999).ThehardX-ray spectrablataobtainedduringpresenbbsenationsis in fair
agreementvith theearlierobsenationsof Ubertiniet al 1984,howeverthemeasured
flux duringthe presentpochis factorof 20 higherthanOSSEdatain the50-20keV
band.lt is alsoseenfrom thefigurethatthe presentmneasuremerdanbe construedas
anextensionof theOSO-8datain thelow enegy bandof 1-10keV, butarein complete
contraswith theHEAO-1 spectrumSimilarly, recentresultsof aflarespectrumin the
1-10keV flarefrom BeppoSAXarealsonotconsistentvith thepresenmeasurements
athigherenegies.Althoughspectrakvolutionduringtheflareperiodis seerfrom the
sourcdn thelow enegy datanosimplefunctionalform fits thedata Thebestfit power
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Figure3. A comparisomfthehardX-raydataof Mkn 421with theotherdatain thel.6-20keV
band.

index for abrokenpower law fit above 1.6keV is o ~1.5-1.8(Fossatiet al 2000a).It
is alsoclearfrom thefigure thata continuationof the low enegy spectrumasshovn
in the dottedline, cannot fit the presentobsenations.A flatteningin the spectrum
above 30keV is essentialn ary functionalform. At the extremehigh enegy end,a
combinedit to thehardX-ray obsenationsandthe EGRETdataat GeV enegies(Lin
et al 1996)requiresfurther steepeningf the shapebeyond 200keV. In summarya
non-linearnatureof the spectralshapebetweenl keV and UHE enegies, pointsto
differentemissionrmechanismsvhich caterto differentenegy regions.

4. Continuousflaring geometry

The presentmeasurementsiadeduring the active phaseclearly indicatethat X-ray
spectrunof thesourcein the 20—200keV bandis certainlynotasimplepowerlaw as
expectedfrom the Synchrotronrand Comptonscatteringmodels.Evenif we assume
that corvex spectralshapein the 0.1-10keV from BeppoSAXrepresentghe high
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enegy endof the synchrotroremission the high enegy datapointsrepresena new
componentAddedto this is the strongvariability of the sourcein all wavebandsin
the X-ray region, the percentageariationincreasesvith increaseén photonenegies.
It is therefore necessaryo examinealternatemodelsandthe possibility of thermal
contrikution to the X-ray spectrumA new look is alsonecessitatedpr the particle
accelerationio higherenegies.lt is alsoessentiathatTeV photonanustoriginatein a
region wherethe magnetidield is extremelylow, in orderto avoid strongattenuation
of thesephotonsthroughmagneticpair-productiorprocessAn approximatdimit is
givenby v'B2[G] < 10" x ¢/E,;, (Bednareckl991).

We therefore proposea continuouslyflaring modelin which the particleflux con-
sistingof protonsandelectronss squirtedduring eachflaring episodeandwhich is
accelerateth therelatistic jets.Randomatureof theintensityvariationsof Mkn 421
in differentwavelengthbandssupportssucha geometry A steadyemissionfrom the
sourcepointsto continuousdnjection of the particlesinto the jets. Theactive phases
therefore,analogoudo the increasein the amplitudeandthe flare occurrenceate.
Consideringhatthe large flaresare the high amplitudesub-sef continuumof low
level flaresandleadto a variability of the ambientparticleflux, onecanaccountfor
theobseredtemporalbehaiour of the sourceavenatultra high enegies.

4.1 Particle acceleration and the photon emission

The photonspectrumof Mkn 421 extendsfrom radio emissionto TeV (> 102eV)
gammaray enegiesandis highly variable.Theobsenationof ajet in the sourcepro-
vides a naturalbasisfor radio emissionas due to synchrotronemissionfrom high
enegy electronsThe formationof the jet featurestheir morphology extentandthe
speedof expansionareultimately ascribableto eitherthe accretionon to the central
blackhole or episodicejectionfrom the centreof the galaxy Thedynamicalparame-
tersincludingmasslow, momentumcollimation,enegy, magnetidlux andthe cool-
ing dependuponthe ambientervironmentandmary hydro-dynamicamodelsof the
formationof narrov jetsfor AGN’s andstellarscalecompactobjectshave beenpro-
posedin literature (Begelmanet al 1984, Colgate 1990).A continuousinput to the
jetsaservisagedabove doesrequirethe formationof accretiondisk andthe transfer
of the materialto the baseof thejet. For synchrotroremissionfrom relatiistic elec-
trons,theelectrorenegy correspondingo theobseredradioemissioriie in therange
E ~ 300— 2000 x [v/H ]"?eV. Hencethe detectionof radioflux from the source
is itself anevidenceof the presencef relatvistic particlesandin situ acceleration.

The particle accelerationin the jets is believed to be due to shockwave at the
interactiorboundanryftheexpandingelativistic plasmandtheambienervironment.
During the shockacceleratiora particle with velocity v gainsa momentun~ w/v
every time it crosseghe shockof velocity w. If the particlesarescatterecfficiently
both sidesof the shockand staytrapped the particle canreachrelatiistic enegies
providedtheadiabatidossesrenggligible. In casenf thediffusiveshockthemaximum
protonenegy Efhax ~ 10 eV is attainablefor a shockcompressiomatio of 4 and
reasonablealuesfor otherparameter§Ogelmanl986).Treatingultrasonicturbulent
massflow in the jet streamas analogougo the strongstellar winds the maximum
enegy maybeevenhigherby ~ 100atthe shockboundary(Cesarsk & Montmerle
1991).In shockaccelerationtheresultanspectrunof the particlesis apowerlaw and
for ashockcompressiomf ~ 3 — 4 theexponentlies betweer? and2.5.
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A large populationof high enegy electronswithin a strongradio photonfield can
alsogive riseto high enegy X-ray photonsdueto InverseComptoncollisions. This
SSCmechanisms generallybelieved to be the main operatve processfor photon
emissionin the AGN sourcesThe SSCmechanismhowever, predictsvery definite
relationshipbetweenthe spectralindicesin the radio and the X-ray enegy bands
with the electronspectrumIf we take the spectralindex for the electronspectrum
to bey ~ 2.5, thenthe power index for the synchrotronphotonflux is given by
a = 2 — 1~ —175 With the estimatedvalue of B ~ 0.03G, a breakin the
incidentelectronspectrumandachangeof thepowerindex by > 1, dueto steepening
causedy the synchrotrorandbremsstrahlungpssess expectedat electronenepies
above 10* eV. Onecanthereforejnfer afurthersteepeningn thephotonspectrunby
> 0.5 at higherenegies.Furthermorethe enegetic constraintgrovide thatthe flux
of X-ray photonsproducedn Comptoncollision of high enegy electronswith radio
photonsncreasesdf valueof B decreasesyhichin turnrequireamuchhigherelectron
enegyfortheproductiorof radiophotonsTheobsenedX-ray spectrunbelov 20keV
cantherefore beidentifiedwith the tail endof the SSCphotons A flatteningin the
X-ray spectrumin hardX-ray region anda changeof spectraindex from 3.6to 0.86
cannotbetherefore ascribedo anon-thermabrigin. As seenn Fig. 1. anadditional
componentlominatingthehardX-ray flux abose 60keV is essentialWWe proposehat
the high enegy componenfarisesdueto upgradinglow enegy photonsby thermal
electrons.

It is well known that a localized non-radiatve heatingof the plasmacan take
place nearthe shockfront. Therefore,a significantfraction 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 s
~ 10’ — 10®K. The presenceof an iron line at 6keV in the spectrumclearly
pointsto the existenceof high temperatureegions of thermalemissionwithin the
sourcevolume.In addition,the obsenrationsof soft excessin bright quasarswyithout
ary ohvious correlationwith other spectralpropertiesof the sourceis alsoindica-
tive of a thermalcomponentin the quasarsspectra.Upgradingof the low enegy
seedphotonsdue to multiple Comptoncollision with thermal electronscan lead
to Comptontail in the 40-200keV enepgy rangeas seenin the Mkn 421 spec-
trum. During Comptonizationjf 4kT, > hv, the seedphotonswill be upgraded
in enegy. The increasein photon enegy on averageduring each scatteringis
givenby Ae = g[y2 — 1]e, even for a Maxwellian distribution of electronswith
kT, « m.c?. Therefore multiple scatteringeven by a Maxwellian gasin hot spots
canleadto very high photonenepgies. The emegent spectrumis a unified power
law but the exact spectralshapeis radically modified if the seedphotonshave a
spectraldistribution and thereis a temperaturegradientin the scatteringelectron
cloud.

Sincethe correlatedmeasurementave revealedbeyond doubtthat TeV gamma
rays have a one-to-onecorrespondencwith the low enegy X-ray emissionfrom
the source,oneis temptedto assumehe TeV emissionto be a simple extensionof
the SSC spectrum.However, an enhancemenby a factor of 10° in the enegy of
electrongs neededo emit TeV photonsandis far moredifficult to achieze dueto long
acceleratiotime scalegivenby ¢, ~ (c/v)?t., wheret, is thecollisiontime, whichis
necessarjo reachtheseenepies,againsttheefficient coolingdueto synchrotrorand
bremsstrahlungrocesseRecentlyDermerandSchlickeiser(1991)have shovn that
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productionof UHE gammaraysby theinverseComptonprocesss not plausibleeven
if oneconsiderghe ‘triplet pair production’ processA muchmoreefficient way of
producingTeV gammaraysis from the protons.UHE photonscanarisefrom the z°
decaywhich areproduceddueto the collisionsof the accelerateghrotoncomponent.
The productionof gammaray per target nucleiin pp collisionsis givenby Ozel &
Ficktel (1988);¢[E,] dE, = dE, [ R(E,, E,)N,(E,) dE,; where R represents
the integratedgammaray productionrate baseduponthe 7 ° mesonproductionand
distribution functionand N,, is the protonnumberdensity The integral gammaray
flux from the sourcevolumecanbewrittenas S, ~ 2 x 10°°nny V, whereV is the
volumeof thesources g is the numberdensityof hydrogennucleiandy is theratio
of the proton spectraldensityto that in the vicinity of the earth. Another possible
sourcefor the emissionof TeV photonsis dueto py-photomesorphotoproduction
process.The gammaray yield efficiency in this caseis higherby a factorof ~ 2
sincethe squaremassinvariantin pp collisionsis higherthanthe corresponding>y
collision with X-ray photons.The estimatedefficiency in the first processis only
~ 8%.In addition,themultiplicity of pionsin pp collisionsincreasesvith enegy and
this resultsin lower enegy gammaray photonfor a given protonenegy compared
to py processTheobsenableflux from thejet regionwill correspondo anoriented
directionalbeamwith asolidangle2. Therequiredprotonluminosityfor adetectable
gammaray flux of ~ 108 phcm™2 s~1keV ! in the gammaray region will require

2
a numberdensityof emitting protonsgivenby L, ~ 3 x 10" x Q x (M%C) . An

apparensimultaneityof the TeV and X-ray photonsis maintainedin the proposed
processasboththe electronand protonsare acceleratect the sametime. This may

alsoexplainthe obseredfeaturethatthe decayof the TeV flux is fasterthanthekeV

flux.

In conclusionthepresencef jetin Mkn 421doesprovide aselfconsistenbasisfor
theacceleratiorof the electronsandprotonswithin the sourcevolume.The emission
of ultrahigh enegy photonscaneasilybe producedn pp collisions.Theobsenation
of two componenpower-lav X-ray spectrumof the source with clearflatteningat
higherenegiesdoesnot supporta pure SynchrotronSelf Comptonemissionmodel
or the continually curved model proposedoy Malizia et al (2000). The datapoints
to anadditionalcomponenpossiblyarisingfrom thermalComptonizationn the hot
regionswithin the emissiornvolume.
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