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=/>)( ë TDQ(ê�AWQSæ�G�Y3F"EWV�QOa+* øs�
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CORA - Emissionline fitting with Maximum Lik elihood
A tool for spectrawith small count numbers,with rigor ousapplication of Poissonstatistics
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Abstract. The advent of pipeline-processeddataboth from space-andground-basedobservatoriesoften disposesof the
needof full-fledgeddatareductionsoftwarewith its associatedsteeplearningcurve. In many cases,a simpletool doingjust
onetask,anddoingit right, is all onewishes.
In this spirit we introduceCORA,a line fitting tool basedon themaximumlikelihoodtechnique,which hasbeendeveloped
for theanalysisof emissionline spectrawith low countnumbersandhassuccessfullybeenusedin severalpublications.
CORA usesa rigorousapplicationof Poissonstatistics.Fromtheassumptionof Poissoniannoisewe derive theprobability
for a modelof theemissionline spectrumto representthemeasuredspectrum.Thelikelihoodfunctionis usedasa criterion
for optimizing theparametersof the theoreticalspectrumanda fixedpoint equationis derivedallowing anefficient way to
obtainline fluxes.
As anexamplewedemonstratethefunctionalityof theprogramwith anX-ray spectrumof Capellaobtainedwith theLETGS
onboardtheChandraobservatory. An approachof analyzingtheNe IX triplet is introduced.

Keywords: Techniques:spectroscopic– X-rays:stars

1. Intr oduction

Many astronomicaldatareductionpackagesprovide a broad
rangeof functionality to cover all aspectsof datatreatment,
from thereductionof raw input dataup to theanalysisof the
final reduceddata.This impliesthatthesepackagesarehuge
andmay have a steeplearningcurve. Also, sometimestheir
dataanalysistasksrequiresophisticatedinput formats(like
XSPECwhereinput needsto bein theso-calledOGIPFITS
format).

On the other hand,both space-and more recentlyalso
ground-basedobservatoriesoftenprovideobserverswith pre-
processed,calibrateddata,andbasicallyoneonly wouldneed
a simpletool doingonesimpletask(e.g.,line fitting) to per-
form the final dataanalysis.Facingthis problemduring the
analysisof ChandraX-ray data,wehavedevelopedCORA,a
tool for fitting emissionlinesin spectrawith low countnum-
bers(i.e.,with Poissonianstatistics).This tool hasbeenused
in several recentpublications(e.g.,Nesset al. 2001, 2002;
Stelzeret al. 2002). Herewe presentan outline of the tool

Correspondenceto: jness@hs.uni-hamburg.de

andits underlyingalgorithm,anddiscussits relationto other
software.

Given an observed spectrum,it is often desirableto de-
terminetheparametersof spectrallinesby fitting a modelto
the data.The actualfit is doneby maximumlikelihoodesti-
mation, i.e., the probability of the datagiven the modelpa-
rameters(the likelihoodof the parameters)is maximizedby
varyingthemodelparameters.Usually this maximumlikeli-
hoodestimateis obtainedby minimizing the j]k function:

j kml�no prq]s�t.u
pPvxw]yCz<p|{_}~s!���r� }7�2�

� p � k>�
(1)

where

y�z p � u p � are the observed datapoints, � the number
of datapoints, � p the measurementerrorsof the individualu p , and

w]y�z<p|{_}Ms!�r��� }~�2�
the function that representsthe fitted

modelwith parameters

y0} s ���r� } � �
.

However, the j k function is only a maximumlikelihood
estimatorif themeasurementerrorsarenormallydistributed
(and independent).As photonshot noisefollows a Poisso-
nian distribution (Dereniak& Crowe 1984), the assumption
of normally distributedmeasurementerrorsis only valid in
thelimit of largecounts.

c
�
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We thereforehavethefollowing requirements:

1. For theanalysisof spectralfeatureswith low counts,it is
desirableto takeinto accounttheindividualmeasurement
errors �U� for eachspectralbin, andto modelthemwith a
Poissondistribution.

2. To handledifferent instruments,it shouldbe possibleto
choosebetweendifferent line profiles,where the mini-
mum setof usefulprofileswould be includethe Gauss,
Lorentz,andVoigt profiles.

3. To improveportability, theformatof theinputdatashould
beassimpleaspossible,possiblyplain ASCII data.This
is becauseit is alwaysmucheasierto convert a sophisti-
catedformatinto a simpleronethanviceversa.

4. In orderto obtainquick andusefulresults,usageshould
be simple, and thereshouldbe a GUI (GraphicalUser
Interface)to guidetheuser.

5. The programshould not require proprietary tools that
might notbeavailablefor someprospectiveusers.

2. Data input

The spectrumto beanalyzedmustbe providedasanASCII
file containingfivecolumns:(1) wavelengths,(2) raw counts,
(3) errorsfor counts,(4) instrumentalbackgroundin counts,
and(5) anerrorfor theinstrumentalbackgroundcounts.The
non-subtractedspectrumshouldbegivenin counts,negative
valueswill not be accepted.The instrumentalbackground
mustbegivenon thesamewavelengthgrid.

As the algorithmis basedon the assumptionof Poisso-
nianerrors,thecounterrorsin thedatafile areonly usedfor
includingerrorbarsin thefinal plot.

Theerrorsin theinstrumentalbackgroundarenotusedin
thecurrentversion,insteadthey arealsoassumedto bePois-
sonianin the algorithm.The spectrumcanalsobe given in
threecolumns(wavelength,counts,andbackgroundcounts),
or two columns(wavelengthandcounts).For the errorsthe
squareroot of thecountnumberswill beadopted,and,in the
latter case,the instrumentalbackgroundwill assumedto be
zeroin all bins.

3. Method of analysis

3.1. Background tr eatment

Beforedeterminingthe flux of any emissionline, the back-
groundmustbemodeled.Thebackgroundconsistsof essen-
tially two components:instrumentalbackgroundandsource
background,which may consistof continuumradiationand
weak,unresolvedlines.

The instrumentalbackground�`� is alsopresenton those
partsof thedetectornotilluminatedby thetargetsource,such
that it canbe obtainedfrom regionsadjacentto the spectral
traceon the detector. We supplytheoption to usea second-
orderpolynomialto smooththeinstrumentalbackground.

A farmoredifficult taskis thedeterminationof a reliable
sourcebackground�!�_� . The sourcebackgroundis by defi-
nition presentonly on the extractedspectraltrace,andmay

becontaminatedby weak,unrecognizedspectrallinesand/or
specificeffectsof theinstrument,e.g.,higherordercontami-
nation.

In orderto estimatethe sourcebackground,we adopted
thefollowing procedure.We first concentrateon thespectral
regionof interest,andconsiderthecontinuumin this (small)
regionasconstant,thusoneparameter�!�_� is sufficient to de-
scribethe sourcebackground.In this region we generatea
backgroundsubtractedspectrum,andcalculatethemedianof
thecountvaluesthusobtainedfor all binswithin theinvesti-
gated(small)partof thespectrum.All binscontainingmore
countsthan3� above this medianvalueare excludedfrom
calculatinga final medianvalue,which is usedasa constant
sourcebackground�!�_� measuredin counts/̊A. The median
is a statisticallyrobustestimateof thecontinuum(which we
implicitly assumeto be flat over the consideredpart of the
spectrum)aslong asmorethan50%of all binsbelongto the
sourcebackground,i.e., thespectrumcontainsnot too many
lines.

For eachbin � with thebin-size ��� in Å wethusobtaina
totalvaluefor thebackgroundof � �������C��.�h� �_� � in thestudied
wavelengthrange.

3.2. Fit procedure

The emissionline spectraarefitted with a maximumlikeli-
hoodtechniquesimilar to thatusedby Schmittet al. (1996)
for their EUVE spectra.Thespectrumis assumedto consist
of the background� andof � discreteemissionlines. The
treatmentof thebackground� is describedin Sect.3.1.

Eachline � is assumedto berepresentedby a normalized
profile �E�i O�¢¡[�7�H£_�7�D¤ , e.g.,a Gaussianprofile

� �  0�¢¡[� � £_� � ¤ � ¥¦ §E¨ � �<©)ªm« ¬�8¬`®_¯ °°O± ® (2)

with the dispersion� � and the centralwavelength � � . The
choiceof an adequateprofile functiondependson the prop-
erties of the grating, the detectorand, provided sufficient
spectralresolution,the physicalpropertiesof the source.In
the currentversiona Gaussprofile, a Lorentz profile, and
a Pseudo-Voigt profile areimplemented.Otherprofile func-
tionscaneasilybeimplemented.In thepseudo-Voigtapprox-
imationtheweightedsumof a Gaussanda Lorentzprofile²�³ �0�7´'µ�¶�·'¸�¹�º �   ¥¼»¾½ ¤�¿�À8ÁP�!�H 0Â�¤ � ½7Ã ³EÄEÅDÆ¢Ç  CÂ]¤
is used.Here,theFWHM Â is computedasÂ �  0ÂeÈÉ � §7Ê ËiÌ8§)ÌHË ÂeÍÉ�ÂeÎ � §~Ê Ï7§)ÐiÏHÑ ÂeÒÉ]ÂeÓÎ� ÏUÊ Ï~Ô ¥ ËiÑ Â ÓÉ�Â ÒÎ �%Õ Ê Õ Ô)Ð)Ï7§ Â É Â ÍÎ � Â ÈÎ ¤`Ö`× È Ê
Themixing parameter½ is computedas

½ � ¥ Ê ÑHËiË Õ Ñ  CÂeÎ7Ø)Â�¤ » Õ Ê Ï~ÔiÔ ¥ Ì  CÂeÎ~Ø)Â�¤ Ó �%Õ Ê ¥H¥i¥H¥ Ë  CÂ¢ÎMØ)Â�¤ Ò Ê
(For reference,seeThompsonet al. 1987).

After the selectionof � lines with their centralwave-
lengths� � andtheir linewidths � � a specificpartof thetotal
spectrumwill beextractedfor investigation,includingall se-
lectedlineswith sufficient adjacentbackground.This partof
the spectrumcontainsa numberof bins,called Ù here,and
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thenumberof expectedcountsòôó in the õOöC÷ bin canbecalcu-
latedasòôó�ø�ù!ú_ûü;ýÿþ ú_û ó þ��������	� � û ó�
 �� (3)

where� � , theamplitude,reflectsthetotalnumberof countsof
line � , and û ó�
 � is thevalueof thenormalizedprofile function
for line � in bin õ . In orderto comparethemodeledspectrumòôó with themeasuredspectrum�¢ó , weassume�¢ó to beaPois-
sonrealizationof òôó . Thetotalprobabilityof theobservations� ������� ��� is thengivenby��� � ������� �����hø ��ó ��� �"!$#&% ò(' %ó�¢ó*) (4)

andthe likelihoodfunction + � � �"� ý �,�.-/�0� �2ø21 ������3 � is de-
finedas

+ ø54�6�798 � ø54�6 �� ó ��� � 4mò ó þ � ó 7:8Lò ó � þ ò(;<� ù�= � (5)

The best-fit valuesof the parameters� � � ý � , and - � � �Qø1 . . . 3 � are determinedby finding extremal valuesof +
through:> 798?+>

� � øA@
> 7:8?+> ý � øB@

> 798C+> -/� øD@ � (6)ý � and - � are in principle fixed by the wavelengthsof
theconsideredlinesandtheinstrumentalresolution.Compli-
cationsarisefrom possiblewavelengthcalibrationerrorsand
line blends.A minimizationprocedureis providedfor solving
Eqs.6 numericallyfor

ý � and -/� , suchthatno derivative of
thenormalizedprofile function is necessary. Theamplitudes

� � , proportionalto the line flux, arethe genuineinteresting
parameters.Analysisof the likelihoodequationsshows that
for the amplitudes� � a fixed point equationcanbe derived
for eachline � with

ý � and -/� assumedto begiven:

� � 
 E�FHG ø �� ó ��� �¢ó � � 
 I&J K û ó�
 �òôó�
 I&J K � (7)

We point out that this fixedpoint equationis independentof
thechoiceof theprofile function.

Eq.7 canbeefficiently solvedby iteration.Measurement
errorsaredeterminedby assumingthelikelihoodcurve + � � � �to be parabolicandfinding the valueof

ü � � where + � � ��Lü � � � øM+ � � � � þON + resultingin
ü � � øQP 6 N +?R<+TS S� with+ S S� thesecondderivativeof + with respectto � � known from

equations5 and3. We choosed+ øU1 which yields formal
1 - errors(Presset al. 1992).

Similarly the errorsfor
ý � and -/� are calculatedin the

casethevaluesareoptimizedby minimization.Wedetermine
theerrorsin d

ý � andd- � numericallyfrom + � ý � � and + � - � � ,
respectively with d+ øV1 , i.e., errors being given within
68.3%; thus formally we treat all other parametersas “un-
interesting”.

Whenmeasuringline blends,a morerefinederror anal-
ysis is necessaryfor the amplitudesin order to accountfor
correlatederrors.This is doneby calculatingthe matrix of
correlatederrors

ü � ó � øXW 6 > +?R > +4ó > + � . TheEigenvaluesY � � ü � ó � � of thismatrix(Hesse-matrix)will bethecorrelated
errors

ü � � (cf. Strong1985).

3.2.1.Imposing restrictionson the fit

The algorithmhasbeendevelopedin the context of analyz-
ing high resolutionX-ray spectraof cool stars(e.g.,Nesset
al. 2001, 2002) obtainedwith theLETGSon boardChandra.
It is thereforedesignedto meetsomeof the specificchal-
lengesof this instrument.Neverthelesssomeof thesefea-
turesare useful in a variety of other contexts as well. The
spectrameasuredwith the LETGS containa numberof iso-
latedandblendedemissionlinesabovea continuumof vary-
ing strength.A goodprofile functionfor theseemissionlines
is the Gaussprofile function (Eq. 2). Whenfitting multiple
lines,therelative line positionsarewell known (e.g.,Dereet
al.2001), whileabsolutelinepositionsmightneedcorrection.
For this purposethewavelengths

ý � canvary eitherfreely or
- if the relative wavelengthpositionsof the lines to be fitted
areknown - only oneline is fitted,andall otherline positions
will besetaccordingto therelative line positionsgivenwith
the startvaluesin orderto accountfor possibleshifts of the
overallwavelengthscale.

The greatbenefit from the high-resolutionX-ray spec-
tra lies in the new opportunityto analyzethe plasmaby use
of temperature-anddensitysensitive line flux ratios.When
dealingwith low-signaldataor with blends,it canbe desir-
able to requirecertainline ratios to be fixed to valuesthat
retainrealisticphysicalconditions,while still obtainingthe
bestfit resultfor therest.For this purposeZ weights [ � and
avalue \ canbegivenfulfilling

������� [ � � � øB\ � (8)

All lineswith [ � øA@ canvary freely. Choosing,e.g., [0]møB^ ,[`_døa4b1 � , and \@øc@ , a constrainton the line flux ratio
of [ _ R0[`]ãø2^ canbe demanded,while fitting the other line
counts� �`d� ](
 _ freely. This featurehasbeenusedby Nessetal.
(2002) for fitting the Ne IX triplet for Algol, which is heav-
ily blendedby FeXIX. ThesameNe IX triplet is alsoseenin
theChandraLETGSspectrumof Capella,andin Sect.4, we
discussthe deblendingof this triplet usingCORA in some
detail.

A big problemof theLETGSis thehigherdispersionor-
ders,whichcannotbedisentangledfrom thefirst orderby in-
trinsic energy resolutionof thedetector. Thewavelengthsof
the fitted lines canbe multiplied with a factorreflectingthe
dispersionorder. In thatway the line flux of, e.g.,theO VI I I

line at18.97Å canbemeasuredat38Å, 57Å, 76Å, etc.with
thesamestartingvalue,i.e.,18.97Å in combinationwith the
correspondingfactor. This featurecanalsobe usedfor sys-
tematicblue-or redshifts.

3.3. Implementation details

The introducedprogramconsistsof two independentparts.
The actual fit programis a standaloneprogramwritten in
ANSI C that readsin the spectrumanda configuration file
performsthe fit outputsthe resultsandgeneratesa plot (us-
ing the PGPLOT vectorplotting library). The configuration
file containsinitial fitting parametersaswell assettingsfor
variousoptionsfor fitting andplotting.
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To customizethe selectionof input parametersandop-
tions, the programis deliveredwith a graphicaluser inter-
face(GUI) programmedwith GTK+ (GimpToolKit), amulti-
platformopensourceGUI toolkit. This GUI allows to inter-
actively selecttheregion of interestwithin thespectrum,set
initial valuesfor plottingparameters,selectoptionsfor fitting
andplotting,andactuallyrun thefit.

Theprogramcanbeusedto createplots for publication.
Plot parameterscanbe given modifying the outlook of the
plot, e.g.,only thespectrumcanbeplottedwith nofittedline,
or labelscanbeincluded,ascanbeseenin Fig. 1.

4. Analysis of a Chandra LETGS spectrum of
Capella

In order to demonstratethe potentialof the developedtool,
we presentas an example,a ChandraLETGS spectrumof
Capella(cf. Nesset al. 2001, Mewe et al. 2001). The anal-
ysis of the Ne IX triplet is particularlydifficult, becausethe
intercombinationline at 13.52 Å is blendedby an FeXIX

line. For this reasonMewe et al. (2001) did not analyzethe
Ne IX triplet, andalsotheHETGSspectra,in spiteof its bet-
ter resolution,posedproblemsthatwerenot fully solvedby
Canizaresetal. (2000) or Phillipset al. (2001).

However, densitydiagnosticswith theNe IX triplet is in-
teresting,becauseit allows to probeplasmaof intermediate
temperature.Althoughit is not possibleto resolve theblend,
theproblemcanbeapproachedby usingphysicalconstraints
derived from other lines in the spectrumin order to restrict
thefit parameters.

UsingtheCORA tool presentedhere,in their analysisof
Algol Nesset al. (2002) useda fixed G ratio (cf. Gabriel&
Jordan1969) thatgrantsarealisticplasmatemperature.Since
the theoreticalwavelengthsarenot asreliableasthe resolu-
tion, the wavelengthvalueswereiteratedfreely. We applied
this techniqueto theCapellaLETGSspectrum,andshow the
result in Fig. 1. As canbe seenfrom the labels,the G ratio
is 0.8, anda measuredf/i ratio of 3.24 f 0.35(68.3%con-
fidenceerror) is obtained,which is consistentwith the ratio
measuredby Ayres et al. (2001). They give 2.9 f 0.5, but
point out thattheir valueis uncertaindueto theblending.

5. Conclusion

5.1. Limitations

The programis designedfor a specificpurpose,but is pro-
grammedfor more generalapplications.However, not all
possibledemandsaremet,andwe wish to point out this fact
by mentioningthelimitations.

The sourcebackgroundis considereda constantwithin
the wavelengthrangeof interest.This assumptionmight be
poorin caseswhenthewavelengthregionof interestis large,
which is thecasewhentheemissionlinesarefar apart.The
procedureis thereforelimited to (multiple) fitting of nearby
linesonly. Thesmallwavelengthrangerestrictstheprogram
to fitting only individual lines, but no global fit is possible
with this program.

Fig.1. Spectrumof Capella:Exampleof a constrainedfit of the
Ne IX triplet at 13.5Å, wherethe intercombinationline at 13.52Å
is blendedby anFeXIX line.

Fig.2. XMM-RGS Spectrumof Capella:It is clearlyvisible thatthe
Lorentzianprofile functionis bestsuitedfor RGSspectra.

The line profiles are restrictedto Gaussian,Lorentzian,
or PseudoVoigt profile functions.Experiencehasshown that
theChandraLETGSandHETGSspectraaresufficiently well
modeledwith the Gaussianprofile, while XMM RGSspec-
tra requireLorentzianprofiles(cf. Fig. 2). Othernormalized
profiles,however, caneasilybeimplemented.

Thealgorithmfollows thephilosophyto stick ascloseto
theraw dataaspossiblein orderto avoid interferenceof sys-
tematicerrorswith statisticalerrors.We thereforeinsist on
non-subtractedcountspectrato begiven.Flux spectracanof
coursebe given, becausethe units cannotbe checked. Sys-
tematicerrorsin the effective areasand the exposuretime,
however, spoil the Poissonstatistics,suchthat no usefuler-
rorswill bereturned.Sincethesubtractionof theinstrumen-
tal backgroundalsospoilsthePoissonstatistics,nospectrum
containingbinswith negativecountvalueswill beaccepted.
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5.2. Comparison
i

with other tools

We have developedCORA becausewe felt that noneof the
existing tools,at leastthosewe know of, did fulfill our per-
ceivedneeds.

In particular, both the popularMIDAS andIRAF pack-
agesprovidetasksfor line fitting anddeblending,but accord-
ing to thedocumentationtheassumptionof Poissonstatistics
is only usedin the final derivation of error estimates(e.g.,
in the IRAF SPECFIT task),while from Eqs.6 onecansee
that the Poissonstatisticsdirectly entersinto the likelihood
function that determinesthe fit result,and thereforeshould
be accountedfor not only for error estimation,but also for
thefitting procedureitself. This is donein therigid approach
usedby CORA.

TheXSPECpackageprovidesa taskto performline fit-
ting with Poissonstatistics.However, XSPECrequiresinput
datain a specialFITS format,andin fact we have not been
ableto convert the ASCII dataavailableto us into that for-
mat.XSPECis anexcellentreductiontool, treatingraw data
from X-ray missions,but oncethe reductionhasbeenper-
formed in anotherway but with XSPEC,it is very difficult
to make useof theXSPECtasksfor furtherdataanalysis.In
suchcases,toolslikeCORA areclearlythebetterchoice.As
notedabove, CORA is limited to fits within small spectral
windows.For globalfits, eventuallyincludinga moreor less
completelist of lines,XSPECis certainlysuperior.

Since CORA pursuesonly one single goal, in con-
trast to many other applications it is easy to use,
and also easy to install. CORA is releasedunder the
terms of the GNU Public License (FSF 1991), and
can be downloaded from the METALAB ftp archive
(http://metalab.unc.edu/pub/Linux/science/astronomy).
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Ó+Þ�Ø�Õ$Ú ä Ý�Ó+Õ`âPâ>×VØmáTÚVØ+ÚVÛW×VÕVêKÙ ä ësÕ$×KÝ�Ý�Þ�ÜbÕVê;éKÚVÙPÛ�é*×VâPÚKÛ�é�ë'ÙqÓ+Ô�Ó+Ô�Õ
Ý�ÚVâ(×EØy×EÛW×VâPÚVéKìVê;Ó�ÔW×EÓ'Ó+Ô�ÕZïwã�Ø&×=ì�Õ`Ü�ÙqÓ�Ó+ÙPÛ�éGç�â>×KÝ�Ü�×bÚ ä ×�Ý�Ó�Õ`âPâ(×EØ
áTÚKØ�ÚKÛW×ZÙ>ÝmáTÚKÛ�ðWÛ�Õ�è�ÙPÛGÜ�×VéVÛ�ÕTÓ�Ù(áyâ>Ú]ÚVçWÝTß;à'Ô�ÕwÚKñWÝ�Õ`Ø+ÖVÕ�èaÖE×EâPÞ�Õ�Ý
Ú ä�ò*ó ×EÛWèôtõ ä ÚVØy×*éVÙ>ÖVÕ`ÛÝ�Ó&×EØsáTÚKÞ�â>èGñ3Õ}×Vá`áTÚKÞ�Û;Ó+Õ`è ä ÚVØsÕ`ÙPã
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î]ç�×EÓ�Ù(×Eâ>âPì^Ø+Õ�Ý�ÚKâPÖKÕ�è^Ý�ÚKâ>×VØÚKñWÝ�Õ`Ø+Ö5×5Ó+ÙPÚKÛWÝ�×EâPâ>Ú5ë Ó�Úrè�Ù>Ý�Õ`Û�ã
Ó&×EÛ�éKâPÕ¬è]Õ`ÛWÝ�ÙqÓ�ì ×EÛWè ÖVÚKâPÞ�ÜbÕ¬áTÚVÛ;Ó�Ø+ÙPñ�Þ�Ó�Ù>ÚVÛWÝ�Ó+ÚQÓ�Ô�ÕNÚEÖVÕ`Ø&×Eâ>â
Õ`Ü�Ù>Ý+Ý�Ù>ÚVÛþÜ�Õ�×VÝ�Þ�Ø�ÕVß��$Û�ÕXðWÛWè�ÝÓ�Ô�ÕXÓ+ÚEÓ&×Eâ}ïwã�Ø+×=ìQÚKÞ�Ó�ç�Þ�ÓzÚ ä
Ó+Ô�Õ^î]Þ�Û�è�ÚKÜbÙPÛW×EÓ�Õ�è�� ×EÓeâ>Õ�×VÝ�ÓeÞ�ÛWè�Õ`ØeÜ�×Eö]Ù>Ü*Þ�Ü áTÚKÛ�è�ÙPã
Ó+ÙPÚKÛWÝ	�ñ;ì¬Ó�Ô�ÕBÕ`Ü�Ù>Ý+Ý�Ù>ÚVÛ ä Ø�ÚKÜ Ø+×EÓ�Ô�Õ`ØGÝ�Ü�×VâPâ«ê�è�Õ`ÛWÝ�Õ�â>Ú;ÚKçWÝTß
î;Ó+Õ`âPâ(×EØ|áTÚVØ+ÚVÛW×EÕ�×VâPës×5ì]Ýw×Eç�ç3Õ�×VØw×KÝyç3ÚKÙPÛ;ÓZÝ�ÚKÞ�Ø+áTÕ�ÝTß3àsÔ�Õ*ÚKÛ�âPì
ë'×=ì°Ó�Ú ÙPÛ ä Õ`Ø�Ý�Ó+Ø�ÞWá	Ó�Þ�Ø&×Eâ|ÙPÛ ä ÚVØ+Ü�×EÓ�Ù>ÚVÛ^Ù>Û^Ó�Ô�Õ�Ý�ÕSÞ�Û�Ø�Õ�Ý�ÚVâ>ÖVÕ�è
ç:ÚVÙ>ÛKÓ Ý�ÚKÞ�Ø+áTÕ�ÝNÔW×VÝ¬ñ3Õ`Õ`Û Ö;Ù(× Õ�áTâ>ÙPçWÝ�Õ^Ý�Ó+Þ�è�Ù>Õ�Ý¬Ù>Û Ý�Þ�ÙPÓ+×Vñ�âPì
á&Ô�Ú;Ý�Õ`ÛBÝ�ì]Ý�Ó�Õ`Ü�Ýwë'Ô�Õ`Ø+Õ*ÚVÛ�Õ}Ó+Ø�Ù>Õ�ÝyÓ+ÚGáTÚKÛWÝ�Ó�Ø&×EÙ>Û�Ó�Ô�Õ*Õ`Ü�ÙqÓ�Ó+ÙPÛ�é
ç�â(×VÝ�Ü�×ÖVÚKâPÞ�Ü�Õ ä Ø+ÚVÜ Ó+Ô�ÕNÚVñWÝ�Õ`Ø�ÖKÕ�èQâPÙ>éVÔ;ÓBáTÞ�Ø+ÖVÕVß�
wÛ�ÚEÓ�Ô�Õ`Ø
Ü�ÕTÓ�Ô�Ú�è�Ó+ÚaÙ>Û ä Õ`ØsÝ�Ó�Ø+ÞWá&Ó+Þ�Ø�Õ$ÙPÛfÝ�ç�×EÓ�Ù(×Eâ>âPìbÞ�Û�Ø+Õ�Ý�ÚKâPÖKÕ�èoè�×5Ó&×*×EØ+Õ
Ý�ç3Õ�á	Ó�Ø+ÚKÝ+áTÚVç�Ù(áQÜbÕ�×VÝ�Þ�Ø�Õ`Ü�Õ`ÛKÓ&ÝNÚ ä è�ÕTÛWÝ�ÙqÓ�ìEßbà'Ô�ÕþÕ`ÜbÙ>Ý+Ý�Ù>Ö;ÙPÓ�ì
Ú ä ç�â>×KÝ�Üo× Ù>Û áTÚVØ+ÚVÛW×VâoÕ�÷;Þ�ÙPâ>ÙPñ�Ø+ÙPÞ�Ü ÙPÛ á`×VØ�Õ ä Þ�âPâ>ì Ý�Õ`â>Õ�á	Ó�Õ�è
â>ÙPÛ�Õ�ÝZè�Ú]Õ�Ý|è�Õ`ç3Õ`ÛWèBÚKÛXè�Õ`ÛWÝ�ÙPÓ�ìVß.î;ÚKÜbÕbâPÙPÛ�Õ�Ý|Ü�×5ì�ñ3Õaç�Ø�Õ�Ý�Õ`ÛKÓ
Ù>Û�â>Ú5ë'ã�è]Õ`ÛWÝ�ÙqÓ�ì ç�â>×VÝ�Ü�×KÝr×EÛWè è�Ù>Ý+×Eç�ç3Õ�×VØrÙPÛ Ô�Ù>éVÔ�ã�è�Õ`ÛWÝ�ÙPÓ�ì
ç�â(×VÝ�Ü�×KÝ�Ý�ÞWá&Ô®×VÝÓ+Ô�Õ ä ÚVØ+ñ�Ù>è�è�Õ`Û®â>ÙPÛ�Õ�ÝfÙPÛ�wÕTã�âPÙ>íVÕeÓ�Ø+ÙPç�â>Õ	Ó&ÝTê
ëyÔ�ÙPâ>Õ^ÚEÓ+Ô�Õ`ØNâ>ÙPÛ�Õ�ÝÜ�×=ìh×Eç�ç3Õ�×VØNÙ>Û Ô�ÙPéKÔ�ã�è]Õ`ÛWÝ�ÙqÓ�ì�ç�â(×VÝ�Ü�×VÝ
×VÛWè ñ3Õ ×VñWÝ�Õ`Û;ÓþÙPÛ â>Ú5ësã�è�Õ`ÛWÝ�ÙPÓ�ì ç�â(×VÝ�Ü�×VÝ å"Ý�Þ�á&Ô ×VÝþâPÙPÛ�Õ�Ý
ä ÚKØ�ÜbÕ�è ä ÚKâPâ>Ú5ë'Ù>Û�é ÕTö�áTÙPÓ+×EÓ�ÙPÚKÛWÝ ä Ø+ÚVÜ ÕTö�áTÙqÓ+Õ`è®âPÕ`ÖKÕ`â>Ý&æ&ß��rÙqÓ+Ô
Ó+Ô�Õ�Ô�ÙPéKÔ�ã�Ø�Õ�Ý�ÚVâ>Þ�Ó�ÙPÚKÛ Ý�ç:Õ�á&Ó+Ø�Ú;Ý�áTÚKç�Ù>á ä ×VáTÙ>âPÙPÓ�ÙPÕ�Ý ÚKÛ;ñ:ÚK×VØ+è
������������� ÙqÓeÙ>ÝBç3Ú;Ý�Ý�ÙPñ�â>ÕNÓ+Ú®á`×EØ+Ø�ì^ÚKÞ�ÓeÝ�Þ�á&Ô Ý�Ó+ÞWè]Ù>Õ�Ý ä ÚVØX×
ëyÙ>è�ÕfØ&×EÛ�éVÕÚ ä ïwã�Ø+×=ì¬Ý�ÚKÞ�Ø+áTÕ�Ý`ß�àsÔ�Õfç�Þ�Ø+ç3Ú;Ý�ÕfÚ ä Ó�Ô�Ù(ÝaçW×Eç3Õ`Ø
Ù(Ý�Ó�Úrç�Ø+Õ�Ý�Õ`Û;ÓB×EÛWè è�Ù>Ý+á	ÞWÝ+ÝzÝ�ÚKÜbÕ¬íVÕ`ìþè�Õ`ÛWÝ�ÙqÓ�ì®è�Ù(×EéKÛ�ÚKÝ�Ó�Ù>á`Ý
×5Ö5×EÙ>â>×Vñ�âPÕoÙPÛ¬Ó�Ô�ÕoÔ�Ù>éVÔ�ã�Ø+Õ�Ý�ÚKâPÞ�Ó�Ù>ÚVÛNéVØ&×5Ó+ÙPÛ�éBÝ�ç3Õ�á	Ó+Ø+×zÚKñ�Ó+×VÙPÛ�Õ�è
ëyÙqÓ+Ô ������������� ß��XÕQë'Ù>âPâ�Ý�ç3Õ�áTÙqð3á`×VâPâ>ì è�Ù(Ý�áTÞWÝ�ÝXÓ�Ô�ÕQÝ�ç:Õ`á	Ó+Ø+×
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×EÛWè î�á&Ô�Ø+Ù ��ÖKÕTØyÕTÓw×Vâ"ß�å /<6>6 3Kæ}ÞWÝ�Ù>Û�ét ~��K� hè�×5Ó&×�ßy�yÚVÓ�ÕfÓ�ÔW×EÓ
î�á+Ô�Ü�ÙqÓ�ÓyÕTÓw×Vâ"ß�å /<6>6MQ ñ3æy×VÛWèXî�á&Ô�Ø+Ù ��ÖKÕ`Ø'ÕTÓy×Vâ"ß.å /<6>6 3Kæ'Ù>Û;ÖKÕ�Ý�Ó+Ùqã
éK×EÓ�Õ�è¬Ó�Ô�ÕBáTÚKØ�ÚKÛ�×Vâsè�Õ`ÛWÝ�ÙPÓ�ìNÚ ä &tØ�Ú�áTìVÚKÛ¬ÞWÝ�ÙPÛ�éN×XÖ5×EØ+ÙPÕTÓ�ì¬Ú ä
è�Õ`ÛWÝ�ÙPÓ�ì^Ý�Õ`ÛWÝ�ÙqÓ�Ù>ÖVÕeâPÙ>Û�Õ�Ý ä Ø�ÚKÜ�G�Õ�� Ó�Ú�G�Õ����Y  Ù>Û^Ó+Ô�Õ¡ ~��K
Ø+×VÛ�éVÕ®×VÛWè ä ÚVÞ�ÛWè¢&tØ+Ú�áTìVÚKÛW£ Ý°áTÚVØ+ÚVÛW×Eâfè�Õ`ÛWÝ�ÙPÓ�ì áTÚVÛWÝ�Ù>Ý�Ó�Õ`Û;Ó
ë'ÙPÓ�ÔfÓ�ÔW×EÓyÚ ä Ý�ÚVâ(×EØ'×Ká	Ó�Ù>ÖVÕZØ�Õ`éKÙPÚKÛè�Õ`ÛWÝ�ÙqÓ+ÙPÕ�ÝTß
àsÔ�Õwç�â(×EÛGÚ ä ÚVÞ�ØtçW×Eç3Õ`Ø�Ù(Ý�×VÝ ä ÚKâPâ>Ú5ëyÝ`øM�XÕwð�Ø&Ý�Ó�ñ�Ø+ÙPÕ , ìaØ+Õ`Ö;Ù>Õ`ë
Ó�Ô�Õf×5Ó+ÚVÜbÙ(áGç�Ô]ì�Ý�Ù(á`Ý�Ú ä �yÕTã�â>ÙPíKÕoÙ>ÚVÛWÝ*×KÝa×Eç�ç�â>Ù>á`×Eñ�â>Õ�Ó+ÚXÝ�ÚKâ>×VØ
å"×VÛWèÚKÞ�Ø�Ý�Ó�Õ`âPâ(×EØ	æ*ïwã�Ø+×5ìNÝ�ç3Õ�á&Ó+Ø+×�ßT�XÕzñ�Ø+ÙPÕ , ìè�Õ�Ý�áTØ�Ù>ñ3ÕfÓ�Ô�Õ
Ý�ç3Õ�á	Ó+Ø�ÚKÜbÕTÓ�Õ`Ø¬ÞWÝ�Õ�è�Ó+Ú ÚKñ�Ó+×EÙ>ÛýÚVÞ�Ø°è�×5Ó&×�ê*×EÛWèýè�Ù>Ý+áTÞWÝ�Ý¬ÙPÛ
÷;Þ�ÙPÓ�Õ}Ý�ÚVÜbÕZè�ÕTÓ+×VÙPâ3Ó+Ô�Õ}Ý�ç3Õ�áTÙPðWá$ç�Ø+Ú]áTÕ�è�Þ�Ø�Õ�ÝsÞWÝ�Õ�èGÙPÛÓ�Ô�ÕZè�×5Ó&×
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Chandra LETG: OVII Procyon~
Trad= 5406 K
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Chandra LETG: OVII Capella~
Trad= 5029 K
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Chandra LETG: NVI Procyon�
Trad= 5778 K
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Chandra LETG: NVI Capella�
Trad= 4976 K
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Chandra LETG: CV Procyon�
Trad= 5532 K
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Chandra LETG: CV Capella�
Trad= 4585 K
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