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Thee ROSAT All-Sky Survey: description and 
dataa analysis 

2.11 Introductio n 

Thee German, British and American X-ray satellite ROSAT (acronym for  the German 
"Röntgensatellit" )) was launched on June 1, 1990, and performed an All-Sky Survey dur-
ingg the first 6 months of its operational period (August 1990 to January 1991). The 
instrumentss on board the satellite are an X-ray telescope (XRT), sensitive to photons 
withh energies in the range 0.07-2.4 keV, and an extreme-ultraviolet telescope, the Wide 
Fieldd Camera (WFC), sensitive between 0.025 and 0.2 keV. The WFC is not described 
inn this chapter, because it is beyond the scope of this thesis. We refer  to Barstow and 
Willingal ee (1988) for  a description of the instrument; the brightest sources detected in the 
WFCC All-Sky Survey have been catalogued by Pounds et al. (1993). The XRT has the 
followingg instruments in its focal plane: a high-resolution imager  (HRI) , which was not 
usedd during the All-Sky Survey, and two position-sensitive proportional counters (PSPC). 
Inn this chapter  we briefly describe the All-Sky Survey and the PSPC instrument charac-
teristicss (Sect. 2.2), and We discuss the methods used to analyse the data. In Sect. 2.3 we 
presentt  a method to derive count rates, upper  limit s to them and spectral hardness ra-
tios,, from the PSPC survey data. It is a maximum likelihood method, based on counting 
statistics.. In Sect. 2.4 we present a method to convert the PSPC count rate into flux, us-
ingg the spectral hardness and the hydrogen column density. We give an application of this 
methodd to sources whose spectra can be described by a single-temperature Mewe &  Gro-
nenschildd spectrum. In Sect. 2.5 we discuss model-spectra fittin g to X-ray data in general 
andd apply it to PSPC data. 

2.22 The ROSAT All-Sk y Survey 

2.2.11 The Survey 

Thee ROSAT All-Sky Survey was performed between July 30, 1990 and January 25, 1991 
(pluss 14 days at the end of February and the beginning of August 1991, to make up for 
somee missing data at the end of the survey). The satellite scanned the sky in the direction 
perpendicularr  to the Sun, so that the whole sky was covered in half a year. The field of 
vieww of the PSPC is a circle with a diameter  of 2deg, so that every source was observed 
duringg a period of at least 2 days (depending on ecliptic latitude). The orbital period 
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Figuree 2.1: Theoretical exposure times during the All-Sky Survey as a function of right as-
censionn and declination. The dashed line is the ecliptic, which has the minimum exposure time 
(7500 seconds); contour levels (solid lines) are drawn for 800, 1000, 1200, 1600, 2000, 2600, 3200, 
4000,, 6000, and 8000 seconds. The shortest times are near the ecliptic, the longest are near 
thee ecliptic poles. These exposure times have not been corrected for vignetting, for switch-off 
periodss or for efficiency of the instruments. The effective exposure times are almost a factor two 
smaller. . 

off  the satellite is 96 minutes, so every source is observed at most 32 seconds per orbit. 
Figuree 2.1 shows a contour plot of the theoretical total exposure times as a function of 
rightt ascension and declination. The PSPC instrument was switched off when the satellite 
penetratedd the radiation belts near the magnetic poles and in the South Atlantic Anomaly, 
too protect it against overexposure. 

2.2.22 The PSPC 

Thee Position Sensitive Proportional Counter is a multi-wire proportional counter in a 
housingg filled with argon, xenon, and methane. X-ray photons are photo-electrically 
absorbedd by these components resulting eventually in a cloud of secondary electrons, of 
whichh the number is proportional to the photon energy. The position is determined from 
thee amplitudes of signals on the two mutually perpendicular cathode grids. 

Thee PSPC has 256 pulse height channels, which are largely overlapping in energy 
range.. Figure 2.2 shows the pulse height response for a few individual monochromatic 
emissionn lines. From this figure one can see that the number of independent spectral 
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Figur ee 2.2: The response of the pulse height channels to different energies. The dashed line 
inn the lower panel shows the expected count rate for a theoretical input spectrum consisting of 
monochromaticc emission lines at 0.2, 0.7, 1.2, 1.7, and 2.2 keV, as shown in the top panel. Solid 
liness are the individual pulse height channel response curves for the corresponding monochro-
maticc signal from the top panel. 

bandss is about 4 to 5. The consequence of this energy resolution for model fitting (see 
alsoo Sect. 2.5) is that ROSAT PSPC spectra can always be successfully modelled with 5 
independentt free parameters, (e.g., a two-temperature spectrum with absorption). The 
uncertaintyy in the photon position depends on the angle of incidence (the off-axis angle) 
andd on the energy of the photon. During the All-Sky Survey, photons of one specific 
sourcee are distributed over the whole area of the detector, along successive scan fines, 
ass illustrated in Figure 2.3. On average, more than 90% of the photons from a point 
sourcee are contained within a circular area with a radius of 400", while in on-axis pointed 
observationss this area has a typical radius of 60". The effective area of the combination 
off  the X-ray mirror assembly (XMA ) and the PSPC strongly depends on the photon 
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Figuree 2.3: The track of a source along the PSPC field of view during the All-Sky Survey (grey 
lines)) for a source located on the ecliptic. The progression speed (i.e., the distance between 
successivee scan lines) is about 4' per orbit. 

energy.. This dependence is shown in Figure 2.4. The sharp edge at 0.28 keV is caused 
byy absorption of photons just above this energy by carbon, which is a main ingredient of 
thee entrance window coating. The decrease in effective area at energies above 1.2 keV is 
causedd by a decreasing reflection efficiency of the mirrors. 

2 .2 .33 T he d a ta 

Thee data of the All-Sky Survey have been processed at the Max Planck Institut fur 
extraterrestrischee Physik (MPE) in Garching-bei-Miinchen. Al l photons collected have 
beenn assigned a sky-position and an energy channel and have been archived in so-called 
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Figuree 2.4: The effective area of the XMA+PSPC combination as a function of the photon 
energy. . 

Photonn Event Tables (PETs), together  with housekeeping information on satellite and 
instrumentt  status as a function of time. Ail this is done with the fully automated Standard 
Analysiss Software System (SASS), developed at MPE for  this purpose. Detection of 
X-rayy sources and calculation of physical information (e.g., count rates, upper  limits, 
spectrall  hardness, background level, extent) have been done in the final steps of the 
SASS.. Here, we give a brief description of these final steps; the SASS is described in more 
detaill  by Voges et al. (1992). 

Thee detection of sources has been done with several sliding-window algorithms with 
severall  detection cell sizes, and in three different energy bands (i.e., pulse height channel 
ranges). . 

Afterr  a source is pointed out as a possible detection, a maximum likelihood algorithm 
developedd by Cruddace et al. (1988) quantifies the significance level of detection. It de-
terminess the position of the source, its intensity, and its angular  diameter  (in case of an 
extendedd source). Potential sources of uncertainty in this method come from the deter-
minationn of the background level, and from the (effective) exposure time. Background 
mapss have been created by excluding the detected sources and fittin g a smooth function 
throughh the remaining photons. X-ray sources which are not bright enough to be de-
tectedd by the detection algorithms, can contaminate the background maps. Furthermore, 
thee background is smoothed over  large cells, so that local sources of background are not 
considered.. Exposure maps have been created using the housekeeping and attitude infor-
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mationn of the satellite and the instruments. The large scale average exposure times from 
thesee maps have been used for  determination of the count rate. 

Thee SASS-resnlts used in this thesis, are all from the first processing of the All-Sky 
Survey,, made between August 1991 and Apri l 1992. In this version of S ASS a few problems 
havee been discovered, most of them have been located and have already been corrected 
inn later  versions of the SASS. For  the studies described in Chapters 3 and 4 we chose 
too use an independent analysis method, as described in the next section. We used the 
SASS-resultss for  a few detected sources in Chapter  3, for  all sources in Chapter  8, and for 
mostt  of the upper  limit s in Chapter  3. We have corrected the SASS results with respect 
too some recognized problems in the following way: 

1.. For  some of the data, the vignetting correction has been applied twice. We have 
multiplie dd the count rate by a mean vignetting factor  of 0.7. 

2.. The North-Pole data have a large offset in sky-position. We have excluded sources 
inn this region, if there was no additional information about them in other  survey 
strips. . 

3.. Some of the stars which are not detected with the SASS, should have been, because 
theirr  likelihood, as calculated by the maximum likelihood algorithm, exceeds the 
criteriu mm for  detection. We have denoted these sources as detections and calculated 
theirr  count rates by the method described in the next section. 

2.33 Calculation of count rates, upper  limit s and hardness ra-
tios s 

Thee subjects discussed in Chapters 3 and 4 of this thesis require large accuracy and a 
coherentt  approach, because of the statistical nature of the investigation. As discussed in 
Sect.. 2.2.3, we have chosen another  method to analyse the All-Sky Survey data used in 
thiss investigation. 

AA circle is selected around each of the stars, large enough to contain nearly all source 
counts.. Two additional circles are selected to determine the background. These back-
groundd circles lie along the scan direction, and are therefore observed just before and 
afterr  the observation of the source. They have the same ecliptic longitude as the source, 
aree chosen on both sides of the source, and have the same radius as the source circle, as 
illustratedd in Fig. 2.5. In the case of 'pollution ' of one of the background circles by a 
nearbyy source, only the other  background circle was used in the analysis. 

Thee extraction of photons and calculation of effective exposure times is done following 
Bellonii  et al. (1994). The important feature of this method is that photons collected 
durin gg certain time periods are excluded from the analysis. These are the periods, in 
whichh the source (or  better: its extent due to positional inaccuracy), was not fully in the 
fieldd of view of the PSPC. For  these periods, the count rate would be underestimated. 
Att  the same time this could be a disadvantage of the method, because the information 
containedd in these photons is not used. The detector  area containing the photons that 
aree not used is approximately 20% of the total area. Considering the effective area, which 
iss smaller  at the edge of the detectot, than for  on-axis observations, the loss of photons 
iss less than 10%. 
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Figuree 2.5: Selection of source circle and background circles, along the scan direction. 

2.3.11 Detection or  non-detection 

Afterr selecting a suspected source region and two background regions (or one if other 
sourcess pollute the background), we first establish whether there is an X-ray emitting 
source,, i.e. we test the null hypothesis Ho that the suspected source region contains only 
background.. We reject üfo» if the probability that all counts are background counts is less 
thann an adopted critical value a. This probability is calculated in the following way. 

Lett n, be the observed number of counts in region t, region 1 being the suspected source 
region,, regions 2 and 3 the background regions. We assume that the average background 
countt rate r^ (cts sec-1 cm"2) is the same for all selected regions and that the background 
countss in all three regions follow a Poisson distribution: the probability p(n,|6.) of finding 
riirii  background counts in region «', for a background level 6,-, is: 

e"H"' ' 
p(».-|fc)) = — 7 - (2.1) 

Tij !!  x ' 

wheree 6t- = c,»̂  = t«.xPj;j4,CvIt
rbg " *be expected number of background counts in a region 
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withh area A,, effective exposure time texp,» and mean vignetting factor  CV,, (calculated from 
thee off-axis angles and energies from the observed counts in region t; Belloni et al. 1994). 

Thee probabilit y Pb(nt> = nl) that the observed ni counts in region 1 are all background 
counts,, i.e., the probabilit y that none of the observed counts are source counts, is for  a 
knownn background level 6: 

*-">-55& >> (22) 

Wee do not know the exact value of 6, but we estimate its probabilit y distributio n from 
thee observed number  of background counts in regions 2 and 3 in the following way. We 
cann calculate a likelihood function g(6|n2,n3), which is proportional to the probabilit y 
p(n2,7i3|6)) of finding n2 counts in region 2 and n3 counts in region 3, for  a given b, and 
whichh is normalized so that ƒ q(b\ri2,nj) db — 1: 

Underr  the a prior i assumption that every value for  the background count rate is equally 
likelyy to occur, g(6|n2,n3) is the probabilit y distributio n of 6, given n2 and n3. 

Noww we can calculate the probabilit y P(n,b = ni) that all counts in region 1 are 
backgroundd counts (given the observed (ni,n2,n3)), by integrating Eq. (2.2) over  all 
possiblee background levels 6, weighted with the probabilit y distributio n q(b\n2ln3): 

P(nP(nbb = nx ) = J Pb(nb = ni )q{o\n2} n3) i i 

-dx-dx (2.4) 
- / / MEnU^)"-' " " 

wheree c = ci/(c2 + c3) (c; as denned after  Eq. (2.1)), N = n2+n3 and the substitution 
bb = ex has been made. 

Iff  P(nb = ni) < a we say that there is an X-ray emitting source in region 1. With 
thiss method, the expected number  of false detections in the whole sample f (a), given a 
thresholdd value a, will be: 

ƒ(<*)== E ^ ( ^  = n,) (2.5) 
detections s 

wheree the summation is taken over  all stars for  which P{nt = ni) < a (i.e. over  all 
detections). . 

Wee set a such that we expect 0.5 false detections for  the total sample, i.e. f (a) = 0.5. 
Wee find that this condition is fulfille d when we choose a = 0.035, for  the sample in 
Chapterr  3, and a = 0.025, for  the sample in Chapter  4. 

2.3.22 Count rate 

Iff  a source is detected, we estimate the source count rate ra and a region in which r, can 
bee found within a certain level of confidence, as follows. 



2.32.3 Calculation of count rates, upper limits and hardness ratios 15 

Wee assume that r , (c tssec- 1) is constant durin g the time of the observation. The 
probabilit yy p{tii, n2, n316,«) of finding the observed number  of counts in each region, given 
ann average background level 6 and a source level a is: 

^.-..-.ft^-EJ-s-öï^Jt-s-JI-ïj- }}  <2 6> 
wheree s = c^r, = ttxPiiCv,ir, is the expected number  of source counts, 6; = 6c,/ci is the 
expectedd number  of background counts in region * (see Eq. 2.1) and the summation is 
overr  every possible number  of source counts. 

Wee define the likelihood-function <j(6, a [nj , n2, n3): 

?(MI«i>»2,»3)) = ——; (2.7) 
ƒ}p(nu n 2,nz\b ,a)dbdaa v ' 

whichh is equal to the probabilit y distributio n of the pair  (6, a), assuming that every pair 
(6,, a) is in principl e equally likely to occur. 

Thenn the likelihood function 9(* |n i ,n 2,n3) of a can be defined as: 

gH»M,»2,n3)) = J q(b,a\nun2,n3)db (2.8) 

Ass an estimate for  the source count rate r£ we take the value for  which the likelihood 
functionn q(r, • c j |n i ,n 2 ,n 3 ) is at its maximum. 

Thee uncertainties (A + and A_) in T% are calculated by requiring that the probability 
P(r~;-A-P(r~;-A- < r, < Ï 7+A+) of r, lying between r ^ - A _ and Tt + A + is 68% (corresponding 
too the Gaussian one <r confidence level), and that the values of the likelihood function at 
r££ — A_ and ri  + A + are equal. In this calculation we assume that every source count 
ratee and every background level is equally likely to occur, so that g(«|n1 ,n2 ,n3) is the 
probabilityy distribution of s, and 

. __ «^07+4+) 
P(r .. - A_ < r. < r. + A+) = / q(s\nun2ln3) da = 0.68 

q{dq{dxx{Tl{Tl  - A _ ) | n x , n 2 l n 3 ) = gtcjfc-f- A + ) | n 1 } n 2 , n 3 ) (2.9) 

2.3.33 Upper limit 

Iff a suspected source is not detected, i.e. when the probability is larger than a (see 
Sect.. 2.3.1) that the counts in the source region are all caused by background photons, 
ann upper limit is calculated. We define the upper limit count rate r,j by requiring that 
thee probability P(r, < r^) of r, being smaller than r^ is 99.7%, which corresponds to a 
Gaussiann 3<r confidence level: 

ff  cj ""ill 

P{r»<rP{r»<ryAyA)) = J q{s\nun2,n3) da = 0.997 (2.10) 
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2.3.44 Hardness ratio 

Thee hardness ratio h is defined as follows: 

wheree r*b is the source count rate in the high-energy band (b-band: channels 41 to 240, 
~~ 0.4-2.4 keV) and ra is the source count rate in the low-energy band (a-band: channels 7 
too 40, ~ 0.1-0.4 keV). Let n;a and n,)b be the observed number of counts in region i in the 
a-bandd and the b-band respectively, let 9(«a|n,iai,-=i,3) and tf(*b|i*$,b,»=i.3) be the likelihood 
functionss of the source level in the a-band, * a, and in the b-band, «b> respectively, given 
thee observed number of counts in the appropriate energy band (derived following Eqs. 
(2.6)-(2.8)).. To calculate the most probable value of this ratio, we first calculate the 
probabilityy P(h > ho) of h being larger than a certain value h0 (assuming that every pair 
(*a>> *b) is in principle equally likely to occur): 

P(hP(h > ho) = r g(«a|n,,a,;=i,3) r q(sh\ni,h,i=i,3) dshds* (2.12) 
JOJO  Jxu 

wheree x = ho/(I — ho). The probability distribution q(h) of the hardness ratio then is: 

,, _ dP(h' > h) 
q{h)q{h) ~ Th— 

__ S ^ E K D Wny)l2(n,n')h^-»'{1  - fc)"*-—* 
2̂ m=00 2 m̂'=0 M m» m ) 

Heree 7i(n,n') = Cr t fb 'W + n)!(#b + n')!/(n!n'!), with JVa = n2,a + n3,a, Nh = n2,b + n3)b, 
Caa = c1>a/(cli a + c2,a + c3,a) and Ch = Ci,b/(

ci,b + c2,b + c3,b), and I2{ntn') = (n1>a - n + 
ni i bb — n')!/((n1>a — n)!(ni)b — »*')!). The most probable value H of the hardness ratio is the 
valuee for which q{h) is at its maximum. 

Thee uncertainties in the hardness ratio are calculated from q(h) and h in the same 
wayy as the uncertainties in the count rate were calculated from <3r(a|ni,n2,n3) and rl  (see 
Sect.. 2.3.2, Eq. (2.9)). 

2.44 Conversion of count rate to flux 

Too derive the stellar flux density, the count rate is divided by an energy conversion fac-
torr Cc{, which depends on the spectral characteristics of the star and on the amount of 
interstellarr matter along the line of sight. If the energy distribution of a source is known, 
thee energy conversion factor Get can easily be calculated, using the instrument charac-
teristics,, as described in the following subsection. We have calculated theoretical energy 
conversionn factors for the specific case of one-temperature Mewe & GronenschUd spectra 
(Sect.. 2.4.1). The observed spectral hardness (Sect. 2.4.2) gives information about the en-
ergyy distribution, and therefore provides us with a tool to estimate the energy conversion 
factorss more accurately. This tool is presented in Sect. 2.4.3. 
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Figuree 2.6: The energy conversion Ccf as a function of temperature. Different lines denote 
differentt hydrogen column densities: the top curve is for nu = 1018 cm- 2, the increase of TIH 
betweenn two successive curves is a factor \ / Ï0, the bottom curve is for nu = 1022 cm- 2. 

2.4.11 Theoret ical energy conversion factor 

Forr the calculation of the energy conversion factor Cc{(T,nH), we have used the PSPC 
detector-responsee matrix released by the ROSAT science data center in November 1992 
andd the table of effective areas (for data before January 25, 1991) released in October 
1992.. The detector-response matrix gives the response per channel per energy bin. In 
Fig.. 2.2 we show response curves for photons with energies between 0.2 and 2.2 keV. The 
on-axiss effective area is shown in Fig. 2.4 as a function of energy. For an X-ray source 
withh a known spectrum, we can calculate the total count rate, rs(k) (cts/sec), in a certain 
PSPCC channel, k, by multiplying the photon flux at every energy bin 2?, with the response 
Rpspc(Ei,k)Rpspc(Ei,k) for that energy in channel k and the on-axis effective area Aeg(Ei) for that 
energy. . 

Wee calculate the expected count rate using theoretical spectra, F(E,T) (photons 
sec- 11 cm- 2) , for optically thin plasmas in thermal equilibrium and with solar abundances 
(Mewee et al. 1985), for temperatures T between 10s K and 108 K, and for hydrogen column 
densitiess raH between 101 8cm- 2 and 1022cm~2, using interstellar absorption cross sections 
off  Morrison fc McCammon (1983): 

rs(fc)) = £ RpsPciEi,^A^E^e-^^FiE,,T) (2.14) 
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Figuree 2.7: The hardness ratio ft as a function of temperature. Different lines denote different 
hydrogenn column densities: the bottom curve is for JIH = 1018 cm"2, the increase of «H between 
twoo successive curves is a factor y lO, the top curve is for nn 
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wheree N is the number of energy bins and X(E{) is the absorption cross section for energy 
Ei. Ei. 

Thee factor Ccf is derived by dividing the expected total count rate by the associated 
nett flux in the ROSAT energy band 0.1-2.4 keV (in erg sec- 1 cm- 2) : 

CCc{c{{T,m,){T,m,) = Ef=W*) ) 
KK + E ; L . , F{E„T)Ei 

(2.15) ) 

wheree it and i2 have been chosen so that energy bins i\ and i2 are the first and the 

lastt complete bins within the 0.1-2.4 keV range, and K =  A'^7 F{E^-\,T)Eil-\ + 

^AA 7 J  F(Ei.2+\,T)Ei.i + \ is the contribution to the flux from the two outer energy bins, 

correspondingg to 0.1 and 2.4 keV. 
Thee computed Cc[  is shown in Fig. 2.6, as a function of the temperature of the 

X-rayy emitting plasma, for a range of different hydrogen column densities. 

2.4.22 The spectral hardness ratio 

Thee spectral hardness ratio, h, is defined as the ratio of the number of counts N  ̂ in the 
high-energyy band (channels 41-240) and the number of counts Ns + N  ̂ in the ' total' band 
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Figuree 2.8: Theoretical one temperature Mewe & Gronenschild models (thick solid lines) for 
differentt temperatures, the scales for these models are at the top and on the right. In each panel 
thee resulting PSPC pulse height channel is shown as a thin solid line. Scales for the pulse height 
spectraa are at the bottom and on the left. 

(channelss 7-40 plus 41-240): 

, __ M. E2S,r.(A) 
(2.16) ) 

~N~Nhh + Ne Zlt°7rs(k) 
Wee calculated theoretical hardness ratios for the Mewe fc Gronenschild spectra. The 

resultss are shown in Fig. 2.7 for different values of the hydrogen column density. 
Thee hardness ratio is very sensitive to the temperature of the radiating plasma, in a 

smalll  range of temperatures. The hardness ratio increases with increasing temperature 
upp to 5 MK , because the emission lines in the region around 1 keV increase in strength 
fromm 2 MK to 5 MK , and decrease for higher temperatures (Fig. 2.8). These emission lines 
showw up in the PSPC pulse height spectrum as the hard 'peak' above channel 40. For 
higherr temperatures the emission lines disappear and the theoretical spectra are relatively 
flat,flat, resulting in the almost constant hardness ratio for temperatures larger than about 
200 MK . 

Thee hardness ratio is also very sensitive to galactic absorption. In Fig. 2.9 the effect 
iss shown of increasing hydrogen column densities on a Mewe fc Gronenschild spectrum 
withh a temperature of 3 MK . As the column density increases, the low-energy peak is 
suppressed,, and consequently the hardness ratio becomes higher. 
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Figuree 2.9: Theoretical one-temperature Mewe & Gronenschild model (thick solid lines) for 
33 MK, for different nni the scales for these models are at the top and on the right. In each 
panell  the resulting PSPC pulse height channel is shown as a thin solid line. Scales for the pulse 
heightt spectra are at the bottom and on the left. 

Inn Fig. 2.10 we show (for the same models as in Fig. 2.6) a plot of the energy conversion 
factor,, Ccf vs. the hardness ratio, h. From this plot one can see that it is possible to 
derivee an estimate for the energy conversion factor from the observed hardness ratio, if we 
assumee that the source spectrum is described by a one-temperature Mewe & Gronenschild 
spectrum,, and that «H is known. 

2.4.33 Determinat ion of Cc{ and i ts uncertainty, using the observed h and its 

probabil i tyy distr ibution 

Thee number of counts JVh in the high-energy band (channels 41-240) and Ns in the low-
energyy band (channels 7-40), define the hardness ratio (Eq. 2.16) and the uncertainty in 
thee hardness ratio (assuming Ni, and Ns follow Poisson distributions): 

wheree ANh = y ^ h and AJVS = v^Vs-

NNhhNNs s 

(M.. + -/Vs)
3 (2.17) ) 
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Figuree 2.10: The energy conversion factor as a function of the hardness ratio for different 
valuess of the hydrogen column density. The top curve is for TIH = 1018 cm- 2, the increase of nH 

betweenn two successive curves is a factor \/T0, the bottom curve is for TJH = 1022 cm- 2. 

Fromm Fig. 2.10 one can derive the range in Ccf values that is consistent with observed 
hardnesss ratios between h — eh and h + eh, and for hydrogen column densities between 
«HH - CnH

 a n <i "H + e„a, from which it follows that the Ccf value for a particular source 
liess in this range within a la confidence level. For a quick estimate of the possible range 
off  Ccf values, this is a sufficient method if the observed number of counts is large enough 
(JVhh and Ns both larger than 20), and if the hardness ratio interval is in the region where 
Ccff  varies gradually with the hardness ratio ([h - eh,h + eh]  G [0.05,0.45]). 

Too get a more accurate estimate of the most likely Ccf value with its uncertainty 
interval,, we use the probability distribution f(h) of h and /( log nH ) of log nH . We assume 
thatt the background subtracted numbers of hard and soft source photons, as given by 
thee ROSAT Standard Analysis Software System (SASS), follow Poisson distributions: 
thee probabilities p(Nh\xh) and p(Ns\xs) of observing Nh counts in the hard band and JVS 

countss in the soft band, given the expected number of hard counts xh and the expected 
numberr of soft counts xs, are: 

p(Np(Nhh\x\xhh)) = 

p{Np{Nss\x\xss)) = 

e-e-xx*x*x hh
NN* * 

NNss\ \ 
(2.18) ) 



222 2 The ROSAT All-Sky Survey: description and data analysis 

Assumingg that all values for x^ and x, are in principle equally likely to occur, the 
probabilityy distributions fN (xh) for ij, and fNt(xt) for x,t given the observed JVj, and JV„ 
are: : 

ffNhNh{*h)dx{*h)dx hh - p(Nh\xh)dxh 

ffNtNt(x,)dx.=p{N(x,)dx.=p{Nhh\z\zaa)dx.)dx. (2.19) 

Thee cumulative probability distribution F(h) of the hardness ratio (i.e. the probability 
thatt the hardness ratio is smaller than h) then is: 

F(h)F(h) = ["MX.)  /^"/^Mdxh dx. (2.20) 
JOJO JO 

andd the probability distribution of the hardness ratio is: 

f{h)dhf{h)dh = ?mdh 

== JV*>-)ƒ^J^3r8)(^^(te',^ 
==

 {Nh + *^ 1)lhN>(l-h)N-dh (2.21) 

Thee probability distribution of log TIR is taken to be a normal distribution with mean 
logTiH.oo and standard deviation <r = 0.434 • £nH/nH-

/(logg „„)ilog „„ = «p ( _ P l - J g W ) Jlog BH (2 22) 

Wee can now determine the probability distribution of Ca from the distributions of 
thee hardness ratio (Eq. 2.21) and the hydrogen column density (Eq. 2.22), by summing 
thee probabilities of all possible combinations of h and T»H that result in a certain Cc{. 
Too do this, we divide the range of h € [0,1], lognH G (18,22] and C* € [0,3 10n] in 
equall bins of width Ah, AlogriH and AC^ respectively. Then for each A, = (t — \)&h  and 
logg nuj = 18+(i —^) l̂og n» we derive C^hi^nuj)  from Fig. 2.10. For some combinations 
off h and TIH, more than one value of Cd exist. In this case we take the mean value, 
assumingg that all plasma temperatures T are in principle equally likely to occur. The 
derivedd value of Crf(&;,nH,j) Hes in the kth C^ bin if (k - l)ACcf < C^h^nuj)  < fcACtf. 

Thee probability P(^,TIH,J) that hi and nuj occur is: 

p{hi,np{hi,nHH j)j)  = f{hi)Ah  /(lognHjAlognH (2.23) 

Thee probability p(Ccf,*) that Crf lies in the fcth bin equals the sum of p(h{,nnj) over all t 
andd j for which Ccf(A,,nHj) lies in the kth bin: 

P(Ccf,*)== £ K^,n H j ) (2.24) 

Fromm this probability distribution we derive an estimate TJ^ for the energy con
versionn factor and its uncertainty interval. For C^ we take the most likely value of 
Ccf,** (i-e- the value for which p(Ccf,*) is largest). We define the interval I(po) = 
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Figuree 2.11: The pulse height spectrum of HR 373. Error-bars indicate Poisson noise. The 
dashedd line is the best fit  resulting from minimizing x2, the solid line is the best fit  resulting 
fromm minimizing Xp. 

[Ccf,*_(po)) - 2A<-^f,Ccf,*+(po) + |ACcf] consisting of all Ccf bins k G [k-(p0),k+(p0)} for 
whichh the probability p(Cc{>k) is larger than a threshold value p0. The value of p0 deter-
miness the probability p(Cc{ G I{p0)) of Cc{ lying in the interval I(p0). 

P{CP{CCC{{  G I(po)) = £ Pi0**)  (2.25) 
* = M P O ) ) 

Wee choose p0 to be the largest possible value for which p(Cc{ £ I{po)) is larger than 0.68, 
soo that I(po) corresponds to a (Gaussian) \<r  uncertainty interval. 

2.55 Model fitting of pulse height spectra 

Modell  fitting to observed X-ray spectra can provide valuable information about the phys-
icall  parameters of the X-ray emitting plasma, e.g., about its temperature and emissivity. 
Wee have derived coronal temperatures of a few late-type stars by fitting their PSPC 
pulsee height spectra to one- and two-temperature Mewe fe Gronenschild models (Mewe 
ett al. 1985). The method we used to fit  these spectra is fundamentally different from the 
usuall  methods in spectral fitting programs, which are based on minimization of x2- We 
arguee that minimization of x2 does not result in the most likely parameter representation 
off  the pulse height spectrum, because it assumes a normal distribution of the errors in 
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eachh pulse height channel. However, a Poisson distribution is more realistic, because the 
spectraa consist of individual photon counts and the count rates are usually not very high. 

Wee fitted the spectra using a maximum likelihood method for Poisson distributed 
errors.. The probability p(n(t) | / (t)) of observing n(i) photons in pulse height channel t 
(ii €E [1, AT]), if the model spectrum predicts f(i)  photons, then is: 

e_ /WW f (i)n& 

P(nwi/W)) = — 4 r — 
Hence,, the probability P of the observed spectrum to occur is: 

*=n»woi/(o)=iii  i\ .
i=ii i=i n\tr 

Maximizingg the probability P gives the model parameters for which the observed data 
iss most likely to occur. Maximizing P is equivalent to minimizing the negative logarithm 
off P: 

-- In P = £ { ƒ ( . ) - »(») ln( ƒ(.')) + ln(n(»)!)}, (2-28) 
i=i i 

and,, because n(t) is constant in this process, this is equivalent to minimizing the expression 

XPP = £ {ƒ ( * ) - * ( 0 !*(ƒ<»))} . (2-29) 
»=i i 

Fromm the derivative of xp with respect to ƒ (i) for each pulse height channel i it follows 
thatt Xp reaches a minimum if the model spectrum /(t)»=i,w exactly equals the observed 
spectrumm n(t);=i,jv, as expected. 

Afterr finding the model parameters which result in a minimum xp *°r the observed 
spectrum,, we have to define a criterium for accepting this 'best fit' as a good fit. We 
havee used a Monte Carlo simulation to calculate the distribution function of Xp for this 
particularr best-fit model, where the simulated data have the same number of counts as 
thee observed data. The fit is rejected, when more than 90% of the integrated distribution 
functionn is smaller than the actually derived XP-

Ann example of the difference between the conventional method of minimizing x2 and 
thee maximum likelihood method described here is shown in Fig. 2.11. The dashed line 
iss the best fit using the %2-minimalization, the solid line gives the best fit derived by 
minimizingg XP' The difference exists, because the conventional x% (which weighs every 
channell i with l/trf  ~ l /n( t ) ) is based on a normal distribution of counts, while the here 
usedd Xp (Eq- 2.29) is based on a Poisson distribution. 
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