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Make every photon count.
Account for every photon.



European Space Astronomy Centre
Villanueva de la Cañada, Madrid, Spain

A.M.T. Pollock
XMM-Newton SOC

O-star X-ray velocity profiles



European Space Astronomy Centre
Villanueva de la Cañada, Madrid, Spain

A.M.T. Pollock
XMM-Newton SOC

O-star X-ray velocity profiles



European Space Astronomy Centre
Villanueva de la Cañada, Madrid, Spain

A.M.T. Pollock
XMM-Newton SOC

O-star X-ray velocity profiles

Part of the high-resolution X-ray spectrum of ζ Ori
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Analysis in high-energy astrophysics

data  models

kept forever in archives  kept forever in journals and textbooks

{ni}i=1,N  {µi}i=1,N

≥ 0 individual events  continuously distributed

detector coordinates  physical parameters

never change  change limited only by physics

have no errors  subject to fluctuations

most precious resource  predictions possible

statistics
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There are two sorts of statistic(s)

• Gaussian statistics  χ2-statistic

•   Poisson statistics  C-statistic
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Likelihood of data on models

      {ni}i=1,N data       statistics        models {µi}i=1,N
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The model

µ(θ,β,Δ,D)=S(θ(Ω))⊗R(Ω<Δ>D)+B(β(D))

D = set of detector coordinates {X,Y,t,PI,…}
S = source of interest
θ = set of source parameters
R = instrumental response
Ω = set of physical coordinates {α,δ,τ,υ,…}
Δ = set of instrumental calibration parameters
B = background
β = set of background parameters

  lnL(θ,β,Δ)     lnL(θ)
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Uses of the log-likelihood, lnL(θ)

• lnL is what you need to assess all and any data models
• locate the maximum-likelihood model when θ=θ*

• minimum χ2 is a maximum-likelihood Gaussian statistic
• minimum C is a maximum-likelihood Poisson statistic

• compute a goodness-of-fit statistic
• reduced chi-squared χ2/ν ~ 1 ideally
• reduced C                  C/ν ~ 1 ideally
• ν = number of degrees of freedom

• estimate model parameters and uncertainties
• lnL(θ)

• θ* = {p1,p2,p3,p4,…,pM}
• investigate the whole multi-dimensional surface lnL(θ)
• compare two or more models

• calibrating lnL, 2ΔlnL  σ√2ΔlnL
• 2ΔlnL < 1. is not interesting
• 2ΔlnL > 10. is worth thinking about (e.g. 2XMM DET_ML ≥ 8.)
• 2ΔlnL > 100. Hmmm…
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Goodness-of-fit

• Gaussian model and data are consistent if χ2/ν ~ 1
• ν = “number of degrees of freedom”

 = number of bins − number of free model parameters
 = N - M

• cf <(x−µ)2/σ2>=1
• same as comparison with best-possible ν=0 model, µ=x,

• χ2 = 2(lnL(µ=x)−lnL(θ))

• Poisson model and data are consistent if C/ν ~ 1
• comparison with best-possible ν=0 model, µ=n

• 2∑(nilnni−ni) − 2∑(nilnµi−µi) = 2∑niln(ni/µi)−(ni−µi)
• XSPEC definition
• What happens when many µi«1&& ni=0 ?

Estimate model parameters and their uncertainties
• Parameter error estimates, dθ, around maximum-likelihood solution, θ*

• 2lnL(θ*+dθ) = 2lnL(θ*) + 1. for 1σ  (other choices than 1. sometimes made)
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Practical considerations

• S/ν is rarely ~ 1
• S=χ2|C
• lnL(θ,β,Δ)
• θ = set of source spectrum parameters

• physics might need improvement
• β = set of background parameters

• background models can be difficult
• Δ = set of instrumental calibration parameters

• 5 or 10% accuracy is a common calibration goal
• solution often dominated by systematic errors

• XSPEC’s SYS_ERR is the wrong way to do it
• no-one knows the right way (although let’s listen to those Gaia people…)

• formal probabilities are not to be taken too seriously
• S/ν > 2 is bad
• S/ν ~ 1 is good
• S/ν ~ 0 is also bad

• find out where the model isn’t working
• pay attention to every bin
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To rebin or not to rebin a spectrum ?

• Pros
• Gaussian  Poisson for n » 0
• dangers of oversampling
• saves time
• everybody does it
• “improves the statistics”
• grppha and other tools exist
• on log-log plots ln0=−∞

• Cons
• rebinning throws away information
• 0 is a perfectly good measurement
• images are never rebinned
• Poisson statistics robust for n ≥ 0
• µ1+µ2 is also a Poisson variable
• oversampling harmless
• adding bins does not “improve the statistics”

Leave spectra alone. Don’t rebin for lnL(θ). Use Poisson statistics.
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blueV

centralV

redV

0

• instead of Gaussian lines use a TriLine model
• µ=67×TriLine+continuum

• use the model that best suits your purpose
• …and if there isn’t one, make one of your own

• scripts
• XSPEC Tcl
• ISIS Slang

• use all the data available

velocity

in
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1σ errors for ΔC=1 with XSPEC> error 1. …
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Make every photon count.
Account for every photon.


