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• Parameter estimation and Bayes Theorem; 

• The Fisher matrix; 

• Clustering estimators and the Fisher; 

• Forecasts for MeerKAT’s time proposals.
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R. A. Fisher (1938)

“To call in the statistician after the experiment is 
done may be no more than asking him to perform 
a post-mortem examination: he may be able to 
say what the experiment died of.”
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How do we predict the performance of 
an experiment, or how do we design (or 
optimise it) with some goals in mind? 
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Parameter estimation and Bayes Theorem
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<latexit sha1_base64="XMkOnY5vqi0HCcn/6mM9+3kHvfI=">AAACK3icbVDLSgMxFM34rPU16tJNsChuLDNS1GWpLlxWsA9oSsmkmTY08yC5UyjD/I8bf8WFLnzg1v8wfQjaeiFwOOfee3KPF0uhwXHeraXlldW19dxGfnNre2fX3tuv6yhRjNdYJCPV9KjmUoS8BgIkb8aK08CTvOENrsd6Y8iVFlF4D6OYtwPaC4UvGAVDdezKCfH8tJnhM5wSFeAbCjQjJD+hyZAq6HPD/MgxVTTgYBYSDBHBvoCsYxecojMpvAjcGSigWVU79jPpRiwJeAhMUq1brhNDOzVegkme5UmieUzZgPZ4y8DQOOp2Ork1w8eG6WI/UuaFgCfs74mUBlqPAs90BhT6el4bk/9prQT8q3YqwjgBHrKpkZ9IcyYeB4e7QnEGcmQAZUqYv2LWN3GwcRp5E4I7f/IiqJ8X3Yti6a5UKFdmceTQITpCp8hFl6iMblEV1RBDD+gJvaI369F6sT6sz2nrkjWbOUB/yvr6BuCIpu0=</latexit>

X�Data

#� parameters to fit

We have We want
<latexit sha1_base64="6vA+TXbKuUCBd3ErbMZA9WWfIvs=">AAACG3icbVDLSgMxFM3UV62vqks3waLUhWWmFHVZdOOygn1Ap5RMeqcNzUyGJFMo4/yHG3/FjQtFXAku/BvTx0JbDwTOPedebu7xIs6Utu1vK7Oyura+kd3MbW3v7O7l9w8aSsSSQp0KLmTLIwo4C6GumebQiiSQwOPQ9IY3E785AqmYCO/1OIJOQPoh8xkl2kjdfPk0cSnhuJYWXc9P3BGRegCapA+TspWe4XOcuDLAkVAaJBMy7eYLdsmeAi8TZ04KaI5aN//p9gSNAwg15USptmNHupOYTYxySHNurCAidEj60DY0JAGoTjK9LcUnRulhX0jzQo2n6u+JhARKjQPPdAZED9SiNxH/89qx9q86CQujWENIZ4v8mGMt8CQo3GMSqOZjQwiVzPwV0wGRhJoYVM6E4CyevEwa5ZJzUarcVQrV63kcWXSEjlEROegSVdEtqqE6ougRPaNX9GY9WS/Wu/Uxa81Y85lD9AfW1w8d8qGB</latexit>

P(#|X)� posterior

Probability of the parameters given 
the data. With it we compute the 

expectation value and their errors.
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P(#|X)� posterior

Probability of the parameters given 
the data. With it we compute the 

expectation value and their errors.

Bayes Theorem

Conditional probability

<latexit sha1_base64="W3JNqEerPGbuZp/kLt/Huwdcpek="></latexit>

p(#|X) =
p(#,X)

p(X)
=

p(X|#)p(#)
p(X)

Conditional 
probability
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Probability of the parameters given 
the data. With it we compute the 

expectation value and their errors.
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p(#|X) =
p(#,X)

p(X)
=

p(X|#)p(#)
p(X)

Conditional 
probability

<latexit sha1_base64="mfvkzVKANZSMXfjmu4kFFFPEoDI="></latexit>

p(X|#) ⌘ L(X|#)� Likelihood

p(#) ⌘ ⇧(#)� Prior

p(X)� Evidence
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<latexit sha1_base64="QVohUxDFjnj7Vz44BCm0wcbZJNg="></latexit>

Posterior probability / Likelihood⇥ PriorBayes Theorem

Average value

<latexit sha1_base64="vHz8PSvzAPIc/Nhv8CDBT1G1ofg="></latexit>

h#i =
Z

d# P(#|X) #
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Error estimation Basically the Chi-square

• Let’s assume a gaussian likelihood for the n-
dimensional data vector X with covariance Sigma. 
For gaussian random errors it holds! 

• For a moment let us take the posterior of the m 
parameters theta to be gaussian. It doesn’t have to 
be. F is then the covariance of the parameters;

If the prior is flat (or if we don’t care about it) the maximum likelihood estimator 
(or minimising the Chi-square) is the same as getting the maximum posterior

If the posterior is not a multivariate 
gaussian the expected value may not 

be the maximum of the posterior.

<latexit sha1_base64="sw0/BwwrcvaX8fr3idgBL/uhoWY="></latexit>

L(X|#) = 1

((2⇡)n det⌃)1/2
e�

1
2 (X�X̄)T⌃�1(X�X̄)

<latexit sha1_base64="mZaMkzuCz698Rtf9kyEub4KyTL4="></latexit>

P(#|X) =
1

((2⇡)m det(F�1))m/2
e�

1
2 (#�#̄)TF(#�#̄)
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Error estimation
If we Taylor expand the posterior at the maximum

<latexit sha1_base64="X1z3ziQz/wu6LIJrHGjFD1hzu8A="></latexit>

r# P(#|X)
���
#=#̄

= 0
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Error estimation
If we Taylor expand the posterior at the maximum

<latexit sha1_base64="X1z3ziQz/wu6LIJrHGjFD1hzu8A="></latexit>

r# P(#|X)
���
#=#̄

= 0

<latexit sha1_base64="cOgX9fVWC5rKMEt/p7kqL2+Tmcg="></latexit>

lnP(#|X) = lnP(#̄|X) +
1

2

�
#↵ � #̄↵

� @2 lnP(#|X)

@#↵@#�

�
#� � #̄�

�
�����
#=#̄

+ . . .
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Error estimation
If we Taylor expand the posterior at the maximum

<latexit sha1_base64="X1z3ziQz/wu6LIJrHGjFD1hzu8A="></latexit>

r# P(#|X)
���
#=#̄

= 0

<latexit sha1_base64="cOgX9fVWC5rKMEt/p7kqL2+Tmcg="></latexit>

lnP(#|X) = lnP(#̄|X) +
1

2

�
#↵ � #̄↵

� @2 lnP(#|X)

@#↵@#�

�
#� � #̄�

�
�����
#=#̄

+ . . .

<latexit sha1_base64="1TuVeaNV4gY9ANCp5VGzoQJzAS0="></latexit>

F#↵#� ⌘ �@2 lnP(#|X)

@#↵@#�

�����
#=#̄

The errors are given by the concavity of the posterior 
around the maximum
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Error estimation
If we Taylor expand the posterior at the maximum
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F#↵#� ⌘ �@2 lnP(#|X)

@#↵@#�

�����
#=#̄

The errors are given by the concavity of the posterior 
around the maximum

Marginal Error
<latexit sha1_base64="yohzZSftoMpEn3KKB8G2z2ita84="></latexit>

�# =
q

(F�1)## Conditional Error
<latexit sha1_base64="MuIF8pObpVVzAVGQKGYjNNKUSkQ="></latexit>

�conditional
# = 1/

p
F##
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How do we estimate future errors?

Estimate the Fisher matrix 
with fiducial data

<latexit sha1_base64="onl52ax7RwKzVKa79rZ9lOyfjmI="></latexit>

F#↵#� ⌘ �@2 lnP(#|X)

@#↵@#�

�����
#=#̄

= �@2 lnL(X|#)
@#↵@#�

�����
#=#̄

� @2 ln⇧(#)

@#↵@#�

�����
#=#̄

Prior informationFiducial Likelihood

Let’s neglect it for now

I will abuse of notation and use the 
same notation as before

For a Maximum Likelihood estimator the theorems are true 
• For any unbiased estimator the Cramér-Rao inequality holds; 

• If an unbiased estimator attaining (“saturating” ) the Cramér-Rao bound exists, it is the ML estimator (or a function thereof); 

• The ML-estimator is asymptotically a Best Unbiased Estimator.

<latexit sha1_base64="3m8ltfhi3KDf7a0AfCAfEUKgRxw="></latexit>

�# = (h#2i � h#i2)1/2 � 1/
p

F##
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Dropping the conditionals…

The gaussian case

<latexit sha1_base64="IUMZEAs9qfyRwI8J2L2aMioW1to="></latexit>

�2 lnL = ln det⌃+ (X� X̄)T⌃�1(X� X̄) + n ln 2⇡

<latexit sha1_base64="sw0/BwwrcvaX8fr3idgBL/uhoWY="></latexit>

L(X|#) = 1

((2⇡)n det⌃)1/2
e�

1
2 (X�X̄)T⌃�1(X�X̄)
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Dropping the conditionals…

The gaussian case
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L(X|#) = 1

((2⇡)n det⌃)1/2
e�

1
2 (X�X̄)T⌃�1(X�X̄)

<latexit sha1_base64="812zUZOKJluLiFXTOddaLTloZOA="></latexit>

F#i#j = �@2 lnL(X|#)
@#i@#j

�����
#i=#̄i,#j=#̄j

<latexit sha1_base64="D0yQtF/iSeoVAnSHi2YZy3NWQHA="></latexit>

F#i#j =
1

2
Tr

⇥
⌃�1⌃,#i⌃

�1⌃,#j + ⌃�1M#i#j

⇤

Full derivation 

Heavans (arXiv:0906.0664)

<latexit sha1_base64="46IGuTfPlVoVPmPmpFwCKUWT0IU="></latexit>

M#i#j = X̄T
,#j

X̄,#i + X̄T
,#i

X̄,#j
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Observable
<latexit sha1_base64="D0yQtF/iSeoVAnSHi2YZy3NWQHA="></latexit>

F#i#j =
1

2
Tr

⇥
⌃�1⌃,#i⌃

�1⌃,#j + ⌃�1M#i#j

⇤
<latexit sha1_base64="46IGuTfPlVoVPmPmpFwCKUWT0IU="></latexit>

M#i#j = X̄T
,#j

X̄,#i + X̄T
,#i

X̄,#j

<latexit sha1_base64="OV8jFXoxuRWCrnkpdsn7I8xSCKg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae2oWy2k3bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz0SPtZD4Ug0bRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42v3hKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjJ7nwy4QmbExBLKFLe3EjaiijJjQyrZELzll1dJ66LqXVZr97VK/SaPowgncArn4MEV1OEOGtAEBhKe4RXeHO28OO/Ox6K14OQzx/AHzucPbfSQxQ==</latexit>a`m
<latexit sha1_base64="LaN0bm9cw3oCJGsQzg3rcwYCbGo=">AAACEnicbVA9SwNBEN3zM8avU0ubxSBoE+4kqI0g2lhGMB+QC2FuMxcX9/aO3T0hHPkNNv4VGwtFbK3s/DdukivU+GDg8d4MM/PCVHBtPO/LmZtfWFxaLq2UV9fWNzbdre2mTjLFsMESkah2CBoFl9gw3AhspwohDgW2wrvLsd+6R6V5Im/MMMVuDAPJI87AWKnnHuZBGNEgBEXbo7NAgBwIpNDLAxSCxiMaqIl05vXcilf1JqCzxC9IhRSo99zPoJ+wLEZpmACtO76Xmm4OynAmcFQOMo0psDsYYMdSCTHqbj55aUT3rdKnUaJsSUMn6s+JHGKth3FoO2Mwt/qvNxb/8zqZiU67OZdpZlCy6aIoE9QkdJwP7XOFzIihJcAUt7dSdgsKmLEplm0I/t+XZ0nzqOofV2vXtcr5RRFHieySPXJAfHJCzskVqZMGYeSBPJEX8uo8Os/Om/M+bZ1zipkd8gvOxzflmZz/</latexit>

X̄ = ha`mi = 0

<latexit sha1_base64="Nk9fxvoxa9qI5l8ekrVYfn+Bp7I=">AAACLHicbVBNSwMxEM36bf2qevQSLIIolF0R9SKIvXgSRatCty6z6bSGJtklyQpl6Q/y4l8RxIMiXv0dpmvBzweBN+/NMJkXp4Ib6/sv3sjo2PjE5NR0aWZ2bn6hvLh0YZJMM6yzRCT6KgaDgiusW24FXqUaQcYCL+NubeBf3qI2PFHntpdiU0JH8TZnYJ0UlWvhGe9I2A8FqI5AClEeohBU9ilcb3wVoS78/Vo0UDbzkIGgx/2iisoVv+oXoH9JMCQVMsRJVH4MWwnLJCrLBBjTCPzUNnPQljOB/VKYGUyBdaGDDUcVSDTNvDi2T9ec0qLtRLunLC3U7xM5SGN6MnadEuyN+e0NxP+8Rmbbe82cqzSzqNjnonYmqE3oIDna4hqZFT1HgGnu/krZDWhg1uVbciEEv0/+Sy62qsFOdft0u3JwOIxjiqyQVbJOArJLDsgROSF1wsgdeSDP5MW79568V+/ts3XEG84skx/w3j8AW4ensQ==</latexit>

⌃ = ha`ma⇤`mi = C` +N`

<latexit sha1_base64="PvvRtaCRAMWNIXN1VLHt0d4p+Rg="></latexit>

F#i#j =
`maxX

`min

(2`+ 1)

2
fsky Tr

h�
@#iC`

�
⌃�1

`

�
@#jC`

�
⌃�1

`

i
Number of m for each ell

Incomplete m summation 

Tegmark et al., ApJ (1997)
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Observable
<latexit sha1_base64="D0yQtF/iSeoVAnSHi2YZy3NWQHA="></latexit>

F#i#j =
1

2
Tr

⇥
⌃�1⌃,#i⌃

�1⌃,#j + ⌃�1M#i#j

⇤
<latexit sha1_base64="46IGuTfPlVoVPmPmpFwCKUWT0IU="></latexit>

M#i#j = X̄T
,#j

X̄,#i + X̄T
,#i

X̄,#j

Becomes a 4-point function which we neglect

<latexit sha1_base64="X0O7fkyFUqcTupz6rPfeTg0DttM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GOxF48VbC20oWy2k3btZjfsboQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MOFMG8/7dgpr6xubW8Xt0s7u3v5B+fCorWWqKLao5FJ1QqKRM4EtwwzHTqKQxCHHh3DcmPkPT6g0k+LeTBIMYjIULGKUGCu1G/0ect4vV7yqN4e7SvycVCBHs1/+6g0kTWMUhnKiddf3EhNkRBlGOU5LvVRjQuiYDLFrqSAx6iCbXzt1z6wycCOpbAnjztXfExmJtZ7Eoe2MiRnpZW8m/ud1UxNdBxkTSWpQ0MWiKOWuke7sdXfAFFLDJ5YQqpi91aUjogg1NqCSDcFffnmVtC+q/mW1dler1G/yOIpwAqdwDj5cQR1uoQktoPAIz/AKb450Xpx352PRWnDymWP4A+fzB1KMjvo=</latexit>

C`

<latexit sha1_base64="TrrASunJWvGMIcw8NhrZrIO2Cvk=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5KIqBeh2IvHCvYDmlA22027dLMJuxshhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZKa+sbm1vl7crO7t7+gX141FFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMGnO/O4jlYrF4kFnCfUjPBIsZARrIw3sau4FIfICLFFvetMceJTzgV1z6s4caJW4BalBgdbA/vKGMUkjKjThWKm+6yTaz7HUjHA6rXipogkmEzyifUMFjqjy8/nxU3RqlCEKY2lKaDRXf0/kOFIqiwLTGWE9VsveTPzP66c6vPZzJpJUU0EWi8KUIx2jWRJoyCQlmmeGYCKZuRWRMZaYaJNXxYTgLr+8SjrndfeyfnF/UWvcFnGU4RhO4AxcuIIG3EEL2kAgg2d4hTfryXqx3q2PRWvJKmaq8AfW5w+4NpQv</latexit>

X̄ = C`

<latexit sha1_base64="PWKh4IFKbUrwIip89i9ZGokk4Z4="></latexit>

(⌃`)ij,pq = Cov
h
ĈM

`,ij , Ĉ
M
`0,pq

i

=
1

(2`+ 1) fsky

⇣
CG

`,ipC
G
`,jq + CG

`,iqC
G
`,jp

⌘

<latexit sha1_base64="lGeUfwTBVVEwKOSWxCZIWzNgsv4="></latexit>

F#↵#� =
X

`

@CM
`,ij

@#↵
⌃�1

`,ij,mn

@CM
`,mn

@#�

<latexit sha1_base64="v+/lz2iYrQ8CU64md+KbabjFm70=">AAACLnicbVDLSgMxFM34rPVVdekmWARBKTNS1GWxiK6koq1CZxwy6a2NzTxMMoUyzBe58Vd0IaiIWz/DtB3xeSBwOOcebu7xIs6kMs0nY2x8YnJqOjeTn52bX1gsLC03ZBgLCnUa8lBceEQCZwHUFVMcLiIBxPc4nHvd6sA/74GQLAzOVD8CxydXAWszSpSW3MJB9TKxKeH4MHUTGzjfYtcptuEmZj1c/ZKyqdN08zNw/C3gFopmyRwC/yVWRoooQ80tPNitkMY+BIpyImXTMiPlJEQoRjmkeTuWEBHaJVfQ1DQgPkgnGZ6b4nWttHA7FPoFCg/V74mE+FL2fU9P+kR15G9vIP7nNWPV3nMSFkSxgoCOFrVjjlWIB93hFhNAFe9rQqhg+q+YdoggVOmG87oE6/fJf0lju2TtlMon5WJlP6sjh1bRGtpAFtpFFXSEaqiOKLpF9+gZvRh3xqPxaryNRseMLLOCfsB4/wCFrajb</latexit>

CG
`,ij ⌘ CS

`,ij + CN
`,ij
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Observable
<latexit sha1_base64="D0yQtF/iSeoVAnSHi2YZy3NWQHA="></latexit>

F#i#j =
1

2
Tr

⇥
⌃�1⌃,#i⌃

�1⌃,#j + ⌃�1M#i#j

⇤
<latexit sha1_base64="46IGuTfPlVoVPmPmpFwCKUWT0IU="></latexit>

M#i#j = X̄T
,#j

X̄,#i + X̄T
,#i

X̄,#j

<latexit sha1_base64="EfdxSz7zAezU4Fwall1R4ToCjSQ=">AAACDnicbVBNS8NAEN34bf2KevSyWAqeSiKiXgTRi0cFawtNKZPtpF262YTdjVBCf4EX/4oXD4p49ezNf+M25qCtDwbevjfDzrwwFVwbz/ty5uYXFpeWV1Yra+sbm1vu9s6dTjLFsMESkahWCBoFl9gw3AhspQohDgU2w+HlxG/eo9I8kbdmlGInhr7kEWdgrNR1a3kQRjQIQdHW+CwQIPsCadBDYYAGqnieeV236tW9AnSW+CWpkhLXXfcz6CUsi1EaJkDrtu+lppODMpwJHFeCTGMKbAh9bFsqIUbdyYtzxrRmlR6NEmVLGlqovydyiLUexaHtjMEM9LQ3Ef/z2pmJTjs5l2lmULKfj6JMUJPQSTa0xxUyI0aWAFPc7krZABQwYxOs2BD86ZNnyd1h3T+uH90cVc8vyjhWyB7ZJwfEJyfknFyRa9IgjDyQJ/JCXp1H59l5c95/WueccmaX/IHz8Q3eN5tf</latexit>

X̄ = h�i = 0

<latexit sha1_base64="RNnBhb+qqMfq845k9L9QLD+GDbM="></latexit>

⌃ = h�k�⇤k0i = (2⇡)3�3D(~k � ~k0)(P (k, µ) +N)

<latexit sha1_base64="8MUQ0zF675PA7px2Jog6pO5ZH3w=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9SImkPTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66LqX1Zr97VK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AJR6jyU=</latexit>

�
<latexit sha1_base64="TIeNjK7HqSEE9bDqGTboMz+WxuA="></latexit>

F#i#j =
1

2

Vsurvey

4⇡2

Z 1

�1
dµ

Z kmax

kmin

dk
@P (k, µ)

@#i

@P (k, µ)

@#j

✓
1

P (k, µ) +N

◆2
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Example: Cross Correlation Power spectrum

Let us simplify to one k mode
<latexit sha1_base64="A9GrwXoEflfDJgRxVLVIhtVK0XA="></latexit>

P =


P1 P12

P12 P2

� <latexit sha1_base64="4je3N5Ri+WTMbMQWqZmEqSkgMaM="></latexit>

⌃ =


P1 +N1 P12

P12 P2 +N2

�

<latexit sha1_base64="+RnM9IV0K1LKSJ4WXedyARl+Dj0="></latexit>

F#i#j =
1

2
Tr


⌃�1 @P

@#i
⌃�1 @P

@#j

�

<latexit sha1_base64="gXrMnEUuejfpa4aJOxEbSaNd/fQ=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZSkFHUjFN24rGAf0IQwmU7aoZNJmJkUSsjSjb/ixoUibv0Ed/6NkzYLbT0wl8M593LnHj9mVCrL+jZKK6tr6xvlzcrW9s7unrl/0JFRIjBp44hFoucjSRjlpK2oYqQXC4JCn5GuP77N/e6ECEkj/qCmMXFDNOQ0oBgpLXnmsTNBQo2IQtdOCluefa5LPS+pXc+czDOrVs2aAS4TuyBVUKDlmV/OIMJJSLjCDEnZt61YualeQjEjWcVJJIkRHqMh6WvKUUikm84OyeCpVgYwiIR+XMGZ+nsiRaGU09DXnSFSI7no5eJ/Xj9RwZWbUh4ninA8XxQkDKoI5qnAARUEKzbVBGFB9V8hHiGBsNLZVXQI9uLJy6RTr9kXtcZ9o9q8KeIogyNwAs6ADS5BE9yBFmgDDB7BM3gFb8aT8WK8Gx/z1pJRzByCPzA+fwAN8pgV</latexit>

# = {P1, P2, P12}

<latexit sha1_base64="HEaLSLkg82VTpqAlO1hSUeqELLA="></latexit>

F�1 =
2

Nk

2

4
(P1 +N1)2 P 2

12 P12(P1 +N1)
P 2
12 (P2 +N2)2 P12(P2 +N2)

P12(P1 +N1) P12(P2 +N2) ((P1 +N1)(P2 +N2) + P 2
12)/2

3

5

<latexit sha1_base64="dF5VAA4+Bg2tuO3Tiwy30tH9X3o="></latexit>

F =
1

2

Nk

(P1 +N1)(P2 +N2)� P 2
12

2

4
(P2 +N2)2 P 2

12 �2P12(P2 +N2)
P 2
12 (P1 +N1)2 �2P12(P1 +N1)

�2P12(P2 +N2) �2P12(P1 +N1) 2((P1 +N1)(P2 +N2) + P 2
12)

3

5
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Using multipoles of the power spectrum
<latexit sha1_base64="kstD1ESYom2XrGH/tQAlEgSQxCM="></latexit>

P`(z, k) =
2`+ 1

2

Z 1

�1
dµ P (z, k, µ)L`(µ)

z=0.7; Dz=0.2

Rubiola et al., (2021)

<latexit sha1_base64="PAZgMYmHGaOB+PQOz0xlzuHAheY="></latexit>

⌃auto
` (z, k) =

(2`+ 1)(2`0 + 2)

2Nk

Z 1

�1
dµ (P (z, k, µ) +N(z))2 L`(µ)L`0(µ)

<latexit sha1_base64="wiXR4O/Xb6p3nehqZQAH4+LnE8M="></latexit>

⌃X
` (z, k) =

(2`+ 1)(2`0 + 2)

4Nk

Z 1

�1
dµ

h
(P1(z, k, µ) +N1(z)) (P2(z, k, µ) +N2(z)) + PX(z, k, µ)

i
L`(µ)L`0(µ)
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Using multipoles of the power spectrum

Specs 
<latexit sha1_base64="xtQ8tA+GJKpqnbkES238Rk9IrTs="></latexit>

PN =
SAT

2

sys

2NDttot

c(1 + z)2�2(z)

⌫HIH(z)
⇥ 1

W 2

<latexit sha1_base64="EVaXKku7vplUiXjkRlQ08Wf1B20="></latexit>

W (k, µ, z) = e�k2(1�µ2)�2✓2
B/16 ln 2

• For HI: bias and Temperature from Red Book, UHF 
system temperature with eta=0.72 (calibrated from L-
band), 60 dishes, 60 hr and 500 deg2; 

• For the galaxies a generic n=4e-5 Mpc^-3, bias 
sqrt(1+z); 

• k_min given by the volume and k_max given by the 
beam; 

• Exclude RFI dominated regions from 0.46-0.52.

z=0.7; Dz=0.2

<latexit sha1_base64="SzF9AKjNIm7iMUSA+ZqKS/sT8YA="></latexit>

SNR` =

vuutX

k

✓
P`(k)

�P`(k)

◆2 PHI_0: 27.4

PHI_2: 9.8

PHIg_0: 32.2

PHIg_2: 9.8
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• Summary of where the Fisher Matrix 
comes from; 

• Forecasts for MeerKAT’s time 
proposals.

z=0.43; Dz=0.06 z=0.61; Dz=0.18

z=0.8; Dz=0.2 z=1.0; Dz=0.2


