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The first challenge:

design and 
construct CMB

experiment!

(with data analysis
in mind)



Challenges in B-mode experiment data analysis

1. Systematics

2. Systematics

3. Systematics



Challenges in B-mode experiment data analysis

1. Instrumental and observational systematics

2. Secondary anisotropies

3. Foregrounds



Challenges in B-mode experiment data analysis

1. E and B mode mixing due to observational and instrumental effects

2. Lensing

3. Non-Gaussian, anisotropic data model, e.g. due to foregrounds.

+ a bonus at the end if there is time…



Optimal B-mode filtering and 
purification with anisotropic and 
correlated noise
with Doogesh Kodi Ramanah, Guilhem Lavaux



How to purify a 
B-mode map

• E and B only separate easily on the full 
sky. 

• It was thought that optimally 
separating E and B modes on an 
incomplete and noisy sky requires 
solving for a special basis of pure E, 
pure B and ambiguous modes (e.g. 
Bunn, Zaldarriaga, Tegmark de Oliveira-
Costa 2011)

• In Bunn & Wandelt 2017 
(arXiv:1610.03345) we showed that 
instead it can be cast as the solution to 
a Wiener filtering problem



Key ingredient: optimal, Wiener filtering

Sparse in Fourier space Sparse in pixel space

Not sparse in any easily accessible basis



Usual solution strategies

• Iterative conjugate gradients (optimal for SPD matrices)
• Preconditioner (diagonal in Fourier space, multi-grid,… ) (Smith et al.; 

Eriksen, Wehus, et al., Seljebotn)
• Problems:

• Even for Planck: extremely ill-conditioned, condition number >109

• Preconditioner not universal
• Stability issues (Jacobi smoother in multi-grid)



The Messenger method: Wiener Filtering 
without preconditioner
• Introduce auxiliary field (messenger field) t with covariance T. Then

is solved by the Wiener filter.

Can solve each of these equations exactly algebraically.
Iterate. Easy to show that this converges and is unconditionally stable.

Elsner & BDW, arXiv:1210.4931
Kodi-Ramanah, Lavaux & BDW, 
arXiv:1702.08852 



The Messenger method: Wiener Filtering 
without preconditioner
• Introduce auxiliary field (messenger field) t with covariance T and a 

parameter λ≥1. Then

is solved by the Wiener filter for λ=1.

Can solve each of these equations exactly algebraically.
Iterate. Easy to show that this converges and is unconditionally stable.

08/09/2019 B. Wandelt

Elsner & BDW, arXiv:1210.4931
Kodi-Ramanah, Lavaux & BDW, 
arXiv:1702.08852 



Messenger is fast and unconditionally convergent

Residual

Kodi-Ramanah, Lavaux & Wandelt 2017, arXiv:1702.08852 



Curved sky case, with IQU, masks, correlated 
and anisotropic noise

Kodi Ramanah, Lavaux & Wandelt, (arXiv:1906.10704) 



Fast inference of an anisotropic, correlated 
noise model from noise simulations

Kodi Ramanah, Lavaux, Wandelt, (arXiv:1906.10704) 

After 5 iterations!



Optimal filtering and T, E, B purification

Kodi Ramanah, Lavaux, Wandelt, (arXiv:1906.10704) 



B-mode Inference and De-Lensing
with Marius Millea and Ethan Anderes



Benjamin Wandelt

B(n̂) (±2.5µK)

T(n̂) (±350µK)

E(n̂) (±25µK)



Benjamin Wandelt

B(n̂) (±2.5µK)

T(n̂) (±350µK)

E(n̂) (±25µK)



Planck detects lensing at 40σ 
(25σ in 2013)

All clumping 
mass in the 
Universe, as it 
lenses the 
CMB
-
seen using the
quadratic 
estimator

For measurements of the 
neutrino mass and 

ultimate constraints on 
primordial gravitational 

waves need to do go 
beyond quadratic CMB 

lensing analysis



Bayesian lensing potential reconstruction

• A fully Bayesian approach for non-Gaussian fields 
would be optimal. But studying the posterior pdf for 
the lensing potential given the data is a “doubly 
intractable” problem that has remained unsolved for 
~20 years.
• All approaches to full Bayesian inference approaches 

fail in practice
• The key problem is the lensing determinant

Hirata & Seljak (2003); Anderes, Wandelt & Lavaux (2015); Carron & Lewis (2017)



A new way to think about weak lensing
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Expansion:

LensFlow:
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Conserves the lensing determinant!



Taylor and “Flow” approximations to rotations

Benjamin Wandelt
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Example de-lensing

  

Starting point: Simulated data with: 1uK-arcmin noise, r=0.05

Step 1 Step 3 Step 30

1 step 3 steps 30 steps

Millea, Anderes & Wandelt arXiv:1708.06753



Example de-lensing

Benjamin Wandelt

  

30min on 1 single multi-core CPU for these 2500deg2

1024x1024, 3 arcmin pixels
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Bayesian lensing 
inference gives
50-200% 
improvement
over standard 
quadratic 
estimator 
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300 deg2, 1 µK arcmin



Full delensing B-mode reconstruction and r 
inference with masks and anisotropic noise
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Bayesian 
approach 
gives 
consistent 
inferences; 
and reveals 
strong 
realization 
dependence

Millea, Anderes & Wandelt, in prep.



Simulation based (likelihood-free) 
inference for non-Gaussian 
data models
with Justin Alsing, Tom Charnock, Stephen Feeney, Francisco Villaescusa, Guilhem

Lavaux



How to science, Bayesianly

1. Get data.
2. Write down full physical and  stochastic model of data given 

parameter.
è Likelihood

3. Specify prior
4. Write down posterior

5. Explore posterior for fixed data as a function of parameters

Benjamin Wandelt

What if d  = ?



How to science, Bayesianly

1. Get data.
2. Write down full physical and  stochastic model of data given 

parameter.
è Likelihood

3. Specify prior
4. Write down posterior

5. Explore posterior for fixed data as a function of parameters

Benjamin Wandelt

What if d  = ?



What if we can only do simulations?



Likelihood-free inference 101

simulation

parameters
simulated 
data Draw from prior:

Simulate data:

If :
accept;

else:
reject;

data

?
=

In the limit



Likelihood-free inference 101

simulation

parameters
simulated 
data Draw from prior:

Simulate data:

If :
accept;

else:
reject;

data

In the limit

?
=

How to reduce data-space?

How to explore parameter-space?



Likelihood-free inference 101

simulation

parameters
simulated 
data Draw from prior:

Simulate data:

If :
accept;

else:
reject;

data

In the limit

?
=

How to reduce data-space?

How to explore parameter-space?



Reducing data space: massive data compression
n parameters

N data

M summary statistics

n compressed statistics



Massive data compression

Fisher information

Information inequality

YES! Alsing & Wandelt 
arXiv:1712.00012

Can we derive n compressed quantities that contain 
all the Fisher information?



Likelihood-free inference 101

simulation

parameters
simulated 
data Draw from prior:

Simulate data:

If :
accept;

else:
reject;

data

In the limit

?
=

How to reduce data-space?

How to explore parameter-space?



Density estimation Likelihood free inference
(DELFI)

Learn joint probability density of parameters
and compressed data

Alsing, Feeney &Wandelt arXiv: 1801.01497

Solution



DELFI
Posterior 
inference
works… 
faster than
MCMC!

Alsing, Wandelt, Feeney
arXiv:1801.01497
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The latest

• New nuisance-hardened compression greatly reduces required number of 
simulations and allows many more parameters (Alsing & Wandelt 
arXiv:1903.01473). 

• New version of DELFI now released including neural density estimators to fit 
the likelihood  (Alsing, Charnock, Feeney, Wandelt arXiv:1903.00007)
• Also includes active learning for deciding where to run simulations

Benjamin Wandelt



But what if you don’t know how to 
compute informative summaries of 
your data?



Automatic Physical Inference with 
Information Maximizing Neural Networks

• Goal: remove the need to “guess” heuristic, informative summaries of 
the data
• Setup: design a neural network that maps data into a small set of 

informative summaries.
• The training loss is (– the information)

• Use reinforcement learning on physical simulations to maximize the 
information in the network outputs about the model parameters
• The achieved loss on a test set is meaningful – it’s the information 

content of the data.
Charnock, Lavaux, Wandelt (arXiv:1802:03537)



Information maximizing neural networkd

ੇ
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Charnock, Lavaux, Wandelt (arXiv:1802:03537)



Example 1: inference of variance

• Perfect information gives |𝐹| = 5 in this problem
• Any linear summary gives |F| = 0.5

N
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7Q`K�iBQM K�i`BtX q2 ?�p2 +?Qb2M � bBKTH2 M2irQ`F Q7
(k8e- k8e) bBM+2 Bi b22Kb iQ +QMp2`;2 KQ`2 [mB+FHv i?�M
Qi?2` M2irQ`FbX
aBM+2 i?2 i2bi KQ/2H +�M #2 r`Bii2M /QrM �M�HviB+�HHv-

i?2 i`m2 TQbi2`BQ` /Bbi`B#miBQM 7Q` bQK2 bBKmH�i2/ i2bi
/�i� d Ub?QrM BM i�#H2 AV +�M #2 7QmM/ �M/ Bb THQi@
i2/ �b i?2 bQHB/ Q`�M;2 +m`p2 BM };m`2 jX h?2 T`BQ` /Bb@
i`B#miBQM mb2/ ?2`2 Bb mMB7Q`K #2ir22M ᅲ � 	� ��>X �
}`bi �TT`QtBK�iBQM Q7 i?2 TQbi2`BQ` /Bbi`B#miBQM mbBM;
i?2 M2irQ`F- rBi?Qmi +`2�iBM; �Mv �//BiBQM�H bBKmH�iBQMb
+�M #2 7QmM/ mbBM; i?2 �bvKTiQiB+ HBF2HB?QQ/ #v 2t@
T�M/BM; 2[m�iBQM UkXRV �#Qmi i?2 }/m+B�H p�`B�M+2 rBi?ငᅲ � 	� �>RX h?2 �bvKTiQiB+ HBF2HB?QQ/ `2bmHi Bb THQi@
i2/ BM };m`2 j BM /�b?2/ #Hm2X Ai +�M #2 b22M i?�i i?2
T2�F Q7 i?2 TQbi2`BQ` 7QmM/ mbBM; i?2 �bvKTiQiB+ HBF2@
HB?QQ/ +Q``2bTQM/b rBi? i?2 T2�F Q7 i?2 �M�HviB+ TQbi2@
`BQ`- �Hi?Qm;? �b 2tT2+i2/ i?2 `2bi Q7 i?2 /Bbi`B#miBQM [mB@
+FHv /2pB�i2b 7`QK i?2 �M�HviB+ `2bmHiX hQ T2`7Q`K SJ*@

RX h?Bb �TT`QtBK�iBQM Bb QMHv i`m2 7Q` ͗ͣϣ<းᇆ>  φX h?2 BMi2`@
p�H +?Qb2M ?2`2 Bb mb2/ QMHv 7Q` THQiiBM; Tm`TQb2bX

training

Ry

6B;m`2 j , h?2 TQbi2`BQ` /Bbi`B#miBQM 7Q` i?2 p�`B�M+2 Q7 i?2
`2�H /�i�X h?2 bQHB/ Q`�M;2 +m`p2 Bb i?2 �M�HviB+ TQbi2`BQ`
/Bbi`B#miBQM mbBM; "�v2bǶ i?2Q`2K �M/ i?2 HBF2HB?QQ/ BM 2[m�@
iBQM UeXRVX h?2 /�b?2/ #Hm2 +m`p2 b?Qrb i?2 TQbi2`BQ` +�H+mH�@
i2/ 7`QK i?2 �bvKTiQiB+ HBF2HB?QQ/ 7`QK i?2 M2irQ`F bmKK�`v
�M/ BM Tm`TH2 Bb i?2 �"* TQbi2`BQ` Q#i�BM2/ i?`Qm;? SJ*
rBi? i?2 Tm`TH2 b?�/2/ 2``Q` #�`b b?QrBM; i?2 R@ᇐ SQBbbQM
rB/i?X 1�+? /Bbi`B#miBQM Bb MQ`K�HBb2/ bm+? i?�i Bib BMi2;`�H
Bb mMBiv BM i?2 BMi2`p�H ᇆ � <ЈӴ φЈ>X q2 +�M b22 i?�i i?2 �M�Hv@
iB+ TQbi2`BQ` BM i?2 bQHB/ Q`�M;2 +m`p2 Qp2`H�Tb i?2 SJ*@�"*
TQbi2`BQ` BM i?2 Tm`TH2 ?BbiQ;`�K b?QrBM; i?�i i?2 M2irQ`F
?�b bm++2bb7mHHv H2�`M2/ iQ bmKK�`Bb2 i?2 /�i�X h?2 #Hm2 /�@
b?2/ +m`p2 T2�Fb �i i?2 b�K2 TH�+2 �b i?2 �M�HviB+ TQbi2`BQ`
rBi? � bBKBH�` rB/i?- r?B+? b?Qrb i?�i i?2 }`bi Q`/2` �TT`QtB@
K�iBQM Q7 i?2 TQbi2`BQ` Bb �HbQ +Q``2+iX

�"*- ԃ � ���� T�`�K2i2` p�Hm2b- \ᅲ Јֆ ]Ԛ ୮ <� ԃ>^- �`2
/`�rM 7`QK i?2 mMB7Q`K T`BQ` /Bbi`B#miBQM- ԟ	ᄇ
- #2ir22Mᅲ � 	� ��>X h?2 SJ* T`Q+2/m`2- /2b+`B#2/ �#Qp2- Bb
i?2M +�``B2/ Qmi iQ Q#i�BM Ryyy b�KTH2b 7`QK i?2 �T@
T`QtBK�i2 TQbi2`BQ`X lbBM; � +`Bi2`BQM i?�i i?2`2 M22/b
iQ #2 kyyy /`�rb Q7 ᅲ ֏ֆ BM Bi2`�iBQM ԣ iQ #2 +QMpBM+2/ i?�i
i?2 �TT`QtBK�i2 TQbi2`BQ` ?�b +QMp2`;2/ `2[mB`2b � iQi�H
Q7 Rykjk bBKmH�iBQMbX h?2 rB/i? Q7 i?2 �++2Ti�M+2 T�@
`�K2i2` Bb ᆃյ � ����� �i i?2 H�bi Bi2`�iBQM- ԉ - K2�MBM;
i?�i i?2 M2irQ`F bmKK�`v Q7 2�+? Q7 i?2 �++2Ti2/ M2i@
rQ`F bmKK�`B2b �`2 rBi?BM � #�M/ Q7 ԧs յքֆ � ԧ  �����
Q7 i?2 M2irQ`F bmKK�`v Q7 i?2 `2�H /�i�- ԧX h?2 ?Bb@
iQ;`�K Q7 i?2 �++2Ti2/ TQBMib �`2 b?QrM BM };m`2 j BM
Tm`TH2X h?2 SJ*@�"* TQbi2`BQ` /Bbi`B#miBQM 7QHHQrb i?2
�M�HviB+ TQbi2`BQ` /Bbi`B#miBQM 2t�+iHv- b?QrBM; i?�i i?2
M2irQ`F ?�b bm++2bb7mHHv H2�`M2/ ?Qr iQ bmKK�`Bb2 i?2
/�i�X

Ai Bb BMi2`2biBM; iQ b22 i?2 M2irQ`F QmiTmib �b � 7mM+@
iBQM Q7 ᅲ- rBi?Qmi mbBM; i?2 SJ* T`Q+2/m`2X "v T2`@
7Q`KBM; M�śp2 (*>�_LP*E , ) �"* (*>�_LP*E ,
#v `�M/QKHv /`�rBM; 7`QK i?2 r?QH2 T`BQ`- �M/ MQi ?Q@
MBM; BM QM i?2 i`m2 /Bbi`B#miBQM-) r2 +�M THQi i?2 M2i@
rQ`F QmiTmi �b � 7mM+iBQM Q7 i?2 p�`B�M+2 /`�rM 7`QK
i?2 T`BQ`- b?QrM BM };m`2 9X h?2 ;`22M TQBMib b?Qr i?2
`2D2+i2/ b�KTH2b �M/ i?2 Tm`TH2 TQBMib UmM/2` i?2 #H�+F

6B;m`2 9 , L2irQ`F QmiTmi �b � 7mM+iBQM Q7 i?2 p�`B�M+2 mb2/
iQ +`2�i2 i?2 bBKmH�iBQMbX h?2 ;`22M TQBMib �`2 i?2 M2irQ`F
bmKK�`B2b Q7 � b2H2+iBQM Q7 i?2 bBKmH�iBQMb +`2�i2/ 7`QK `�M@
/QK /`�rb 7`QK ᇆ � 	ЈӴ φЈ> 7Q` i?2 `�M/QK �"* T`Q+2/m`2X
h?2 Tm`TH2 TQBMib �`2 i?2 �++2Ti2/ M2irQ`F bmKK�`B2b Q7 i?2
Ryyy bBKmH�iBQMb rBi?BM ֓s ԿՎՐ � ֓  ᇗԿ rBi? ᇗԿ � ЈӳЈ΅ϩX h?2
#H�+F /Qii2/ HBM2 BM/B+�i2b i?2 M2irQ`F QmiTmi Q7 i?2 `2�H
/�i�X h?2`2 Bb � bi`QM; +Q``2H�iBQM #2ir22M i?2 M2irQ`F Qmi@
Tmi �M/ i?2 p�Hm2 Q7 ᇆ r?B+? bm;;2bib i?�i i?2 M2irQ`F ?�b
H2�`M2/ ?Qr iQ bmKK�`Bb2 i?2 M2irQ`F BMTmi rBi? `2bT2+i iQ
i?2 KQ/2H T�`�K2i2`bX

/�b?2/ HBM2V b?Qr i?2 �++2Ti2/ /`�rbX h?2 #H�+F /�b?2/
HBM2 b?Qrb i?2 M2irQ`F QmiTmi Q7 i?2 `2�H /�i�X h?2`2
Bb � bi`QM; +Q``2H�iBQM #2ir22M i?2 M2irQ`F bmKK�`v Q7
i?2 bBKmH�iBQMb �M/ i?2 p�Hm2 Q7 ᅲ mb2/ iQ +`2�i2 i?2 bB@
KmH�iBQMX _2[mB`BM; i?�i i?2`2 �`2 Ryyy b�KTH2b r?Qb2
bmKK�`B2b �`2 rBi?BM ԧs յքֆ � ԧ  ᆃյ - r?2`2 ᆃյ � �����-
M2+2bbBi�i2b KQ`2 i?�M eyy-yyy /`�rb 7`QK i?2 T`BQ`- 8y
iBK2b KQ`2 /`�rb i?�M i?2 SJ* M22/bX Ai b?QmH/ #2 MQ@
i2/ i?�i i?2 M2irQ`F bmKK�`v Bb MQi 2[m�H iQ i?2 p�Hm2
Q7 ᅲ �M/- BM ;2M2`�H +�M p�`v � HQi #v +?�M;BM; i?2 M2i@
rQ`F �`+?Bi2+im`2- i?2 BMBiB�HBb�iBQM Q7 i?2 r2B;?ib Q` 2p2M
Dmbi +?�M;BM; i?2 Q`/2` Q7 i?2 bBKmH�iBQMb mb2/ iQ i`�BM
i?2 M2irQ`FX h?2 p�`B�iBQM BM i?2 M2irQ`F bmKK�`v Bb �
K�MB72bi�iBQM Q7 ?Qr i?2 6Bb?2` BM7Q`K�iBQM Bb BMp�`B�Mi
mM/2` HBM2�` b+�HBM;b Q7 � bm{+B2Mi bi�iBbiB+- �Hi?Qm;? i?2
b+�H2 Q7 i?2 bi�iBbiB+ Bb �#H2 iQ #2 +QMbi`�BM2/ bQK2r?�i
#v +QmTHBM; i?2 6Bb?2` BM7Q`K�iBQM K�i`Bt iQ i?2 +Qp�@
`B�M+2 Q7 i?2 QmiTmib- �b BM 2[m�iBQM U9XeVX
q?2M +`2�iBM; bBKmH�iBQMb /m`BM; i?2 �"* T`Q+2/m`2

r2 +�M +�H+mH�i2 i?2 i`m2 bmKK�`v (*>�_LP*E , bm7@
}+B2Mi bi�iBbiB+)- BX2Xԧsք � ։dంօ�φ ॕԓsքօॖϵ UeX3V

r?2`2 Ԙ H�#2Hb i?2 `�M/QK BMBiB�HBb�iBQM Q7 i?2 bBKmH�iBQM
�M/ i?2 i?2 D H�#2Hb i?2 /�i� TQBMi BM i?2 /�i� b2i dX SHQi@
iBM; i?2 i`m2 bmKK�`v (*>�_LP*E , 2t�+i bm{+B2Mi
bi�iBbiB+) �;�BMbi i?2 M2irQ`F bmKK�`v (*>�_LP*E ,

Likelihood free inference
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6B;m`2 j , h?2 TQbi2`BQ` /Bbi`B#miBQM 7Q` i?2 p�`B�M+2 Q7 i?2
`2�H /�i�X h?2 bQHB/ Q`�M;2 +m`p2 Bb i?2 �M�HviB+ TQbi2`BQ`
/Bbi`B#miBQM mbBM; "�v2bǶ i?2Q`2K �M/ i?2 HBF2HB?QQ/ BM 2[m�@
iBQM UeXRVX h?2 /�b?2/ #Hm2 +m`p2 b?Qrb i?2 TQbi2`BQ` +�H+mH�@
i2/ 7`QK i?2 �bvKTiQiB+ HBF2HB?QQ/ 7`QK i?2 M2irQ`F bmKK�`v
�M/ BM Tm`TH2 Bb i?2 �"* TQbi2`BQ` Q#i�BM2/ i?`Qm;? SJ*
rBi? i?2 Tm`TH2 b?�/2/ 2``Q` #�`b b?QrBM; i?2 R@ᇐ SQBbbQM
rB/i?X 1�+? /Bbi`B#miBQM Bb MQ`K�HBb2/ bm+? i?�i Bib BMi2;`�H
Bb mMBiv BM i?2 BMi2`p�H ᇆ � <ЈӴ φЈ>X q2 +�M b22 i?�i i?2 �M�Hv@
iB+ TQbi2`BQ` BM i?2 bQHB/ Q`�M;2 +m`p2 Qp2`H�Tb i?2 SJ*@�"*
TQbi2`BQ` BM i?2 Tm`TH2 ?BbiQ;`�K b?QrBM; i?�i i?2 M2irQ`F
?�b bm++2bb7mHHv H2�`M2/ iQ bmKK�`Bb2 i?2 /�i�X h?2 #Hm2 /�@
b?2/ +m`p2 T2�Fb �i i?2 b�K2 TH�+2 �b i?2 �M�HviB+ TQbi2`BQ`
rBi? � bBKBH�` rB/i?- r?B+? b?Qrb i?�i i?2 }`bi Q`/2` �TT`QtB@
K�iBQM Q7 i?2 TQbi2`BQ` Bb �HbQ +Q``2+iX

�"*- ԃ � ���� T�`�K2i2` p�Hm2b- \ᅲ Јֆ ]Ԛ ୮ <� ԃ>^- �`2
/`�rM 7`QK i?2 mMB7Q`K T`BQ` /Bbi`B#miBQM- ԟ	ᄇ
- #2ir22Mᅲ � 	� ��>X h?2 SJ* T`Q+2/m`2- /2b+`B#2/ �#Qp2- Bb
i?2M +�``B2/ Qmi iQ Q#i�BM Ryyy b�KTH2b 7`QK i?2 �T@
T`QtBK�i2 TQbi2`BQ`X lbBM; � +`Bi2`BQM i?�i i?2`2 M22/b
iQ #2 kyyy /`�rb Q7 ᅲ ֏ֆ BM Bi2`�iBQM ԣ iQ #2 +QMpBM+2/ i?�i
i?2 �TT`QtBK�i2 TQbi2`BQ` ?�b +QMp2`;2/ `2[mB`2b � iQi�H
Q7 Rykjk bBKmH�iBQMbX h?2 rB/i? Q7 i?2 �++2Ti�M+2 T�@
`�K2i2` Bb ᆃյ � ����� �i i?2 H�bi Bi2`�iBQM- ԉ - K2�MBM;
i?�i i?2 M2irQ`F bmKK�`v Q7 2�+? Q7 i?2 �++2Ti2/ M2i@
rQ`F bmKK�`B2b �`2 rBi?BM � #�M/ Q7 ԧs յքֆ � ԧ  �����
Q7 i?2 M2irQ`F bmKK�`v Q7 i?2 `2�H /�i�- ԧX h?2 ?Bb@
iQ;`�K Q7 i?2 �++2Ti2/ TQBMib �`2 b?QrM BM };m`2 j BM
Tm`TH2X h?2 SJ*@�"* TQbi2`BQ` /Bbi`B#miBQM 7QHHQrb i?2
�M�HviB+ TQbi2`BQ` /Bbi`B#miBQM 2t�+iHv- b?QrBM; i?�i i?2
M2irQ`F ?�b bm++2bb7mHHv H2�`M2/ ?Qr iQ bmKK�`Bb2 i?2
/�i�X

Ai Bb BMi2`2biBM; iQ b22 i?2 M2irQ`F QmiTmib �b � 7mM+@
iBQM Q7 ᅲ- rBi?Qmi mbBM; i?2 SJ* T`Q+2/m`2X "v T2`@
7Q`KBM; M�śp2 (*>�_LP*E , ) �"* (*>�_LP*E ,
#v `�M/QKHv /`�rBM; 7`QK i?2 r?QH2 T`BQ`- �M/ MQi ?Q@
MBM; BM QM i?2 i`m2 /Bbi`B#miBQM-) r2 +�M THQi i?2 M2i@
rQ`F QmiTmi �b � 7mM+iBQM Q7 i?2 p�`B�M+2 /`�rM 7`QK
i?2 T`BQ`- b?QrM BM };m`2 9X h?2 ;`22M TQBMib b?Qr i?2
`2D2+i2/ b�KTH2b �M/ i?2 Tm`TH2 TQBMib UmM/2` i?2 #H�+F

6B;m`2 9 , L2irQ`F QmiTmi �b � 7mM+iBQM Q7 i?2 p�`B�M+2 mb2/
iQ +`2�i2 i?2 bBKmH�iBQMbX h?2 ;`22M TQBMib �`2 i?2 M2irQ`F
bmKK�`B2b Q7 � b2H2+iBQM Q7 i?2 bBKmH�iBQMb +`2�i2/ 7`QK `�M@
/QK /`�rb 7`QK ᇆ � 	ЈӴ φЈ> 7Q` i?2 `�M/QK �"* T`Q+2/m`2X
h?2 Tm`TH2 TQBMib �`2 i?2 �++2Ti2/ M2irQ`F bmKK�`B2b Q7 i?2
Ryyy bBKmH�iBQMb rBi?BM ֓s ԿՎՐ � ֓  ᇗԿ rBi? ᇗԿ � ЈӳЈ΅ϩX h?2
#H�+F /Qii2/ HBM2 BM/B+�i2b i?2 M2irQ`F QmiTmi Q7 i?2 `2�H
/�i�X h?2`2 Bb � bi`QM; +Q``2H�iBQM #2ir22M i?2 M2irQ`F Qmi@
Tmi �M/ i?2 p�Hm2 Q7 ᇆ r?B+? bm;;2bib i?�i i?2 M2irQ`F ?�b
H2�`M2/ ?Qr iQ bmKK�`Bb2 i?2 M2irQ`F BMTmi rBi? `2bT2+i iQ
i?2 KQ/2H T�`�K2i2`bX

/�b?2/ HBM2V b?Qr i?2 �++2Ti2/ /`�rbX h?2 #H�+F /�b?2/
HBM2 b?Qrb i?2 M2irQ`F QmiTmi Q7 i?2 `2�H /�i�X h?2`2
Bb � bi`QM; +Q``2H�iBQM #2ir22M i?2 M2irQ`F bmKK�`v Q7
i?2 bBKmH�iBQMb �M/ i?2 p�Hm2 Q7 ᅲ mb2/ iQ +`2�i2 i?2 bB@
KmH�iBQMX _2[mB`BM; i?�i i?2`2 �`2 Ryyy b�KTH2b r?Qb2
bmKK�`B2b �`2 rBi?BM ԧs յքֆ � ԧ  ᆃյ - r?2`2 ᆃյ � �����-
M2+2bbBi�i2b KQ`2 i?�M eyy-yyy /`�rb 7`QK i?2 T`BQ`- 8y
iBK2b KQ`2 /`�rb i?�M i?2 SJ* M22/bX Ai b?QmH/ #2 MQ@
i2/ i?�i i?2 M2irQ`F bmKK�`v Bb MQi 2[m�H iQ i?2 p�Hm2
Q7 ᅲ �M/- BM ;2M2`�H +�M p�`v � HQi #v +?�M;BM; i?2 M2i@
rQ`F �`+?Bi2+im`2- i?2 BMBiB�HBb�iBQM Q7 i?2 r2B;?ib Q` 2p2M
Dmbi +?�M;BM; i?2 Q`/2` Q7 i?2 bBKmH�iBQMb mb2/ iQ i`�BM
i?2 M2irQ`FX h?2 p�`B�iBQM BM i?2 M2irQ`F bmKK�`v Bb �
K�MB72bi�iBQM Q7 ?Qr i?2 6Bb?2` BM7Q`K�iBQM Bb BMp�`B�Mi
mM/2` HBM2�` b+�HBM;b Q7 � bm{+B2Mi bi�iBbiB+- �Hi?Qm;? i?2
b+�H2 Q7 i?2 bi�iBbiB+ Bb �#H2 iQ #2 +QMbi`�BM2/ bQK2r?�i
#v +QmTHBM; i?2 6Bb?2` BM7Q`K�iBQM K�i`Bt iQ i?2 +Qp�@
`B�M+2 Q7 i?2 QmiTmib- �b BM 2[m�iBQM U9XeVX
q?2M +`2�iBM; bBKmH�iBQMb /m`BM; i?2 �"* T`Q+2/m`2

r2 +�M +�H+mH�i2 i?2 i`m2 bmKK�`v (*>�_LP*E , bm7@
}+B2Mi bi�iBbiB+)- BX2Xԧsք � ։dంօ�φ ॕԓsքօॖϵ UeX3V

r?2`2 Ԙ H�#2Hb i?2 `�M/QK BMBiB�HBb�iBQM Q7 i?2 bBKmH�iBQM
�M/ i?2 i?2 D H�#2Hb i?2 /�i� TQBMi BM i?2 /�i� b2i dX SHQi@
iBM; i?2 i`m2 bmKK�`v (*>�_LP*E , 2t�+i bm{+B2Mi
bi�iBbiB+) �;�BMbi i?2 M2irQ`F bmKK�`v (*>�_LP*E ,

Charnock, Lavaux, Wandelt (arXiv:1802:03537)
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QmiTmi) �HHQrb mb iQ b22 ?Qr r2HH i?2 +Q``2+i 7mM+iBQM Bb
H2�`M2/ #v K�tBKBbBM; i?2 AJLL- �b b22M BM };m`2 8X h?2
#Hm2 TQBMib b?Qr i?2 p�Hm2b Q7 i`m2 bmKK�`B2b (*>�_@
LP*E , 2t�+i bm{+B2Mi bi�iBbiB+b) Q7 i?2 bBKmH�iBQMb �M/
b+�H2/ p�Hm2b Q7 i?2 M2irQ`F bmKK�`B2b (*>�_LP*E ,
Q)miTmib Q7 i?2 b�K2 bBKmH�iBQMbX h?2 M2irQ`F bmKK�`v
(*>�_LP*E , QmiTmi) Kmbi #2 b+�H2/ /m2 iQ i?2 �HHQ@
r2/ HBM2�` b+�HBM; Q7 i?2 bm{+B2Mi bi�iBbiB+X q2 �+im�HHv
7QmM/ i?�i M2irQ`F bmKK�`v (*>�_LP*E , QmiTmi) Bb
�TT`QtBK�i2HvOFUXPSL PVUQVU ஈ ։dంօ�φ ॕԓsքօॖϵ � �� UeXNV

rBi?Qmi � HBM2�` b+�HBM; Q7 i?2 i`m2 bmKK�`v (*>�_@
LP*E , 2t�+i bm{+B2Mi bi�iBbiB+)- #mi rBi? �M Qzb2iX
h?2 #H�+F /�b?2/ HBM2 b?Qrb r?�i rQmH/ #2 2tT2+i2/ B7
i?2 2t�+i K�T r�b H2�`M2/ #v i?2 M2irQ`FX q2 +�M b22
i?�i i?2 M2irQ`F bmKK�`v (*>�_LP*E , QmiTmi) ;2@
M2`�HHv 7QHHQrb i?2 bmK Q7 i?2 b[m�`2 Q7 i?2 /�i� +HQb2Hv
rBi? ?BMib Q7 � bHB;?i #2M/ �M/ bmT2`}+B�H #`Q�/2MBM;
�i H�`;2` 2t�+i bm{+B2Mi bi�iBbiB+bX h?2 #2M/BM; Bb Q7 MQ
+QM+2`M bBM+2 �Mv QM2@iQ@QM2 7mM+iBQM Q7 i?2 bm{+B2Mi
bi�iBbiB+ Bb biBHH � bm{+B2Mi bi�iBbiB+- �M/ r2 +�M b22 i?�i
i?2 M2irQ`F QmiTmi Bb +H2�`Hv � KQMQiQMB+ 7mM+iBQM Q7
i?2 `2�H bmKK�`vX h?2 #`Q�/2MBM; BM/B+�i2b i?�i QMHv
�M �TT`QtBK�i2 K�T Bb H2�`M2/ #2+�mb2 i?2 i`�BMBM; Q7
i?2 M2irQ`F Bb BM+QKTH2i2 /m2 iQ H�+F Q7 /Bp2`bBiv rBi?BM
bBKmH�iBQMb �M/ T2`?�Tb � bm#@QTiBK�H +?QB+2 Q7 M2irQ`F
?vT2`T�`�K2i2`bX qBi? ;`2�i2` p�`B2iv rBi?BM i?2 bBKm@
H�iBQMb Q`- HBF2rBb2- � ;`2�i2` MmK#2` Q7 bBKmH�iBQMb- i?2
QTiBK�H K�T +QmH/ #2 H2�`M2/ 2p2M KQ`2 T`2+Bb2HvX L2@
p2`i?2H2bb- r2 +�M b22 ?Qr KBMQ` �M 2z2+i i?2 #`Q�/2MBM;
Q7 i?2 2t�+i bm{+B2Mi bi�iBbiB+ Bb #v HQQFBM; �i i?2 `2bmHib
BM };m`2 jX h?2 `2bmHiBM; TQbi2`BQ` /Bbi`B#miBQM Bb 2[mBp�@
H2Mi iQ i?2 �M�HviB+ TQbi2`BQ`- r?B+? Bb i?2 `2�H T`QQ7 i?�i
i?2 M2irQ`F ?�b 7QmM/ i?2 +Q``2+i bmKK�`v bi�iBbiB+X

RX amKK�`BbBM; :�mbbB�M bB;M�Hb rBi? FMQrM MQBb2
p�`B�M+2

LQr +QMbB/2` bQK2 MQBbv /�i� r?2`2 i?2 `2�H /�i�
d � ृ �ԓք ߉ ෭ि �� ᅲ � ᅼϵμπЏϣ΄ी�ੵ � Ԙ ୮ <� ԝd>ॄ � ?�b � bB;M�H
p�`B�M+2 Q7 ᅲϬϝϷ΄ � � �M/ i?2 p�`B�M+2 Q7 i?2 MQBb2 Bb
i�F2M iQ #2 FMQrM ᅼϵμπЏϣ΄ � �X aBKmH�iBQMb Q7 i?2 MQBbv
/�i� +�M #2 +`2�i2/ �M/ mb2/ iQ i`�BM i?2 M2irQ`F- �b
#27Q`2X h?2 �//BiBQM Q7 i?2 MQBb2 K�F2b i?2 HBF2HB?QQ/
H2bb T2�F2/ �#Qmi i?2 i`m2 T�`�K2i2` p�Hm2 �M/ bQ i?2
6Bb?2` BM7Q`K�iBQM Bb 2tT2+i2/ iQ #2 H2bb i?�M BM Q`B;BM�H
T`Q#H2KX aBM+2 i?2 HBF2HB?QQ/ Bb FMQrM �M�HviB+�HHv- mbBM;
2[m�iBQM UeXeV Bi +�M #2 b22M i?�i F � ����X h?2 M2irQ`F
K�M�;2b iQ �+?B2p2 F ஈ ���� #v i?2 2M/ Q7 i`�BMBM;- bm;@
;2biBM; i?2 M2irQ`F Bb +�T�#H2 Q7 2ti`�+iBM; +HQb2 iQ i?2
K�tBKmK �KQmMi Q7 BM7Q`K�iBQM TQbbB#H2X q2 ?�p2 mb2/
� bHB;?iHv H2bb +QKTH2t M2irQ`F ?2`2 rBi? Rk3 M2m`QMb
BM irQ ?B//2M H�v2`b- (Rk3- Rk3)- #mi �HH Qi?2` T�`�K2@
i2`b i?2 b�K2X �;�BM- K�Mv /Bz2`2Mi �`+?Bi2+im`2b rQ`F

6B;m`2 8 , _2b+�H2/ M2irQ`F QmiTmi 7Q` � ;Bp2M 2t�+i bm{@
+B2Mi bi�iBbiB+X h?2 #Hm2 /Qib b?Qr � b+�H2/ p�Hm2 Q7 i?2 M2i@
rQ`F QmiTmi �i i?2 2t�+i bm{+B2Mi bi�iBbiB+ Q7 bBKmH�iBQMb
Q#i�BM2/ �i � `�M;2 Q7 ᇆ /m`BM; �"*X h?2 #H�+F /�b?2/ HBM2
b?Qrb i?2 2tT2+i2/ p�Hm2 Q7 i?2 M2irQ`F QmiTmi B7 i?2 M2irQ`F
?�/ H2�`M2/ i?2 K�T 7`QK /�i� iQ i?2 bm{+B2Mi bi�iBbiB+ T2`@
72+iHvX aBM+2 i?2 b+�ii2` Q7 i?2 2t�+i bm{+B2Mi bi�iBbiB+ iQ i?2
M2irQ`F QmiTmi +HQb2Hv 7QHHQrb i?2 #H�+F /�b?2/ HBM2- r2 FMQr
i?2 M2irQ`F ?�b �TT`QtBK�i2Hv H2�`M2/ i?2 +Q``2+i K�T 7`QK
/�i� iQ bmKK�`v (*>�_LP*E , bm{+B2Mi bi�iBbiB+)X h?2`2 Bb
� bHB;?i +m`p2 r?B+? �`Bb2b 7`QK i?2 7�+i i?�i �Mv QM2@iQ@QM2
7mM+iBQM Q7 i?2 bm{+B2Mi bi�iBbiB+ Bb biBHH � bm{+B2Mi bi�iBbiB+
�M/ bQ Bb Q7 MQ +QM+2`MX h?2`2 Bb �HbQ � bmT2`}+B�H #`Q�/2MBM;
Q7 i?2 +m`p2 r?B+? b?Qrb i?�i i?2 K�T Bb QMHv �TT`QtBK�i2Hv
+Q``2+iX

2[m�HHv r2HH- #mi /Q MQi M2+2bb�`BHv +QMp2`;2 �b [mB+FHvX
q2 i`�BM i?2 M2irQ`F 7Q` kyyy 2TQ+?b #27Q`2 i?2 6Bb?2`
BM7Q`K�iBQM b�im`�i2b iQ Bib K�tBKmK p�Hm2X

AM };m`2 e- Bi +�M #2 b22M i?�i i?2 SJ*@�"* TQbi2`BQ`
/Bbi`B#miBQM- b?QrM BM i?2 Tm`TH2 ?BbiQ;`�K rBi? b?�/2/
R@ᅼ SQBbbQM `2;BQMb- r?2M ;Bp2M bQK2 bBKmH�i2/ i2bi /�i�-
d- Bb p2`v bBKBH�` iQ i?2 �M�HviB+ `2bmHi b?QrM #v i?2 bQHB/
Q`�M;2 HBM2X h?2 /�b?2/ #Hm2 �TT`QtBK�i2 TQbi2`BQ` /Bb@
i`B#miBQM 7`QK i?2 �bvKTiQiB+ HBF2HB?QQ/ �;�BM T2�Fb p2`v
+HQb2 iQ i?2 K�tBKmK Q7 i?2 �M�HviB+ TQbi2`BQ`X h?2 TQb@
i2`BQ` /Bbi`B#miBQM #2+QK2b K�tBK�H �i i?2 KQbi HBF2Hv
T�`�K2i2` p�Hm2 ;Bp2M i?2 /�i�- rBi? i?2 p�`B�M+2 ;Bp2M
#v i?2 BMp2`b2 6Bb?2` BM7Q`K�iBQM �i i?2 2M/ Q7 i`�BMBM;X
h?2`2 �`2 Ryyy b�KTH2b mb2/ iQ +`2�i2 i?2 ?BbiQ;`�K Q7
i?2 SJ*@�"* TQbi2`BQ` r?B+? `2[mB`2/ RekjR bBKmH�@
iBQMb iQ #2 +`2�i2/ /m`BM; i?2 SJ*- r?2`2 �HH b�KTH2b
�`2 rBi?BM ԧs յքֆ � ԧ  ᆃյ - rBi? ᆃյ � �����X aBM+2 i?2
�M�HviB+ TQbi2`BQ` /Bbi`B#miBQM Bb bQ bBKBH�` iQ i?2 SJ*@
�"* TQbi2`BQ` r2 +�M b22 i?�i- 2p2M i?Qm;? i?2 M2irQ`F
Bb QMHv ;Bp2M MQBbv bBKmH�iBQMb- Bi Bb +�T�#H2 Q7 }M/BM;
i?2 i`m2 7mM+iBQM iQ bmKK�`Bb2 i?2 /�i�X

The IMNN finds 
a minimal 
sufficient 

statistic for this 
inference 
problem

Minimal sufficient statistic

…and Gaussianizes it!

Charnock, Lavaux, Wandelt (arXiv:1802:03537)



Example 2: Automatic physical 
inference with 
unknown noise Rk

6B;m`2 e , h?2 TQbi2`BQ` /Bbi`B#miBQM Q7 i?2 bB;M�H p�`B�M+2 Q7
i?2 :�mbbB�M MQBb2 r?2M i?2 /�i� Bb +QMi�KBM�i2/ rBi? FMQrM
MQBb2 Q7 ᇐɞȥȩɸɌǭ � φX h?2 bQHB/ Q`�M;2 HBM2 b?Qrb i?2 �M�HviB+
TQbi2`BQ` /Bbi`B#miBQM- r?BHbi i?2 TQbi2`BQ` /Bbi`B#miBQM 7`QK
i?2 �bvKTiQiB+ HBF2HB?QQ/ Bb b?QrM BM /�b?2/ #Hm2 �M/ i?2
Tm`TH2 ?BbiQ;`�K rBi? R@ᇐ SQBbbQM b?�/2/ 2``Q` #�`b b?Qrb
i?2 �TT`QtBK�i2 TQbi2`BQ` /Bbi`B#miBQM 7`QK SJ*@�"*X 1�+?
/Bbi`B#miBQM Bb MQ`K�HBb2/ bm+? i?�i Bib BMi2;`�H Bb mMBiv BM i?2
BMi2`p�H ᇆ � <ЈӴ φЈ>X q2 +�M b22 i?�i i?2 bQHB/ Q`�M;2 +m`p2
�M/ i?2 Tm`TH2 ?BbiQ;`�K Qp2`H�T �HQM; i?2 2MiB`2 `�M;2 Q7 ᇆ
bm;;2biBM; i?�i i?2 M2irQ`F ?�b H2�`M2/ i?2 +Q``2+i r�v iQ
bmKK�`Bb2 i?2 /�i�X

kX amKK�`BbBM; :�mbbB�M bB;M�Hb rBi? mMFMQrM MQBb2
p�`B�M+2

LQr +QMbB/2` i?2 T`Q#H2K r?2`2- �;�BM- i?2 `2�H /�i�
d � ृ �ԓք ߉ ෭ि �� ᅲ � ᅼϵμπЏϣ΄ी�ੵ � Ԙ ୮ <� ԝd>ॄ � ?�b � bB;M�H
p�`B�M+2 Q7 ᅲ � � �M/ i?2 p�`B�M+2 Q7 i?2 MQBb2 Bb �HbQ
mMFMQrM rBi? � mMB7Q`K T`BQ` ᅼϵμπЏϣ΄ ୮ 	� �>X q2 i`�BM
mbBM; Ryyy bBKmH�iBQMb UYRyy 7Q` 2�+? Q7 i?2 /2`Bp�iBp2bV
�i � }/m+B�H ᅲΒЏͷ � � 2�+? rBi? � /Bz2`2Mi ᅼϵμπЏϣ΄ `�M/QKHv
/`�rM 7`QK i?2 mMB7Q`K T`BQ` QM i?2 MQBb2X h?2 }M�H p�@
Hm2 Q7 i?2 6Bb?2` BM7Q`K�iBQM 7`QK i?2 M2irQ`F Bb H2bb
i?�M BM 2Bi?2` Q7 i?2 irQ T`2pBQmb +�b2b �i F � ��� mbBM;
� bHB;?iHv KQ`2 +QKTH2t M2irQ`F i?�M BM i?2 T`2pBQmb b2+@
iBQM rBi? �M �`+?Bi2+im`2 Q7 (Rk3- Rk3- e9) #mi �HH Qi?2`
T�`�K2i2`b i?2 b�K2X A7 i?2 MQBb2 r2`2 �bbmK2/ iQ #2
FMQrM �i ᅼϵμπЏϣ΄ � � i?2M i?2 K�tBKmK 6Bb?2` �p�BH�#H2-
�b +�H+mH�i2/ 7`QK 2[m�iBQM UeXeV rQmH/ #2 F � ���X
h?2 TQbi2`BQ` /Bbi`B#miBQMb 7Q` ᅲ �`2 b?QrM BM };m`2 dX
aBM+2 i?2 MQBb2 Bb mMFMQrM- � _�Q@"H�+Fr2HH 2biBK�i2 Q7
i?2 �M�HviB+ /Bbi`B#miBQM Bb K�/2X >2`2- i?2 TQbi2`BQ` /Bb@
i`B#miBQM Bb +�H+mH�i2/ 7Q` � `�M;2 Q7 ;Bp2M MQBb2 p�Hm2b
7`QK ᅼϵμπЏϣ΄ � 	� �> �M/ i?2B` `2bmHib bmKK2/ �i 2�+? p�@
Hm2 Q7 ᅲ- THQii2/ rBi? � bQHB/ Q`�M;2 HBM2X h?2 SJ*@�"*
TQbi2`BQ` Bb ;Bp2M #v i?2 Tm`TH2 ?BbiQ;`�K +QMbBbiBM; Q7
Ryyy b�KTH2b- r?B+? `2[mB`2/ RR3Nk bBKmH�iBQMb mbBM; i?2
SJ*X �;�BM- �b #27Q`2- i?2 +QMbi`�BMib QM ᅲ �`2 BM+`2/B@
#Hv bBKBH�` iQ i?2 �M�HviB+ `2bmHi- +QM}`KBM; i?�i i?2
M2irQ`F +�M �TT`QtBK�i2 i?2 2t�+i bmKK�`v p2`v r2HHX

6B;m`2 d , h?2 TQbi2`BQ` /Bbi`B#miBQM Q7 i?2 bB;M�H p�`B�M+2
r?2M i?2 /�i� Bb +QMi�KBM�i2/ rBi? mMFMQrM MQBb2 ᇐɞȥȩɸɌǭ �	ЈӴ ϵ>X h?2 2t�+i TQbi2`BQ` Bb b?QrM #v i?2 bQHB/ Q`�M;2 +m`p2-
i?2 TQbi2`BQ` /Bbi`B#miBQM Q#i�BM2/ mbBM; i?2 �bvKTiQiB+ HBF2@
HB?QQ/ Bb BM /�b?2/ #Hm2 �M/ i?2 SJ*@�"* TQbi2`BQ` rBi?
b�KTH2b /`�rM mbBM; SJ* Bb BM/B+�i2/ #v i?2 Tm`TH2 ?BbiQ@
;`�K rBi? b?�/2/ R@ᇐ SQBbbQM 2``Q` #�`bX 1�+? /Bbi`B#miBQM
Bb MQ`K�HBb2/ bm+? i?�i Bib BMi2;`�H Bb mMBiv BM i?2 BMi2`p�Hᇆ � <ЈӴ φЈ>X 1p2M rBi? mMFMQrM MQBb2 i?2 M2irQ`F +�M bmK@
K�`Bb2 i?2 /�i� 2[m�HHv �b r2HH �b � _�Q@"H�+Fr2HH 2biBK�i2 Q7
i?2 �M�HviB+ +�b2- H2�/BM; iQ 2[mBp�H2Mi TQbi2`BQ` /Bbi`B#miBQMbX
h?2 TQbi2`BQ` /Bbi`B#miBQM Q#i�BM2/ 7`QK i?2 �bvKTiQiB+ HBF2@
HB?QQ/ /Q2b MQi �;`22 rBi? i?2 Qi?2` /Bbi`B#miBQMb bBM+2 i?2
i`�BMBM; bBKmH�iBQMb �`2 MQi `2T`2b2Mi�iBp2 Q7 i?2 `2�H /�i�X

h?2 _�Q@"H�+Fr2HH 2biBK�iBQM T`Q+2/m`2 Bb �HbQ +�``B2/
Qmi iQ Q#i�BM i?2 TQbi2`BQ` +�H+mH�i2/ 7`QK i?2 �bvKT@
iQiB+ HBF2HB?QQ/- BM /�b?2/ #Hm2- �Hi?Qm;? i?2 `2bmHi /Q2b
MQi �;`22 rBi? i?2 2t�+i Q` SJ*@�"* TQbi2`BQ`bX h?2
H�+F Q7 �;`22K2Mi �`Bb2b #2+�mb2 i?2 bBKmH�i2/ i2bi /�i�
Bb MQi r2HH `2T`2b2Mi2/ BM i?2 i`�BMBM; bBKmH�iBQMbX 1p2M
i?Qm;? i?2`2 Bb �M mM/2` `2T`2b2Mi�iBQM BM i?2 /�i�- i?2
M2irQ`F ?�b H2�`M2/ i?2 +Q``2+i r�v iQ bmKK�`Bb2 /�i�
BM/2T2M/2Mi Q7 i?2 BMTmi- BX2X i?2 M2irQ`F +�H+mH�i2b i?2
bmK Q7 i?2 b[m�`2 Q7 i?2 BMTmiX

"X amKK�`BbBM; :�mbbB�M bB;M�Hb rBi? r`QM;
}/m+B�H p�`B�M+2

aBM+2 i?2 M2irQ`F i`�BM2/ BM i?2 FMQrM MQBb2 T`Q#H2K-
BM b2+iBQM oA�R- Bb �FBM iQ � M2irQ`F i`�BM2/ �i � }@
/m+B�H T�`�K2i2` ᅲΒЏͷ � �- r2 +�M mb2 Bi iQ i2bi ?Qr
r2HH i?2 M2irQ`F +�M T`2/B+i i?2 p�`B�M+2 r?2M i?2 }/m@
+B�H p�Hm2 /Q2b MQi +QBM+B/2 rBi? i?2 i`m2 T�`�K2i2`X Ai
rQmH/ #2 2tT2+i2/ i?�i /�i� rBi? ᅲ � � rQmH/ #2 mM/2`@
`2T`2b2Mi2/ BM � i`�BMBM; /�i� b2i r?2`2 i?2 }/m+B�H p�Hm2
Bb ᅲΒЏͷ � �X L�śp2Hv- QM2 rQmH/ �bbmK2 i?�i i?2 M2irQ`F
rQmH/ MQi T2`7Q`K �b r2HH �b � M2irQ`F i`�BM2/ mbBM; bB@
KmH�iBQMb +`2�i2/ �i ᅲΒЏͷ � �- 2bT2+B�HHv bBM+2 i?2 6Bb?2`
BM7Q`K�iBQM �p�BH�#H2 7`QK i?Bb M2irQ`F Bb F � ���� �M/
MQi F � � �b BM b2+iBQM oA�X >Qr2p2`- };m`2 3 b?Qrb

Charnock, Lavaux, Wandelt (arXiv:1802:03537)



Example 3: Lyman-α forest inference

How to infer the variance of the underlying linear 
density field from a non-linearly transformed, 
photon-noise dominated Lyman-α forest spectrum?R9

r?2`2 ᅬ Bb � 7`22 T�`�K2i2`- b2i 7Q` � ;Bp2M `2�HBb�iBQM Q7
MQBb2 r?B+? 2Mbm`2b i?�i ਓӻਔ � ��� U6QMi@_B#2`� 2i �HX
kyRkVX ӹ	Ԛ ᅷ
 Bb � i2`K r?B+? KQ/B}2b i?2 bK�HH@b+�H2
TQr2` bT2+i`mK UJ+.QM�H/ kyyjV �M/ Bb Q7 i?2 7Q`Kӹ	Ԛ ᅷ
 � FYQ ভ ԚԚλί মᆿȤȘ  ভ ԚԚϋ মᆿȴ  ভ Ԛ੯ԚϽ মᆿɦ 

UeXR9V

r?2`2ԚϽ � ԚϽɱ ভ� � ԚԚϽ মᆿɦ
UeXR8V

�M/ Ԛλί � ����ԗJT+φ- ᅫλί � �����- Ԛϋ �����ԗJT+φ- ᅫϋ � ����- ԚϽɱ � �����- ԚϽ ������ԗJT+φ- ᅫϽ � �����- ᅫϽ � ���� U"HQK[pBbi 2i �HX
kyR8V �M/ r2 +?QQb2 iQ mb2 ᅷ � Ԛ]]�Ԛ � � bBM+2 r2 QMHv
+QMbB/2` BM/2T2M/2Mi [m�b�` HBM2b- BX2X i?2 ~mt Bb +QKTH2@
i2Hv /2+Q``2H�i2/ 7`QK QM2 HBM2 iQ i?2 M2tiX h?2 �#Qp2
MmK#2`b �`2 +QKTmi2/ 7Q` i?2 HQ;@~mt 2tTHB+BiHv /2b+`B@
#2/ BM UJ+.QM�H/ kyyjVX 6Q` i?2 Tm`TQb2 Q7 /2KQMb@
i`�iBQM r2 F22T i?2 b�K2 Ԛ /2T2M/2M+2 ?2`2X qBi? i?2
;�b TQr2` bT2+i`mK BM 2[m�iBQM UeXRjV- MQ`K�HBb2/ #v
i?2 H2M;i? Q7 i?2 bm`p2v- r2 +�M ;2M2`�i2 R. `�M/QK
:�mbbB�M }2H/b- ᅮΜX h?2 :�mbbB�M }2H/b �`2 ;2M2`�i2/
#v KmHiBTHvBM; mMBi p�`B�M+2- x2`Q K2�M :�mbbB�M MQBb2
rBi? ॕԅ φͶΜ 	Ԛ
��ॖφ�ϵ �M/ 6Qm`B2` i`�Mb7Q`KBM; BMiQ `2�H
bT�+2- BM+Hm/BM; i?2 MQ`K�HBb�iBQM Q7 ԃ�	�ԁ
 /m2 iQ i?2
/Bb+`2i2 M�im`2 �M/ }MBi2 T2`BQ/ Q7 i?2 /Bb+`2i2 6Qm`B2`
i`�Mb7Q`KX h?2 ~mt 7`QK [m�b�`b Bb �#bQ`#2/ #v M2mi`�H
?v/`Q;2M BM Qp2`@/2MbBiB2b BM i?2 /2MbBiv }2H/- �M/ +�M #2
+�H+mH�i2/ 7`QK i?2 ~m+im�iBM; :mMM@S2i2`bQM �TT`QtB@
K�iBQM US22TH2b 2i �HX kyRyV �bӻ � FYQ <ᅽ> UeXReV

r?2`2 r2 +QMbB/2` i?2 7Q`K Q7 i?2 QTiB+�H /2Ti? iQ #2ᅽ � ���� গ ԉЈ��Κ,ঘЈӳϨ ��φϵTφစ϶Ͻ গ� � ԩ� � �ঘϩ
UeXRdV ���ԗ ভ ဇͣԗϵ�������মϵ ������ӽ	ԩ
�ӽЈ ᅻϵЈӳϨᇁ UeXR3V

r?2`2 ԉЈ � �����, Bb i?2 MQ`K�HBb�iBQM iQ i?2 TQr2`@H�r
i2KT2`�im`2@/2MbBiv `2H�iBQM ԉ � ԉЈ	��ᅮւ
ᇁφ rBi? ᅭ ����� U#Qi? ?2`2 �M/ BM 2[m�iBQM UeXR3VV �M/ စ϶Ͻ � � ��φϵԢφ Bb i?2 T?QiQ@BQMBb�iBQM `�i2 /m2 iQ i?2 �K#B2Mi
lo #�+F;`QmM/ US22TH2b 2i �HX kyRyVX h?2 ;�b /2MbBiv
}2H/ Bb MQ`K�HBb2/ bm+? i?�i Bib K2�M Bb mMBiv-ᅻ � FYQ ज़ᅮΜड़ਛFYQ ज़ᅮΜड़ਜ � UeXRNV

h?2 +QMiBMmmK ~mt +�M #2 +�H+mH�i2/ #2ir22M i?2
GvK�M@ᅫ �M/ GvK�M@ᅬ T2�Fb �i ᅶᆿϜΑ � ������� ON �M/ᅶᇀϜΑ � ������� ON mbBM; i?2 S*� 7Q`KmH�iBQM Q7 UamxmFB

6B;m`2 N , aBKmH�i2/ bT2+i`mK Q7 � [m�b�` �i ֕ � ϵӳνφ BM
#Hm2- rBi? i?2 p�Hm2 Q7 i?2 +QMiBMmmK BM Q`�M;2 UHB;?iV �M/
i?2 K2�M ~mt BM i?2 GvK�M@ᆿ 7Q`2bi BM /�b?2/ ;`22MX

2i �HX kyy8VX h?2 +QMiBMmmK ~mt BM i?2 `2bi 7`�K2 Q7 i?2
2KBii2` Bb +�H+mH�i2/ mbBM;ԡ	ᅶ
 � ᅷ	ᅶ
 � ంք Ԓք	ᅶ
ᅹք	ᅶ
 UeXkyV

r?2`2 ᅷ	ᅶ
 Bb i?2 K2�M ~mt Qp2` K�Mv [m�b�`b- ᅹք	ᅶ
 �`2
i?2 ԘϬ T`BM+BT�H +QKTQM2Mib �M/ Ԓք	ᅶ
 �`2 i?2 �KTHB@
im/2b Q7 i?2 T`BM+BT�H +QKTQM2Mib r?B+? r2 +QMbB/2` iQ
#2 Ԓք	ᅶ
 � � 7Q` bBKTHB+BivX h?2 +QMiBMmmK +�M #2 i`�Mb@
7Q`K2/ BMiQ i?2 Q#b2`p2`Ƕb r�p2H2M;i? bT�+2 #v �bbmKBM;
� `2/b?B7i 7Q` i?2 [m�b�` �M/ BMp2`iBM; 2[m�iBQM UeXRkVX
q2 +?QQb2 i?2 `2/b?B7i Q7 i?2 bBKmH�i2/ U�M/ `2�HV [m�b�`
iQ #2 ԩ � ����X h?2 ~mt- r?B+? Bb +m``2MiHv BM `2�H bT�+2-
Bb i`�Mb7Q`K2/ BMiQ r�p2H2M;i? bT�+2 #v BMi2`TQH�iBM; i?2
+QKQpBM; /Bbi�M+2- ԡ- �HQM; ;Bp2M `2/b?B7i p�Hm2b- ԩ- mbBM;
i?2 ?K7 +QKQpBM;n/Bbi�M+2UԩV 7mM+iBQM �M/ i?2M mbBM;
2[m�iBQM UeXRkVX h?2 +QMiBMmmK KQ/mH�i2/ ~mt 7`QK i?2
[m�b�` Bb bBKTHvԕ	ᅶ
 � ӻ	ᅶ
Ӹ	ᅶ
 UeXkRV

r?2`2 Ӹ	ᅶ
 Bb ԡ	ᅶ
 7`QK 2[m�iBQM UeXkyV BM i?2 `2bi
7`�K2 Q7 i?2 Q#b2`p2` U"�miBbi� 2i �HX kyR8VX 6B;m`2 N
b?Qrb i?2 ;2M2`�i2/ ~mt 7`QK � bBM;H2 KQ+F [m�b�`
�i ԩ � ���� BM #Hm2X h?2 Q`�M;2 UHB;?i2`V HBM2 b?Qrb
i?2 +QMiBMmmK ~mt #2ir22M i?2 GvK�M@ᅫ �M/ GvK�M@ᅬ T2�Fb �M/ i?2 /�b?2/ ;`22M HBM2 b?Qrb i?2 K2�M Q7
i?2 i`�MbKBii2/ ~mtX q2 QMHv +QMbB/2` i?2 ~mt #2ir22M�����ON � ᅶ � �����ON r?B+? Bb ���ON � ᅶ � ���ON
BM i?2 `2bi 7`�K2 Q7 i?2 [m�b�` U"�miBbi� 2i �HX kyRdVX q2
#BM i?2 r�p2H2M;i?b mbBM; i?2 `2bQHmiBQM 7`QK i?2 "Paa
+Q�//2/ bT2+i`� Q7 င MPHφЈ ᅶ��ON � ��Κ U"�miBbi� 2i �HX
kyR8V r?B+? ;Bp2b � ~mt BM 8NϵONφ- #mi M22/b iQ #2

R8

6B;m`2 Ry , aBKmH�i2/ Q#b2`p�iBQM Q7 � [m�b�` bT2+i`mK 7`QK
� [m�b�` �i ֕ � ϵӳνφ #2ir22M i?2 GvK�M@ᆿ �M/ GvK�M@ᇀ
T2�Fb BM i?2 `2bi 7`�K2 Q7 i?2 Q#b2`p2`X q2 mb2 i?Bb /�i� �b
Qm` bBKmH�i2/ i2bi /�i� 7Q` i?2 SJ*@�"*X

K2�bm`2/ BM T?QiQM +QmMibX lbBM; i?2 K2i?Q/k BM U�?M
2i �HX kyRkV r2 b22 i?�i 7Q` � [m�b�` bm+? �b i?2 QM2 r2 �`2
;2M2`�iBM; i?2 bT2+i`� 7Q`- i?2`2 Bb �M �HKQbi QM2@iQ@QM2
+Q``2bTQM/2M+2 #2ir22M ~mt �M/ T?QiQM +QmMi U�H#2Bi
i?2 T?QiQM +QmMi Bb BMi2;2`V U�?M 2i �HX kyRkVX h?2`2@
7Q`2- r2 K�F2 i?2 �bbmKTiBQM i?�i K�FBM; i?2 ~mt BMiQ
BMi2;2` p�Hm2b �M/ i?2M �TTHvBM; SQBbbQM MQBb2 b�iBb7�+@
iQ`BHv `2T`2b2Mib `2�H [m�b�` bT2+i`�X Pm` #BMM2/- MQBbv
bT2+i`� ?�p2 83R /�i� TQBMib- 2�+? Q7 r?B+? +�M #2 mb2/
�b �M BMTmi iQ �M AJLLX
�M 2t�KTH2 Q7 i?2 bBKmH�i2/ i2bi /�i� BMTmi iQ i?2

M2irQ`F Bb b?QrM BM };m`2 RyX

6Q` �Mv b2i Q7 }t2/ +QbKQHQ;B+�H T�`�K2i2`b i?2 p�Hm2
Q7 �KTHBim/2 Q7 b+�H�` T2`im`#�iBQMb- Ӷϣ- Bb � b+�HBM; Q7ԅ φͶΜ 	Ԛ
X hQ ;2i +QMbi`�BMib QM Ӷϣ r2 +�M i`�BM � M2irQ`F
�i � }/m+B�H Ӷϣ �M/ i?2M mb2 i?2 SJ* iQ }M/ i?2 TQbi2@
`BQ` /Bbi`B#miBQM Q7 Ӷϣ +QKT�`2/ iQ bQK2 bBKmH�i2/ i2bi
/�i�X AM 7�+i- 7Q` bBKTHB+Biv- r2 +�M +QMbB/2` i?2 T�`�K2@
i2` ᅲ iQ #2 bQK2 KmHiBTHB+�iBp2 b+�HBM; Q7 i?2 �KTHBim/2-Ӷϣ � ᅲӶͩπϣζπ rBi? Ӷͩπϣζπ i?2 �KTHBim/2 Q7 i?2 TQr2`
bT2+i`mK 7QmM/ BM 2[m�iBQM UeXRjVX q2 mb2 ᅲΒЏͷ � FYQ<�>
�b i?2 }/m+B�H T�`�K2i2`- BX2X ӶΒЏͷϣ � ӶͩπϣζπX
� `2H�iBp2Hv bBKTH2 M2irQ`F- bm+? �b (k8e- k8e)- Bb �#H2

iQ Q#i�BM � 6Bb?2` BM7Q`K�iBQM Q7 F � �����- r?B+? Bb
i?2 K�tBKmK 6Bb?2` BM7Q`K�iBQM i?�i +QmH/ #2 7QmM/
Qp2` � H�`;2 `�M;2 Q7 /Bz2`2Mi M2irQ`F �`+?Bi2+im`2b �M/
?vT2`T�`�K2i2`bX >Qr2p2`- i?2 M2irQ`F r?B+? r�b KQbi
`2bBHB2Mi iQ BM+Q``2+i }/m+B�H p�Hm2b r�b KQ`2 +QKTH2t

kX AM T�`iB+mH�` r2 mb2 i?2 K2i?Q/ /2b+`B#2/ BM ?iiT,ffrrrX
b/bbXQ`;f/`Rkf�H;Q`Bi?KbfbT2+i`QT?QiQK2i`vf BM i?2 b2+iBQM
+�HH2/ ǳ._N 6Hmt iQ S?QiQMbǴX q2 mb2 [m�b�` yk9NR3X9dYyk8yj8Xe
�b � ;mB/2HBM2X

i?�M i?Qb2 M2irQ`Fb T`2pBQmbHv +QMbB/2`2/X h?2 M2irQ`F
rBi? i?2 H�`;2bi 6Bb?2` BM7Q`K�iBQM #v i?2 }M�H 2TQ+?
Q7 i`�BMBM;- r?B+? +QmH/ ?�M/H2 BM+Q``2+i }/m+B�H T�`�@
K2i2`b r�b � M2irQ`F 7Qm` ?B//2M H�v2`b b?�T2/ HBF2<���� ��� ��� ���>- mbBM; Ryyy bBKmH�iBQMb UrBi? Ryy bB@
KmH�iBQMb 2�+? 7Q` i?2 mTT2` �M/ HQr2` +QKTQM2Mib Q7
i?2 /2`Bp�iBp2V r?B+? r2`2 bTHBi BMiQ irQ #�i+?2b- �M BMB@
iB�H #B�b Q7 ٳ � ���- r?2`2 i?2 �+iBp�iBQM 7mM+iBQM Bb H2�Fv
_2Gm rBi? ᅫ � ���- � /`QTQmi Q7 kyW �M/ � H2�`MBM; `�i2
Q7 ᅱ � �  ��ϵ r?2M i`�BMBM; 7Q` Ryyyy 2TQ+?bX

�b #27Q`2- QM+2 i?2 M2irQ`F r�b i`�BM2/- SJ*@�"*
+QmH/ #2 T2`7Q`K2/X q2 mb2/ � mMB7Q`K T`BQ` BM HQ;�`Bi?@
KB+ bT�+2 Q7 ᅲ � FYQ<�� ��>X h?2 bBKmH�i2/ i2bi /�i�
r�b +`2�i2/ �r�v 7`QK i?2 }/m+B�H T�`�K2i2` p�Hm2 Q7ᅲΒЏͷ � FYQ<�> �i ᅲϝ΄͘ΰ � FYQ<�>- BX2X Ӷϣ � FYQ<�>Ӷͩπϣζπ-
�M/ Bb b?QrM BM };m`2 RyX h?2 TQbi2`BQ` /Bbi`B#miBQM 7Q`
i?2 p�Hm2 Q7 ᅲ +�M #2 7QmM/ BM };m`2 RRX >2`2- r2 `2@
[mB`2/ Ryyy b�KTH2b BM i?2 TQbi2`BQ` `2[mB`BM; �i H2�bi
k8yy /`�rb BM i?2 }M�H Bi2`�iBQM Q7 i?2 SJ* iQ #2
+QMpBM+2/ i?�i i?2 TQbi2`BQ` ?�/ +QMp2`;2/X h?2 ?BbiQ@
;`�K T2�F- �M/ i?2 i2Mi�iBp2 T2�F Q7 i?2 H2�/BM; Q`/2`
2tT�MbBQM Q7 i?2 HBF2HB?QQ/- �`2 �i i?2B` K�tBKmK �iӶϣ ஈ FYQ<�>Ӷͩπϣζπ- BX2X MO ᅲ ஈ �- r?B+? +QM}`Kb i?�i i?2
+Q``2+i i2bi T�`�K2i2` +�M #2 `2+Qp2`2/- b?QrM �b i?2
p2`iB+�H #H�+F /�b?2/ HBM2 BM };m`2 RRX h?2`2 Bb � H�`;2-
/2;2M2`�i2 i�BH BM i?2 SJ*@�"* TQbi2`BQ` r?B+? �`Bb2b
/m2 iQ i?2 �KTHBim/2 Q7 i?2 `�M/QK :�mbbB�M MQBb2- mb2/
iQ +`2�i2 i?2 [m�b�` bT2+i`mK- #2BM; bQ bK�HH i?�i i?2
72�im`2b BM i?2 ;2M2`�i2/ ~mt #2+QK2 M2;HB;B#H2X aBM+2
i?2 M2irQ`F QmiTmi Q7 i?2 `�M/QK ~m+im�iBQMb �`2 biBHH
`2�bQM�#Hv +HQb2 iQ i?2 M2irQ`F QmiTmi 7`QK i?2 `2�H
/�i�- i?2v +�MMQi #2 +QMbi`�BM2/X h?2 H�+F Q7 +QMbi`�B@
MBM; TQr2` �i HQr ᅲ Bb 2p2M +H2�`2` BM i?2 TQbi2`BQ` 7`QK
i?2 H2�/BM; Q`/2` 2tT�MbBQMX h?2 +QMbi`�BMib QM Ӷϣ bT�M
�TT`QtBK�i2Hv 8 Q`/2`b Q7 K�;MBim/2 Q` KQ`2 mbBM; i?2
SJ*@�"* TQbi2`BQ`- r?B+? b22Kb TQQ`- #mi Bb /m2 iQ
mbBM; QMHv QM2 [m�b�` bT2+i`mK iQ +QMbi`�BM +QbKQHQ;v
rBi?X CQBMi BM72`2M+2 mbBM; b2p2`�H [m�b�`b rQmH/ T`Q@
pB/2 � Km+? bi`QM;2` +QMbi`�BMi- �b Bb /QM2 r?2M mbBM;
+QbKQHQ;B+�H bm`p2vbX �Hi?Qm;? i?2 +QMbi`�BMib �`2 MQi
T�`iB+mH�`Hv bi`QM;- r2 ?�p2 b?QrM i?�i r2 +�M H2�`M iQ
2ti`�+i BM7Q`K�iBQM 7`QK ?B;?Hv MQBbv /�i�- �M/ bmKK�@
`Bb2 Bi BM bm+? � r�v i?�i r2 +�M T2`7Q`K SJ*@�"* iQ
;2i � TQbi2`BQ` /Bbi`B#miBQM 7Q` T�`�K2i2`b Q7 BMi2`2biX

.X :`�pBi�iBQM�H r�p27Q`K 7`2[m2M+v

U:`�z 2i �HX kyRRV b?Qr2/ i?�i i?2 JPS1. �H;Q`Bi?K-
/2b+`B#2/ BM b2+iBQM A- r�b mM�#H2 iQ bmKK�`Bb2 i?2 +2M@
i`�H Qb+BHH�iBQM 7`2[m2M+v Q7 � ;`�pBi�iBQM�H r�p27Q`K
7`QK GAa� rBi?Qmi BMi`Q/m+BM; bTm`BQmb 72�im`2b U:`�z
2i �HX kyRRVX "v mbBM; MQM@HBM2�` bmKK�`B2b Q7 i?2 /�i�-
i?2 T`Q#H2K BM U:`�z 2i �HX kyRRV +�M #2 �pQB/2/X

q2 bi�`i #v +QMbB/2`BM; � bBM2@:�mbbB�M ;`�pBi�iBQM�H
r�p2 bB;M�H �b +QmH/ #2 b22M BM GAa�- rBi? � b?Q`i #m`bi
/m`�iBQM �M/ 7`2[m2M+v bT�+2 r�p27Q`K U62`Qx 2i �HX

Charnock, Lavaux, Wandelt (arXiv:1802:03537)



Example 3: Lyman-α forest inference

Re

6B;m`2 RR , SQbi2`BQ` /Bbi`B#miBQM 7Q` i?2 b+�HBM; Q7 i?2 �K@
THBim/2 Q7 b+�H�` T2`im`#�iBQMb- ΰμ ᇆX h?2 /�b?2/ #Hm2 +m`p2
b?Qrb i?2 :�mbbB�M �TT`QtBK�iBQM iQ i?2 i`m2 +QMbi`�BMib �b
2biBK�i2/ rBi? i?2 i`�BMBM; bBKmH�iBQMb �M/ i?2 Tm`TH2 ?BbiQ@
;`�K- rBi? b?�/2/ R@ᇐ SQBbbQM 2``Q` #�`b- Bb +�H+mH�i2/ 7`QK
b�KTH2b 7`QK SJ*@�"*X h?2 T2�F Q7 #Qi? TQbi2`BQ` /Bbi`B@
#miBQMb Q++m` �i i?2 p2`iB+�H #H�+F /Qii2/ HBM2 r?B+? b?Qrb
i?2 i`m2 p�Hm2 Q7 i?2 T�`�K2i2`X �Hi?Qm;? i?2 +QMbi`�BMib
bT�M b2p2`�H Q`/2`b Q7 K�;MBim/2- r2 2tT2+i i?2b2 FBM/b Q7
+QMbi`�BMib 7`QK � bBM;H2 Q#b2`p�iBQM Q7 � [m�b�` �#bQ`TiBQM
bT2+i`mKX JQbi BKTQ`i�MiHv- r2 ?�p2 b?QrM i?�i r2 +�M bmK@
K�`Bb2 2ti`2K2Hv MQBbv /�i� #v bQH2Hv K�tBKBbBM; i?2 6Bb?2`
BM7Q`K�iBQMX

kyRyV Q7

ԗ	ԕ
 � Ӷ� ఌ Ԇϵ�ᅺԕϵͩ FYQ ঢ়Ԇϵ� ভԕ  ԕͩԕͩ মϵ FYQ <�ᅺԘԕͩԣͩ> 
UeXkkV

r?2`2 Ӷ Bb bQK2 �KTHBim/2- Ԇ Bb i?2 rB/i? Q7 i?2 ;`�@
pBi�iBQM�H r�p2 #m`bi- ԣͩ Bb i?2 iBK2 Q7 i?2 #m`bi �M/ ԕͩ
Bb i?2 +2Mi`�H Qb+BHH�iBQM 7`2[m2M+vX q2 }t Ԇ � � �M/ԣͩ � �  ��ΘԢ �M/ b+�H2 Ӷ bm+? i?�i i?2 bB;M�H@iQ@MQBb2
Q7 i?2 #m`bi Bb Ԉ�ԃ � �� U:`�z 2i �HX kyRRVX LQi2 i?�i
r2 �`2 mbBM; � Ԉ�ԃ H2bb i?�M BM U:`�z 2i �HX kyRRV iQ
BMi`Q/m+2 KQ`2 MQBb2X JQ`2 MQBb2 BM i?2 bBKmH�iBQMb �H@
HQrb i?2 AJLL iQ }M/ ;`2�i2` b�KTH2 p�`B�M+2 BM i?2
bmKK�`B2b- r?B+? Bb mb27mH 7Q` i`�BMBM;X q2 �`2 BMi2`2b@
i2/ BM bmKK�`BbBM; �M/ +QMbi`�BMBM; i?2 T�`�K2i2` ԕͩX
hQ ;2M2`�i2 � bBKmH�iBQM Q7 i?2 ;`�pBi�iBQM�H r�p2 bB;M�H-
r2 mb2 i?2 QM2@bB/2/ MQBb2 TQr2` bT2+i`�H /2MbBiv Q7 i?2
GAa� /2i2+iQ` U62`Qx 2i �HX kyRyV- r?B+? BbԈփ	ԕ
 � �� TJOϵ <�ᅺԕԣί> ভ ��Ԉόμि�� � DPT <�ᅺԕԣί> UeXkjV� DPTϵ <�ᅺԕԣί> ी� � ि � DPT <�ᅺԕԣί> �� � �ी�Ԉϣμԕϵম �
Ԉόμ	ԕ
 � ৃ� � ভ��Κ)[ԕ মϵৄ Ԉͩͩ͘ԕϵ  UeXk9V

r?2`2 Ԉϣμ � ���  ��ϯϨ)[φ Bb i?2 b?Qi MQBb2- Ԉͩͩ͘ ����  ��Κ΅)[φ Bb i?2 T`QQ7 �++2H2`�iBQM K�bb �M/ ԣί �������Ԣ Bb i?2 HB;?i i`�p2H iBK2 �HQM; QM2 �`K Q7 i?2 GAa�
+QMbi2HH�iBQMX hQ ;2M2`�i2 i?2 `2�H bT�+2 ;`�pBi�iBQM�H
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10 spherical shells of correlated signal simulations

Big Data example: Weak lensing tomography

Mask and noise



Cosmological parameter inferences using 
DELFI and IMNN

Benjamin Wandelt

• First full weak lensing analysis 
with Non-Gaussian lensing 
potential 
• Enabled by DELFI and IMNN

Taylor, et al, arXiv: 1904.05364



Conclusions

• The hunt for B-modes is on
• Even with perfect instruments, data models will be complicated, non-linear 

and non-Gaussian
• “Low-noise” means “systematics-dominated!”

• I showed advances in three areas
• Optimal filtering to remove systematics
• Full modeling and sampling to explore non-Gaussian physical models (lensing)
• Highly flexible, simulation-based inference fueled by advances in machine-

learning – many applications to B-mode science!

+ bonus science target for next-gen CMB polarization experiments…



New science target: Axion physics 
with CMB polarization 
experiments
with Suvodip Mukherjee, Rishi Khatri, David Spergel



Photons convert to axions in magnetic field

• Resonance conversion of CMB photons to 
axions in magnetic fields produce a 
distinctive polarized spectral distortion 

• Highly efficient process in magnetic fields of 
our galaxy or of clusters

• Promises to be a world-leading probe of 
light axion-like particles!

Mukherjee, Khatri & Wandelt (2018), 
arXiv:1801.09701
Mukherjee, Spergel, Khatri & Wandelt, arXiv: 
1908.07534

From clusters

Benjamin Wandelt
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To reproduce the results in the IMNN paper the code version used is archived on zenodo:
https://doi.org/10.5281/zenodo.1175196

The most current development version is on github:
IMNN:
https://github.com/tomcharnock/IMNN

DELFI:
https://github.com/justinalsing/pydelfi

https://doi.org/10.5281/zenodo.1175196
https://github.com/tomcharnock/IMNN
https://github.com/justinalsing/pydelfi

