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What we want to learn

• How did the Universe begin?
• How did structure appear in the Universe?
• What is the Universe made of?
• What are the properties of dark matter?
• What are the properties of dark energy?
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Curvature 
perturbation 
("potential")
on the light 

cone
You
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Primordial perturbations give rise to 
all observations

…

Radiative
Transfer

+
Gravity

+
Astro-
physics
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The linear physics CMB time machine

Primordial quantum perturbationsObserved cosmic microwave background sky
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The linear physics CMB time machine



Primordial curvature perturbations at 
r= ηCMB from Planck T data

SMICA
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Primordial curvature perturbations at 
r= ηCMB from both Planck T and 

polarization data
SMICA

… leading to many results, e.g. Planck constraints on 
inflation (spectra, non-Gaussianity) and other early universe paradigmsM
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So, what about the rest of the light 
cone?Tracers of Cosmic Structure
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B(n̂) (±2.5µK)

T(n̂) (±350µK)

E(n̂) (±25µK)



Benjamin Wandelt

B(n̂) (±2.5µK)
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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 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 standard Bayesian inference approaches 
fail in practice

• The key problem is the lensing determinant



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 

Benjamin Wandelt
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Full delensing B-mode reconstruction 
and r inference
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Beyond the CMB
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Large Scale Structure: many more 
modes…

Benjamin Wandelt



… in the golden age of surveys

PLANCK SDSS/BOSS/eBoss…

Your favorite survey here



The promise of Large Scale Structure surveys
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Non-linear matter distribution



How to deal with non-linearity?





Smoothing to retain only large scales 
loses a great deal of information



The large scale structure challenge
• Problem: to access the small scales need to deal 

with non-linearity and "bias"

• Possible approaches:
– Avoid: Observe at high redshift before density 

contrast became non-linear (CMB, 21cm, Ly-alpha?)
– Adapt: Focus on less complicated parts of the 

Universe, e.g. those that retain more memory of the 
initial conditions: cosmic voids  

– Attack: Physical & statistical forward model of the 
survey, bias, etc. (perturbative or non-linear)

Benjamin Wandelt



Adapt
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Benjamin Wandelt

How do we summarize this? 
In terms of the soap or the bubbles?



The power of cosmic voids

Benjamin Wandelt

• Biggest "objects" in the Universe – fill 
most of the volume!

• Simpler dynamics and evolution than 
high density regions

• The first regions in the universe that 
are dominated by dark energy; most 
sensitive to modifications of General 
Relativity

• Sensitive to small scale DM structure
• A free, additional observational probe 

in current and future surveys: ~104 

voids in Euclid!

Several active groups and a rapidly 
growing body of work 
Google “VIDE bitbucket”



Matter, galaxies, voids in simulation

Hamaus et al. 2014

Can we model cosmic 
voids well enough to use 
them as a cosmological 

probe?
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FIG. 1. Stacked density- (left) and velocity- (right) profiles of voids at redshift zero in 8 contiguous bins of void radius with
mean values indicated in the inset. Error bars show 68% confidence regions estimated from the standard deviation in each
stack, solid lines represent our best-fit solutions to each profile and dashed lines show the linear theory predictions obtained
from evaluating the velocity profile at the best-fit parameters obtained from the density stacks.

8 contiguous logarithmic bins in void radius, to account
for the poor statistics of the largest voids. The resulting
stacks, along with their standard deviations, are shown
as symbols with error bars in the left panel of Fig. 1.
As expected, stacked voids are deeply underdense in-

side, with their central density increasing with void size.
In addition, the variance of underdense regions is sup-
pressed compared to overdense ones [33], yielding the
smallest error bars in the centers of the emptiest voids.
The profiles all exhibit overdense compensation walls,
with a maximum located slightly outside their e↵ective
void radius, shifting outwards for larger voids. The hight
of the compensation wall decreases with void size, causing
the inner profile slope to become shallower. This trend
divides all voids into being either over- or undercom-
pensated, depending whether the total mass within their
compensation wall exceeds or falls behind their missing
mass in the center, respectively [34]. Ultimately, at suf-
ficiently large distances to the void center, all profiles
approach the mean background density.
We propose a simple empirical formula that accurately

captures the properties described above,

⇢v(r)

⇢̄
� 1 = �c

1� (r/rs)↵

1 + (r/rv)�
, (2)

where �c is the central density contrast, rs a scale radius
at which ⇢v = ⇢̄, and ↵ and � determine the inner and
outer slope of the void’s compensation wall, respectively.
The best fits of this four-parameter model to the void
density stacks are shown as solid lines in the left panel
of Fig. 1. The concordance with the numerical data is
exquisite everywhere.
Velocity profile.—We estimate the velocity profile of

tracer particles around void centers by calculating

vv(r) =
1

N(r)

X

i

vi(ri) ·
ri
ri

Vc(ri)⇥(ri) , (3)

for every void and then averaging over all void radii in a
given bin. Here, vi is the particle velocity vector, Vc(ri)
the Voronoi cell volume of a particle located at ri and
N(r) ⌘

P
i Vc(ri)⇥(ri). Using the Voronoi volumes Vc

as weights ensures a volumetric representation of the ve-
locity field [35].

The right panel of Fig. 1 depicts the resulting velocity
stacks using the same void radius bins as for the den-
sity stacks. Note that a positive velocity implies outflow
of tracer particles from the void center, while a negative
one denotes infall. As the largest voids are undercom-
pensated (void-in-void [36]), i.e. the total mass in their
surrounding does not make up for the missing mass in
their interior, they are characterized by outflow in the
entire distance range. Tracer velocities increase almost
linearly from the void center until they reach a maxi-
mum located slightly below the e↵ective void radius of
each sample, which indicates the increasing influence of
the overdense compensation wall. When passing the lat-
ter, tracer velocities are continuously decreasing again in
amplitude and approach zero in the large distance limit.

Small voids may exhibit infall velocities, as they can
be overcompensated (void-in-cloud [36]). This causes a
sign change in their velocity profile around the void’s ef-
fective radius beyond which matter is flowing onto its
compensation wall, ultimately leading to a collapse of
the void. Moreover, because small voids are more under-
dense in the interior, their velocity profile is more non-
linear and less accurately sampled there. The distinction
between over- and undercompensation can directly be in-
ferred from velocities, since only overcompensated voids
feature a sign change in their velocity profile, while un-
dercompensated ones do not. Consequently, the flow of
tracer particles around precisely compensated voids van-
ishes already at a finite distance to the void center and
remains zero outwards. By slightly shifting the void ra-
dius bins, we determined this to be the case for voids with

A universal profile for voids

Hamaus, Sutter & Wandelt PRL 2014,  arxiv:1403.5499

Scaling properties of 
voids allow 
reduction from 4 to 
2 params
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stacks using the same void radius bins as for the den-
sity stacks. Note that a positive velocity implies outflow
of tracer particles from the void center, while a negative
one denotes infall. As the largest voids are undercom-
pensated (void-in-void [36]), i.e. the total mass in their
surrounding does not make up for the missing mass in
their interior, they are characterized by outflow in the
entire distance range. Tracer velocities increase almost
linearly from the void center until they reach a maxi-
mum located slightly below the e↵ective void radius of
each sample, which indicates the increasing influence of
the overdense compensation wall. When passing the lat-
ter, tracer velocities are continuously decreasing again in
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Small voids may exhibit infall velocities, as they can
be overcompensated (void-in-cloud [36]). This causes a
sign change in their velocity profile around the void’s ef-
fective radius beyond which matter is flowing onto its
compensation wall, ultimately leading to a collapse of
the void. Moreover, because small voids are more under-
dense in the interior, their velocity profile is more non-
linear and less accurately sampled there. The distinction
between over- and undercompensation can directly be in-
ferred from velocities, since only overcompensated voids
feature a sign change in their velocity profile, while un-
dercompensated ones do not. Consequently, the flow of
tracer particles around precisely compensated voids van-
ishes already at a finite distance to the void center and
remains zero outwards. By slightly shifting the void ra-
dius bins, we determined this to be the case for voids with

Subsampled DM sims

NL velocity profile matches this NL profile!



Void-galaxy correlation function in redshift space

Benjamin Wandelt

OUTLINE VOIDS IN THEORY VOIDS IN SIMULATIONS VOIDS IN OBSERVATIONS CONCLUSIONS

RSD ANALYSIS: DENSE MOCK GALAXIES

See month of June on 2017 APS calender!



Void-galaxy correlation function in 
SDSS DR11 CMASS

Benjamin Wandelt



Cosmography with the 
Alcock-Pazcynski test

Standard "candles" Standard "rulers"

Standard "spheres"



Joint measurement of growth of 
structure and of expansion geometry

Benjamin Wandelt
Hamaus et al. arXiv:1602.01784

Using BOSS data. AP 
measurement is 4 times 
tighter than RSD from 
SDSS DR12 galaxy 
clustering analysis! 

(Gil-Marin et al.
arXiv:1509.06386)

Preliminary
Euclid forecasts
=> 30 times higher
Figure of merit
than standard BAO



Joint constraint on growth f/b and on 
matter density

Benjamin Wandelt

Assumes LCDM

Hamaus et al. arXiv:1602.01784



Bright future for cosmic voids

• Voids are not empty! Substructure in voids
– Probes nature of dark matter
– Contains information about small-scale primordial 

spectrum frozen in
– Gives additional dynamical information
– Contain very differently biased tracers

Benjamin Wandelt



Next generation 
supernova 
cosmology

• Upcoming surveys will have tens of 
thousands of supernovae

• But there are too many supernovae to 
follow all of them up spectroscopically. 
Photometric information leads to type 
contamination and photo-z systematics.

• How to do accurate cosmology with 
large number of supernovae?

Benjamin Wandelt

S. Mukherjee and B. Wandelt, in prep.



Accurate 
cosmology 

with 
supernova-

galaxy 
cross-

correlations

Idea: both supernovae and 
galaxies are biased tracers 
of the density field. 

Their correlation is a 
function of the 
cosmological parameters. 

Estimate cosmological 
parameters by maximizing 
the correlation!

S. Mukherjee and B. Wandelt, in prep.



Constraining the 
luminosity distance 

redshift relation using 
SN-galaxy cross 

correlations

• Robust to type 
contamination

• Completely Insensitive 
to photo-z systematics

S. Mukherjee and B. Wandelt, in prep.

50,000 SN
20 million galaxies



Attack

Benjamin Wandelt



Going from "Adapt" to "Attack" mode: can we fit 
a full forward model of  Lambda CDM to galaxy 

surveys?

Forward model



• Gaussian prior + Gravity + likelihood for galaxies

• Hamiltonian Markov Chain Monte Carlo method

A	fully	probabilisticmodel	of	galaxy	surveys
BORG:	Bayesian	Origin	Reconstruction	from	Galaxies

BORG

Observations

E.g. inferred dark

matter densities

z=100                                z=0

(galaxy catalog + meta-data: selection 

functions, completeness…)

Jasche & Wandelt 2013, arXiv:1203.3639

Jasche, Leclercq & Wandelt 2015, arXiv:1409.6308

(includes survey model, bias model, automatic noise level calibration, 

selection function, mask, …)

Summaries

with

quantified

uncertainties



Bayesian LSS sampling - movie

ObservationsFinal conditionsInitial conditions

Jasche, Leclercq & Wandelt 2014, arXiv:1409.6308



A posterior sample of the formation 
history of our Universe

Jasche, Leclercq & BDW 2014, arXiv:1409.6308



Bayesian LCDM predictions: Dynamical 
velocities

Leclercq et al. 2017



Posterior	mean	of	Lagrangian stream	density

Leclercq et al. 2017

Previously only possible
on simulations!



51

Matter	flow	and	assembly	history	of	Coma



A next generation approach to
“Attack mode:” 

fully simulation-based inference

With Justin Alsing, Tom Charnock, Guilhem
Lavaux, Francisco Villaescusa, Stephen Feeney

Benjamin Wandelt



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?



Massive data compression
n parameters

N data

M summary statistics

n compressed statistics



Massive data compression

Fisher information

Information inequality

Can derive n compressed quantities that contain 
all the Fisher information!

Alsing & Wandelt arXiv:1712.00012



Exploration of parameter space

Density estimation Likelihood free inference
(DELFI)

Learn joint probability density of parameters
and compressed data using a 
Gaussian Mixture Model

Alsing, Feeney &Wandelt arXiv: 1801.01497



Case study: JLA SNe

n compressed statistics

light curves, spectra…

740 distance moduli

Betoule et al 2014
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But what if you don’t know how to compute 
informative summaries of your data?



Automatic Physical Inference

•Obviates the need to “guess” heuristic, informative 
summaries of the data
•An neural network is trained through reinforcement 

learning to compute functions of the data 
(summaries) that maximize the information about 
the parameters of the model.
•The network generates non-linear informative 

summaries that constrain model parameters

Charnock, Lavaux, Wandelt (arXiv:1802:03537)
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#v i?2 d8Ϭ T2`+2MiBH2 Q7 \ᆆ֏ֆ]Ԛ ୮ <� ԃ>^ bm+? i?�i i?2
d8W Q7 b�KTH2b r?B+? ?�p2 i?2 bK�HH2bi /Bbi�M+2b 7`QK
i?2 bmKK�`v Q7 i?2 `2�H /�i� �`2 F2TiX ᄇ ֏ֆ i?2M +Q``2b@
TQM/b iQ i?2 `2K�BMBM; k8W Q7 i?2 b�KTH2b- r?B+? �`2
mb2/ iQ /`�r T�`�K2i2` p2+iQ`b 7Q` i?2 M2ti Bi2`�iBQM-ᄇ ֏�φֆ X ᄇ ֏�φֆ �`2 b2H2+i2/ 7`QK � :�mbbB�M rBi? K2�M ᄇ ֏ֆ
�M/ +Qp�`B�M+2- C֏- 7`QK i?2 r2B;?i2/ T�`�K2i2` p�Hm2bX
h?2 r2B;?iBM; 7Q` ᄇ ֏�φֆ Bb ;Bp2M #v

Ԍ ֏�φֆ � ԟ	ᄇ ֏�φֆ 
௴կօ�φ Ԍ ֏օ ෭	ᄇ ֏�φֆ � ᄇ ֏օ C֏
 U8XkV
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Example 1: variance inference

• Perfect information ! = 5 in this problem

• Linear summaries give F = 0.5
N

6B;m`2 k , o�Hm2 Q7 i?2 6Bb?2` BM7Q`K�iBQM Q#i�BM2/ #v i?2
M2irQ`F �i i?2 2M/ Q7 2�+? 2TQ+? Q7 i`�BMBM;X h?2 bQHB/ #Hm2
HBM2 b?Qrb i?2 6Bb?2` BM7Q`K�iBQM Q#i�BM2/ #v `mMMBM; � b2i Q7
8yy bBKmH�iBQMb U�M/ 8y T�`iB�H /2`Bp�iBp2bV- r?B+? �`2 +QMi�B@
M2/ BM i?2 i`�BMBM; b2i- i?`Qm;? i?2 M2irQ`FX h?2 /�b?2/
Q`�M;2 HBM2 b?Qrb i?2 6Bb?2` BM7Q`K�iBQM Q#i�BM2/ #v `mM@
MBM; i?2 b�K2 MmK#2` Q7 bBKmH�iBQMb i?`Qm;? i?2 M2irQ`F-
#mi r?2`2 MQM2 Q7 i?2 bBKmH�iBQMb �`2 T`2b2Mi BM i?2 i`�BMBM;
b2iX h?2 K�tBKmK �KQmMi Q7 6Bb?2` BM7Q`K�iBQM 2tT2+i2/ Bb
F � Θ- b?Qr �b � #H�+F /�b?2/ HBM2X Ai Bb +H2�` i?�i i?2 M2i@
rQ`F K�M�;2b iQ 2ti`�+i i?2 2MiB`2iv Q7 i?2 BM7Q`K�iBQM ;Bp2M
i?2 /�i�X

p�Hm2 U:HQ`Qi �M/ "2M;BQ kyRyV- r?2`2 ևٳ � ��� ?�b #22M
+?Qb2M ?2`2X hQ KBKB+ i?2 bK�HH MmK#2` Q7 bBKmH�iBQMb
r?B+? rQmH/ #2 �p�BH�#H2 7Q` +QKTH2t /�i� b2ib- r2 HBKBi
i?2 iQi�H MmK#2` Q7 bBKmH�iBQMb iQ Ryyy UY Ryy bBKm@
H�iBQMb +`2�i2/ �#Qp2 �M/ #2HQr i?2 }/m+B�H T�`�K2i2`
p�Hm2 iQ +�H+mH�i2 i?2 MmK2`B+�H /2`Bp�iBp2bVX h?2b2 �`2
/BpB/2/ BMiQ ԝϬϝ͘Џμ � � i`�BMBM; #�i+?2b T2` 2TQ+?- bm+?
i?�i ԝs � ��� �M/ ԝᇝᇆ � ��X h?2 i`�BMBM; #�i+?2b �`2
bTHBi iQ T`QpB/2 p�`B�iBQM BM i?2 bi�iBbiB+�H [m�MiBiB2b ᄌਥᆿ
�M/ Cਥ r?2M DmK#HBM; i?2 bBKmH�iBQMb �i i?2 #2;BMMBM;
Q7 2�+? 2TQ+? Q7 i`�BMBM;X q2 i`�BM i?2 M2irQ`F 7Q` 3yy
2TQ+?bX hQ T`2p2Mi Qp2`}iiBM;- r?2`2 i?2 M2irQ`F H2�`Mb
72�im`2b BM i?2 i`�BMBM; b2i r?B+? �`2 MQi T`2b2Mi BM i?2
i2bi /�i�- 8yW Q7 i?2 M2m`QMb �`2 /`QTT2/ 7`QK i?2 M2i@
rQ`F QM 2�+? #�i+? Q7 i`�BMBM;X

6`QK 2[m�iBQM UeXdV- Bi +�M #2 b22M i?�i i?2 K�tBKmK
6Bb?2` BM7Q`K�iBQM �ii�BM�#H2 7Q` i?Bb T`Q#H2K Bb F � �X
6B;m`2 k b?Qrb i?�i F � ����  ���� Bb Q#i�BM2/ #v i?2
M2irQ`F Qp2` i?2 H�bi RyW Q7 i?2 i`�BMBM; 2TQ+?bX h?2
bQHB/ #Hm2 HBM2 BM };m`2 k Bb i?2 p�Hm2 Q7 i?2 6Bb?2` BM7Q`@
K�iBQM Q#i�BM2/ 7`QK i?2 M2irQ`F bmKK�`B2b Q7 ԝs � ���
�M/ ԝᇝᇆ � �� bBKmH�iBQMb 7`QK i?2 i`�BMBM; b2i U� bBM;H2
#�i+? rBi? MQ /`QTQmiV- r?BHbi i?2 /�b?2/ Q`�M;2 HBM2
Bb i?2 b�K2 7Q` bBKmH�iBQMb r?B+? �`2 MQi +QMi�BM2/ BM
i?2 i`�BMBM; b2iX q2 }M/ i?�i r2 �`2 �#H2 iQ Q#i�BM � 6B@
b?2` BM7Q`K�iBQM bHB;?iHv �#Qp2 F � � �b BM/B+�i2/ #v i?2
bi`�B;?i #H�+F /�b?2/ HBM2 bBM+2 i?2 i`�BMBM; �M/ i2bi /�i�
�`2 #B�b2/- rBi? � bi�iBbiB+�HHv bHB;?iHv bK�HH2` p�`B�M+2

.�i� o�Hm2տȯ ЈӳνφνЈϯϯννտɞ ЈӳϯϨϯϵϵΘφΘտɘ ЈӳЈΘϩφϯϯΚϵտȃ φӳϵЈ΅φϩϨΚϩտȁ ЈӳЈϨϩΚνϵϩνտɒ ЈӳΚϨφϨφφΚφտɑ φӳΚϨΘϩΘϨφտǮ ЈӳϩϵνΚϩΚϩϯտȦ φӳϯЈϯϯΚЈϨνտȯɱ ЈӳΚφΚΚφϩϯν
h�#H2 A , o�Hm2b Q7 i?2 BMTmi T�`�K2i2`b 7Q` i?2 Q`B;BM�H
bBKmH�i2/ i`m2 /�i� b2i r?2`2 i?2 /�i� Bb :�mbbB�M MQBb2 d �ृտՎ ߉ ม 	ЈӴ φ
 ੵ � ք ୮ <φӴ ։d>ॄX

i?�M ᅲ � �X h?2 M2irQ`F BMi2`T`2ib i?2 #B�b BM i?2 /�i� �b
�M BM/B+�iBQM i?�i KQ`2 BM7Q`K�iBQM �#Qmi i?2 T�`�K2@
i2`b Bb �p�BH�#H2 7`QK i?2 M2irQ`F i?�M Bb i`mHv �p�BH�#H2X
q2 /Q MQi mb2 � i?B`/ 7mim`2 /�i� b2i �b bT2+B}2/ �i i?2
2M/ Q7 b2+iBQM AAA iQ [mQi2 i?2 }M�H 6Bb?2` BM7Q`K�iBQM
p�Hm2 �b i?2 6Bb?2` BM7Q`K�iBQM 7`QK i?2 i`�BMBM; /�i� Bb
� T`Q/m+i r2 mb2 BM i?2 SJ*@�"* bi�;2X
Ai b?QmH/ #2 MQi2/ i?�i �Hi?Qm;? i?2 �`+?Bi2+im`2 rBHH

#2 BKTQ`i�Mi- r2 ?�p2 7QmM/ i?�i � p2`v H�`;2 p�`B2iv
Q7 ?vT2`T�`�K2i2`b rBHH T`QpB/2 mb rBi? �TT`QtBK�i2Hv
F � �X JQbi MQi�#Hv r2 +�M mb2 p2`v /22T M2irQ`Fb rBi?
72r M2m`QMb bm+? �b (8- 8- 8- 8- 8) iQ 2ti`2K2Hv bBKTH2 M2i@
rQ`Fb rBi? H�`;2 MmK#2`b Q7 M2m`QMb- BX2X (ky93- ky93)-
2�+? rBi? p2`v bBKBH�` Qmi+QK2bX h?2 K�BM /Bz2`2M+2
rBi? /Bz2`2Mi �`+?Bi2+im`2b- i?�i r2 ?�p2 7QmM/- Bb i?2
MmK#2` Q7 2TQ+?b M2+2bb�`v iQ K�tBKBb2 i?2 6Bb?2` BM@
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
posterior using 
IMNN summary

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 ,

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



RR

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

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

…and Gaussianizes it!



Example 2: Automatic physical inference with 
noisy data

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: 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 4: Lyman-α forest inference

• The idea is to infer the variance of the underlying 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
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Example 4: 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
r�p2 #m`bi- r2 +�H+mH�i2 i?2 7`2[m2M+v bT�+2 r�p27Q`Kԗ	ԕ
 �M/ /2i2+iQ` MQBb2 ԝ	ԕ
 �M/ i?2M 6Qm`B2` i`�Mb7Q`K
i?2K BMiQ `2�H bT�+2ԗ	ԕ
 � ௷�� ԓԣԗ	ԣ
 FYQ<�ᅺԘԕԣ> UeXk8Vԝ	ԕ
 � ௷�� ԓԣԝ	ԣ
 FYQ<�ᅺԘԕԣ>� UeXkeV

q2 T2`7Q`K i?2 6Qm`B2` i`�Mb7Q`K �i ky93 iBK2 bi2Tb
7`QK ԣ � ���  ��ΚԢ- b�KTH2/ �i �Ԣ BMi2`p�HbX h?2 QmiTmi
Q7 i?2 GAa� /2i2+iQ` Bb i?2M ;Bp2M #v

d � h	ᄇϬϝϷ΄
 � n UeXkdV

r?2`2 h	ᄇϬϝϷ΄
 Bb i?2 p�Hm2b Q7 i?2 ;`�pBi�iBQM�H
r�p27Q`K �i i?2 i`m2 T�`�K2i2` p�Hm2b- ᄇϬϝϷ΄ �\ӶϬϝϷ΄ ԆϬϝϷ΄ ԣϬϝϷ΄ͩ  ԕϬϝϷ΄ͩ ^ �i i?2 b�KTH2/ iBK2 �M/ n Bb
� `�M/QK `2�HBb�iBQM Q7 i?2 MQBb2X h?2 HQ;�`Bi?K Q7 i?2
HBF2HB?QQ/ Bb T�`iB+mH�`Hv bBKTH2 U62`Qx 2i �HX kyRyV �M/
Bb ;Bp2M #vMO ෫ � Ӹ  ]]d  h	ᄇ
]]ϵ�  UeXk3V

r?2`2 h	ᄇ
 Bb i?2 `2�H bT�+2 ;`�pBi�iBQM�H r�p2 �i- MQi@
M2+2bb�`BHv@i`m2- T�`�K2i2`b ᄇ �M/ Ӹ Bb � +QMbi�Mi r?B+?
r2 b2i iQ x2`QX q2 �`2 BMi2`2bi2/ BM bmKK�`BbBM; i?2 /�i�
iQ +QMbi`�BM i?2 +2Mi`�H Qb+BHH�iBQM 7`2[m2M+v- ԕͩ- Q7 i?2
;`�pBi�iBQM�H r�p2X hQ /Q bQ- r2 mb2 � M2irQ`F r?B+?
i�F2b BM i?2 ky93 BMTmib 7`QK i?2 /�i� �M/ ?�b }p2 ?B/@
/2M H�v2`b- 2�+? /2+`2�bBM; BM bBx2- (Ryk9- 8Rk- k8e- Rk3-
e9)X h?2 M2irQ`F ?�b MQ /`QTQmi �M/- /Bz2`2Mi iQ i?2
T`2pBQmb M2irQ`Fb- r2 mb2 � i�M;2Mi 7mM+iBQM �b i?2 �+iB@
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Example 5: LISA gravitational wave chirp

Full likelihood (LH)
Gaussian likelihood based 
on linear compression
Gaussian LH based on 
IMNN compression

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

The Information Maximizing 
Network summary gives the correct
unique likelihood peak.



Summary
• Cosmic Structure is a rich source of information on (and off) 

the cosmic light cone.
• Avoid: focus on linear regime
• Adapt: pick smart summaries (e.g. voids)/use X-corr probes 
• Attack: computational inference with full physics model
• With non-linear inference techniques we can now 

reconstruct our cosmic history and unlock a much larger 
range of scales to probe dark matter and dark energy
• Automatic physical inference using information-maximizing 

neural networks and tractable likelihood-free inference is a 
new approach to extracting scientific, information from 
complex data and physical simulations.



Benjamin Wandelt

The code for the IMNN paper is is published on zenodo:
https://doi.org/10.5281/zenodo.1175196


