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I.$Nuisance$parameters$in$Bayesian$analysis
What$do$you$know$about$Bayesian$analysis?$

1) I’ve$never$heard$this$word$before$

2) I$have$a$vague$understanding$

3) I$know$the$concepts$well$but$have$never$really$prac+ced$

4) I$am$a$Bayesian
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I.$Nuisance$parameters$in$Bayesian$analysis$
The$Bayesian$point$of$view$interprets$probabili+es$as$a$degree$of$belief$(frequen+st$have$a$
different$epistemological$interpreta+on$:$probabili+es$are$frequencies$of$occurence$but$our$

Universe$is$unique).$

Bayes’$theorem$allows$us$to$compute$the$probability$of$the$parameters$of$a$model$given$

some$data$(sta+s+cal$inference):

posterior$distribu5on$
Bayesian$evidence$
(=normaliza5on)$

prior$likelihood$

P(✓|d, m) =
P(d|✓,m)P(✓|m)

P(d|m) ✓ = model parameter

d = data

m = model

For$instance,$m=LambdaOCDM,$d$is$some$data$(CMB,$clustering,…),$θ$is$the$set$of$parameters$

of$the$models$(Ωm,$σ8,$…).

Visualisa5on:$How$to$draw$figures$of$merit,$compute$means,$variances,$etc?$

Once$crucial$point$is$to$set$the$prior:$huge$literature$on$this$issue$(e.g$ignorance$priors).$$
Then,$compute$the$likelihood.$It$can$be$computa+onally$very$challenging$O$expect$for$e.g$

lowOdimension$Gaussian$senngs$O$in$which$case$one$has$to$rely$on$sampling$of$the$posterior$

distribu+on$(Markov$Chain$Monte$Carlo,$Approximate$Bayesian$Computa+on,$…).$In$many$

applica+ons,$a$Gaussian$approxima+on$(Fisher$matrix$approach)$gives$a$reasonable$answer.

I.1.$Sta5s5cal$inference

Trivial$if$you$remember$that$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$.P (A&B) = P (A|B)P (B)

see$TD$tomorrow!
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I.$Nuisance$parameters$in$Bayesian$analysis

How$to$deal$with$nuisance$parameters?$

θ=(α,β)

parameters$of$interest$
nuisance$parameters

Marginalize$the$posterior$distribu+on$over$β$to$infer$the$parameters$of$interest:

P(↵|d, m) =
Z

P(↵,�|d, m)d�

It$is$not$equivalent$to$slicing$the$posterior$at$the$most$likely$value$for$β!

I.1.$Sta5s5cal$inference

I.2.$Nuisance$parameters

The$Bayesian$point$of$view$interprets$probabili+es$as$a$degree$of$belief$(frequen+st$have$a$
different$epistemological$interpreta+on$:$probabili+es$are$frequencies$of$occurence$but$our$

Universe$is$unique).$

Bayes’$theorem$allows$us$to$compute$the$probability$of$the$parameters$of$a$model$given$

some$data$(sta+s+cal$inference):

posterior$distribu5on$
Bayesian$evidence$
(=normaliza5on)$

prior$likelihood$

P(✓|d, m) =
P(d|✓,m)P(✓|m)

P(d|m) ✓ = model parameter

d = data

m = model
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Some$examples$(see$also$Francis$Bernardeau$and$Mar+n$Kilbinger’s$lectures):$$

Ofrom$the$instrument:$calibra+ons,$…$

Ophysical$unknown:$$

galaxy$biasing$(peak$bias,$halo$bias,$baryonic$physics)$

Galaxies$form$at$the$peaks$of$the$ini+al$density$field$

I.3.$Modelling$the$unknown$with$nuisance$parameters

The$most$massive$objects$(high$peaks)$

$tend$to$form$in$the$densest$$

environments$(dense$filaments$and$nodes)$

and$are$more$clustered.

threshold$

for$collapse

longOwave$

mode:$

«filament»

shortOwave$

mode

density$

boost

filament voidvoid

But:$$

The$peak$model$is$an$approxima+on:$30%$of$halos$in$DM$simula+on$do$not$correspond$to$a$

peak$in$the$ini+al$condi+on$(Porciani&Ludlow11);$

Baryonic$physics/galaxy$forma+on:$on$what$scales$(if$any)$are$we$safe$from$baryonic$effects$

(feedback$can$have$an$influence$on$somewhat$large$scales)?$van$Daalen++11,$Schneider++15$
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Some$examples$(see$also$Francis$Bernardeau$and$Mar+n$Kilbinger’s$lectures):$$

Ofrom$the$instrument:$calibra+ons,$…$

Ophysical$unknown:$$

galaxy$biasing$(peak$bias,$halo$bias,$baryonic$physics)$

Galaxies$form$at$the$peaks$of$the$ini+al$density$field$

I.3.$Modelling$the$unknown$with$nuisance$parameters

threshold$

for$collapse

longOwave$

mode:$

«filament»

shortOwave$

mode

density$

boost

filament voidvoid

But:$$

the$peak$model$is$an$approxima+on:$30%$of$halos$in$DM$simula+on$do$

not(Porciani&Ludlow);$

Baryonic$physics/galaxy$forma+on:$on$what$scales$(if$any)$are$we$safe$from$baryonic$effects$

(feedback$can$have$an$influence$on$somewhat$large$scales)?$van$Daalen++11,$Schneider++15$

credit:$A.$Schneider

Problem:$Hydro$simula+ons$are$not$predic+ve.$Can$we$s+ll$parametrize$baryonic$physics?$
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Some$examples$(see$also$Francis$Bernardeau$and$Mar+n$Kilbinger’s$lectures):$$

Ofrom$the$instrument:$calibra+ons,$…$

Ophysical$unknown:$$

galaxy$biasing$(peak$bias,$halo$bias,$baryonic$physics)$

Galaxies$form$at$the$peaks$of$the$ini+al$density$field$

I.3.$Modelling$the$unknown$with$nuisance$parameters

threshold$

for$collapse

longOwave$

mode:$

«filament»

shortOwave$

mode

density$

boost

filament voidvoid

But:$$

the$peak$model$is$an$approxima+on:$30%$of$halos$in$DM$simula+on$do$

not(Porciani&Ludlow);$

Baryonic$physics/galaxy$forma+on:$on$what$scales$(if$any)$are$we$safe$from$baryonic$effects$

(feedback$can$have$an$influence$on$somewhat$large$scales)?$van$Daalen++11,$Schneider++15$

credit:$A.$Schneider

Problem:$Hydro$simula+ons$are$not$predic+ve.$Can$we$s+ll$parametrize$baryonic$physics?$

impact$of$having$a$wrong$model$for$b(z)$on$the$eos$of$DE$

Clerkin++15$
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Some$examples$(see$also$Francis$Bernardeau$and$Mar+n$Kilbinger’s$lectures):$$

Ofrom$the$instrument:$calibra+ons,$…$

Ophysical$unknown:$$

galaxy$biasing$(peak$bias,$halo$bias,$baryonic$physics)$

redshi|$space$distor+ons$

Different$models$e.g$TNS$(see$FB’s$talk).$Probably$valid$below$k$about$0.2$h/Mpc.

I.3.$Modelling$the$unknown$with$nuisance$parameters

damping

«$extended$Kaiser$»
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Some$examples$(see$also$Francis$Bernardeau$and$Mar+n$Kilbinger’s$lectures):$$

Ofrom$the$instrument:$calibra+ons,$…$

Ophysical$unknown:$$

galaxy$biasing$(peak$bias,$halo$bias,$baryonic$physics)$

redshi|$space$distor+ons,$$

nonOlineari+es$(effec+ve$field$theory?)$

I.3.$Modelling$the$unknown$with$nuisance$parameters
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Some$examples$(see$also$Francis$Bernardeau$and$Mar+n$Kilbinger’s$lectures):$$

Ofrom$the$instrument:$calibra+ons,$…$

Ophysical$unknown:$$

galaxy$biasing$(peak$bias,$halo$bias,$baryonic$physics)$

redshi|$space$distor+ons,$$

nonOlineari+es$(effec+ve$field$theory?)$

intrinsic$alignments$of$galaxies$

…$

Issues:$modelOdependent$constraints,$number$of$d.o.f.,$…$

Marginalizing$over$parameters$of$a$given$model$does$not$guarantee$that$this$model$fits$well$

the$data$$$$$$$$$$model$comparison.$

Possible$alterna+ves:$try$different$parametriza+ons,$e.g$form$filling$func+on$(Kitching++09)$

It$is$important$to$have$mul+ple$observables$having$different$biases$and$sensi+vi+es$(e.g$

alterna+ve$probes$like$extrema$counts,$Minkowski$func+onals,$countOinOcell$PDF,$voids,$…)!$

I.3.$Modelling$the$unknown$with$nuisance$parameters

ANY$QUESTIONS?$
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II.$Intrinsic$alignments$
What$do$you$know$about$intrinsic$alignments?$

1) I’ve$never$heard$this$word$before$

2) I$have$a$vague$understanding$

3) I$know$some$concepts$but$would$like$to$hear$more$

4) I$know$everything



Weak$lensing$creates$tangen5al$distorsions$
of$galaxy$shapes.

credit: LSST
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Intrinsic$alignments$contaminate$weak$lensing!

h✏i✏ji = h�i�ji +
⌦
✏s
i ✏

s
j

↵
+ h✏s

i �ji +
⌦
�i✏

s
j

↵

intrinsic$ellip+city$

correla+ons$(II$term)$
shearOellip+city$

correla+ons$(GI$term)$

✏ = � + ✏s

apparent$

ellip+city

shear

intrinsic$

ellip+city

δ

g
small$effect$(~1%)!

Measure$coherent$distor+ons:
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Intrinsic$alignments$contaminate$weak$lensing!
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g
small$effect$(~1%)!

Measure$coherent$distor+ons:

CFHTLenS$data,$Kilbinger$‘13

At$order$zero$:$

II$and$GI$are$neglected$because$galaxy’s$shapes$are$uniformly$distributed$in$the$Universe.

But$:

Galaxies$are$correlated$with$the$cosmic$web$through$dynamics!$



18

II.$Intrinsic$alignments$
I.1.$Physical$origin

Nature$vs.$nurture:$

Galaxies$form$and$evolve$within$

the$cosmic$web.$How$much$does$

this$environment$influence$galaxy$

forma+on?$

OClear$effect$of$the$local$density$

on$the$mass$and$morphology$of$

galaxies.$

e.g$Oemler74,$Guzzo+97,$...$

OWhat$about$the$anisotropy$of$the$

cosmic$web?$

$

RAMSES$zoom$simula+on$near$a$filament

LSS$is$the$birthplace$of$galaxies:



~L = m
X

i

(~ri � ~r0)(~vi � ~v0)
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Morphology$of$halos$is$correlated$to$the$LSS

�θ ~L

filament

spin$are$defined$as$

HorizonO4π$simula+on$$$$$$$$$

DM$only$

2$Gpc/h$periodic$box$

73$millions$halos$@$z=0$

Teyssier+09

filaments$extracted$using$the$skeleton(
Sousbie+09$

Codis+12(
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mass$transi5on: Mtr=5.1012Msun!

Broad$literature$on$this$topic$e.g$Aubert+04,$Bailin+05;$AragonOCalvo+07,13;$Hahn+07;$Paz+08...

M>Mtr: perpendicular
M<Mtr: aligned

−0.5 0.0 0.5
0.85

0.90

0.95

1.00

1.05

1.10

1.15

cos(θ)

1+
ξ

log M :12.00
log M :12.50
log M :12.80
log M :13.30
log M :14.00

perpendicular
aligned

spinOfilament$alignment$

as$measured$in$the$HorizonO4π$simula+on$(DM)$

uniform$$

distribu+on

Morphology$of$halos$is$correlated$to$the$LSS

Codis+12(



of(stars(
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Morphology$of$galaxies$is$correlated$to$the$LSS

mass/colour/age/...$transi5on:

$massive,$quiescent,$

red,$low$v/σ

$lowOmass,$star$forming,$

$blue,$high$v/σ

The anisotropic environment of galaxies 5

Bulge-to-disc ratios (Section 3.1). Let us then quantify how
this alignment varies as a function of distance to the fila-
ments and, along the filaments to the nodes of the cosmic
web (Section 3.2). Let us finally study its cosmic evolution
(Section 3.3), and in particular the variation in the mor-
phological transition mass, Mmorpho as a function of cosmic
time.

3.1 Spin orientation and morphology

Depending on redshift, spectral or spatial resolution, the
definition of Hubble type relies on different tracers. Hence
it is of interest to quantify the alignment/anti-alignment of
each sub population sorted by these tracers.

Figure 5 shows the evolution of alignment of spin of
galaxies (stellar component) as a function of stellar mass.
More massive galaxies have their spin perpendicular to fil-
ament; less massive one have their spin parallel2 . A stellar
mass transition around Mmorpho = 3 ·1010M⊙ is fully consis-
tent with earlier findings of a mass transition for the orien-
tation of the spin of dark halos of 1012M⊙ at that redshift.
Using the full redshift sample, we can rule at the 5.5 sigma
level that the spin of the higher mass bin is aligned with the
filament, and, at the 3 sigma level, that the next mass bin is
perpendicular to the filament. Hence the mass transition is
confidently bracketed at 1010.5M⊙. The mean values of 1+ξ
at cos θ = 0.9 are respectively 0.97±0.01 and 1.03±0.01 for
M = 1010.75 and M = 1010.25.

Figure 6 shows the evolution of alignment of spin
of galaxies (stellar component) as a function of their
Vmax/σmax. Galaxies with small Vmax/σmax (Ellipticals)
have their spin perpendicular to filament; centrifugally sup-
ported galaxies (Spirals) have their spin parallel. The tran-
sition seems to occur near Vmax/σmax = 0.6. Figure 7 shows
the evolution of alignment of spin of galaxies (stellar compo-
nent) as a function of their colors. Redder galaxies (Ellipti-
cals) have their spin perpendicular to filament; bluer galax-
ies (Spirals) have their spin parallel. The transition seems
to occur near G − R = −0.25. Figure 10 shows the evolu-
tion of alignment of spin of galaxies (stellar component) as
a function of their gini. XXXX

Figure 11 shows the evolution of alignment of spin of
galaxies (stellar component) as a function of their M20.
XXXX Figure 8 shows the evolution of alignment of spin
of galaxies (stellar component) as a function of their bulge
to disk ratio. Bulgy galaxies (Ellipticals) have their spin
perpendicular to filament; disky galaxies (Spirals) have
their spin parallel. The transition seems to occur near
B/D =???. Figure 9 shows the evolution of alignment of
spin of galaxies (stellar component) as a function of mass
weighted age. Old galaxies (Ellipticals) have their spin
perpendicular to filament; young galaxies (Spirals) have
their spin parallel. The transition seems to occur near an
age of XX Myr.

The transitions presented here are — taken individu-
ally, more indicative of a trend than a definite proof that
each tracer yields a precise morphological transition. Yet
the ensemble allows us to have confidence in the underlying

2 for readability, we quote half sigma error bars in this paper.

0.0 0.2 0.4 0.6 0.8 1.0

0.95

1.00

1.05

1.10

log M /Mo =10.75
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z=1.83
log M /Mo =10.25

cos θ
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ξ

z=1.83

log M /Mo =9.75

cos θ

1+
ξ

z=1.83

log M /Mo =9.25

cos θ

1+
ξ

z=1.83

log M /Mo =8.75

cos θ

1+
ξ

z=1.83

Figure 5. evolution of alignment of spin of galaxies (stellar com-
ponent) as a function of stellar mass. More massive galaxies have
their spin perpendicular to filament; less massive one have their
spin parallel. The mass transition seems to be Mtr = 1010.5.

physical picture as they are all consistent with the expected
variations3.
[♠ charlotte completer, quantifier, discuter
]
[♠ Sandrine peut etre rajouter a titre illustratif
le changement d’orientation en fonction du temps
pour une galaxie avec en parallele, changement de
couleur, de morphologie etc...]

3.2 Spin orientation along the cosmic web

Let us now turn the the orientation of the alignment as a
function of the distance to the filaments and distance to the
nodes. Figure 12 show the evolution of alignment of spin
of galaxies (stellar component) as a function of distance to
filaments. Galaxies closer to filaments have their spin more
parallel. Figure 13 shows the evolution of alignment of spin
of galaxies (stellar component) as a function of distance to
nodes along the filaments. Galaxies further to the nodes have
their spin more parallel. At redshift two, the current sample
of galaxies does not contain enough massive galaxies to esti-
mate accurately their orientation and distance to the nodes
simultaneously.

© 0000 RAS, MNRAS 000, 000–000

aligned

perpendicular

Dubois+14(

aligned

perpendicular

spinOfilament$alignment$

as$measured$in$the$HorizonOAGN$simula+on$

spiral

ellip5cal
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Morphology$of$galaxies$is$correlated$to$the$LSS$

in$the$SDSS

spirals$tend$to$have$a$spin$
aligned$with$filaments

Tempel+13(

Tempel+13$

Tempel+13$

«ellip5cals»$tend$to$have$a$spin$
perpendicular$to$filaments

in$agreement$with$simula5ons!

~L

filament$

axis

~L

~L

filament$

axis

~L
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How$to$understand$this$spinOfilament$alignment?

first$genera+on$$

of$small$halos$by$$

winding$of$the$walls

forming$filaments

vor+city$is$created$in$the$mul5^flow$
region$defining$the$filament

vor+city$=$$$curl$of$$$velocity

25

trajectories$of$DM$par+cles$from$the$walls$to$the$forming$filaments
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Alignment$of$vor+city$with$the$cosmic$web

Laigle+15(

braids structure of vorticity

Predicted$vor+city$in$2D$caus+cs$

$$Pichon&Bernardeau99

+
+
^

^

26
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Genera+on$of$massive$halos

Codis+12(

halos$catch$up$with$

each$other$along$the$

filaments

genera+on$of$a$

popula+on$of$massive$

halos$with$a$spin$perp.$

to$filaments
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Quick$ques+ons:

Where$do$we$have$nonOzero$vor+city?$

1) Nowhere,$vor+city$is$diluted$by$the$expansion$

2) only$in$filaments$

3) only$inside$halos$

4) none$of$the$above

Have$you$understood$why$galaxy’s$spin$is$correlated$to$the$cosmic$web?$

1) Not$at$all$

2) I$understood$the$global$idea$but$not$the$transi+on$from$alignment$to$orthogonality$

3) Yes$perfectly!



Weak$lensing$creates$tangen5al$distorsions$
of$galaxy$shapes.

credit: LSST
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Intrinsic$alignments$contaminate$weak$lensing!

h✏i✏ji = h�i�ji +
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correla+ons$(GI$term)$
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apparent$
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shear
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ellip+city

δ

g
small$effect$(~1%)!

Measure$coherent$distor+ons:

How$to$handle$them?
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intrinsic$ellip+city$$

correla+ons$(II$term)$

shearOellip+city$

correla+ons$(GI$term)$

h✏i✏ji = h�i�ji +
⌦
✏s
i ✏

s
j

↵
+ h✏s

i �ji +
⌦
�i✏

s
j

↵galaxyOgalaxy$ galaxyO+dal$shear$

Ellip+cals$are$stretched$by$the$+dal$field$

and/or$subject$to$anisotropic$accre+on$

Two$separate$mechanisms:$

Discs$are$dominated$by$their$spin$which$was$

acquired$at$their$forma+on$+me$by$+dal$torquing$

I.2.$Modelling$IA
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★$linear$theory$$$

★$semiOanaly+cal$modelling$of$galaxy$forma+on$$

★$hydrodynamical$simula+ons

Cri$enden+01,,Hirata+04

Joachimi+13

Codis+15a,,Tenne:+15,,Chisari+15,,Velliscig+15  

intrinsic$ellip+city$$

correla+ons$(II$term)$

shearOellip+city$

correla+ons$(GI$term)$

h✏i✏ji = h�i�ji +
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i ✏
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+ h✏s

i �ji +
⌦
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s
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↵galaxyOgalaxy$ galaxyO+dal$shear$

need$to$account$for$biased$clustering?$$

nonOlineari+es?$

gaz$dynamics,$

$anisotropy$of$accre+on?$

I.2.$Modelling$IA
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Intrinsic$alignments$:$perturba+ve$models

Ellip+cals$are$stretched$by$the$+dal$field$

and/or$subject$to$anisotropic$accre+on$

Discs$are$dominated$by$their$spin$which$was$

acquired$at$their$forma+on$+me$by$+dal$torquing$

Quadra+c$model$(in$the$+dal$field)$

Tidal$torque$theory$states$that$at$linear$order,$the$spin$is$

acquired$gradually$un+l$the$+me$of$maximal$extension$(before$

collapse)$and$is$propor+onal$to$the$misalignment$between$the$

iner+a$tensor$of$the$protogalaxy$and$the$surrounding$+dal$

tensor$(see$[Schaefer,$2009]$for$a$review)$:$

From$spins,$Lee$and$Pen$2001$computed$the$corresponding$

shape$correla+on$func+ons$assuming$that$shapes$are$induced$

by$the$projec+on$of$a$circular$disk$perpendicular$to$the$spin.$

Missing$ingredients:$biased$clustering$(galaxies$do$not$form$

anywhere$but$in$filaments$and$nodes$inducing$constraints$on$

the$+dal$field),$nonOlinear$evolu+on,$baryons.$

Linear$model$(in$the$+dal$field)$

In$the$linear$model$([Catelan$et$al.,$2001,$Hirata$and$Seljak,$

2004]),$the$intrinsic$ellip+city$of$a$(typically$ellip+cal)$galaxy$is$

propor+onal$to$the$+dal$field,$i.e$second$deriva+ves$of$the$

gravita+onal$poten+al$smoothed$on$some$scale$Ψ,$with$a$

coefficient$C1$that$measures$the$strength$of$the$alignment$

occurring$at$redshi|$zIA$$

as$it$is$assumed$that$stars$and$dark$ma1er$are$in$dynamical$

equilibrium$and$therefore$the$stellar$distribu+on$follows$the$

distor+on$of$the$galaxy$halo$spheroid$which$is$+dally$distorted.$

Improvements:$try$to$go$beyond$linear$dynamics$with$the$NLA$
model$([Bridle$and$King,$2007])$by$accoun+ng$for$the$nonOlinear$
ma1er$power$spectrum,$build$halo$model,$etc.$S+ll$not$accurate$

in$the$intermediate$regime.$$
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Intrinsic$alignments$:$perturba+ve$models

Ellip+cals$are$stretched$by$the$+dal$field$

and/or$subject$to$anisotropic$accre+on$

Discs$are$dominated$by$their$spin$which$was$

acquired$at$their$forma+on$+me$by$+dal$torquing$

Quadra+c$model$(in$the$+dal$field)$

Tidal$torque$theory$states$that$at$linear$order,$the$spin$is$

acquired$gradually$un+l$the$+me$of$maximal$extension$(before$

collapse)$and$is$propor+onal$to$the$misalignment$between$the$

iner+a$tensor$of$the$protogalaxy$and$the$surrounding$+dal$

tensor$(see$[Schaefer,$2009]$for$a$review)$:$

From$spins,$Lee$and$Pen$2001$computed$the$corresponding$

shape$correla+on$func+ons$assuming$that$shapes$are$induced$

by$the$projec+on$of$a$circular$disk$perpendicular$to$the$spin.$

Missing$ingredients:$biased$clustering$(galaxies$do$not$form$

anywhere$but$in$filaments$and$nodes$inducing$constraints$on$

the$+dal$field),$nonOlinear$evolu+on,$baryons.$

Linear$model$(in$the$+dal$field)$

In$the$linear$model$([Catelan$et$al.,$2001,$Hirata$and$Seljak,$

2004]),$the$intrinsic$ellip+city$of$a$(typically$ellip+cal)$galaxy$is$

propor+onal$to$the$+dal$field,$i.e$second$deriva+ves$of$the$

gravita+onal$poten+al$smoothed$on$some$scale$Ψ,$with$a$

coefficient$C1$that$measures$the$strength$of$the$alignment$

occurring$at$redshi|$zIA$$

as$it$is$assumed$that$stars$and$dark$ma1er$are$in$dynamical$

equilibrium$and$therefore$the$stellar$distribu+on$follows$the$

distor+on$of$the$galaxy$halo$spheroid$which$is$+dally$distorted.$

Improvements:$try$to$go$beyond$linear$dynamics$with$the$NLA$
model$([Bridle$and$King,$2007])$by$accoun+ng$for$the$nonOlinear$
ma1er$power$spectrum,$build$halo$model,$etc.$S+ll$not$accurate$

in$the$intermediate$regime.$$
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Intrinsic$alignments$:$perturba+ve$models

Ellip+cals$are$stretched$by$the$+dal$field$

and/or$subject$to$anisotropic$accre+on$

Discs$are$dominated$by$their$spin$which$was$

acquired$at$their$forma+on$+me$by$+dal$torquing$

Quadra+c$model$(in$the$+dal$field)$

Tidal$torque$theory$states$that$at$linear$order,$the$spin$is$

acquired$gradually$un+l$the$+me$of$maximal$extension$(before$

collapse)$and$is$propor+onal$to$the$misalignment$between$the$

iner+a$tensor$of$the$protogalaxy$and$the$surrounding$+dal$

tensor$(see$[Schaefer,$2009]$for$a$review)$:$

From$spins,$Lee$and$Pen$2001$computed$the$corresponding$

shape$correla+on$func+ons$assuming$that$shapes$are$induced$

by$the$projec+on$of$a$circular$disk$perpendicular$to$the$spin.$

Missing$ingredients:$biased$clustering$(galaxies$do$not$form$

anywhere$but$in$filaments$and$nodes$inducing$constraints$on$

the$+dal$field),$nonOlinear$evolu+on,$baryons.$

Linear$model$(in$the$+dal$field)$

In$the$linear$model$([Catelan$et$al.,$2001,$Hirata$and$Seljak,$

2004]),$the$intrinsic$ellip+city$of$a$(typically$ellip+cal)$galaxy$is$

propor+onal$to$the$+dal$field,$i.e$second$deriva+ves$of$the$

gravita+onal$poten+al$smoothed$on$some$scale$Ψ,$with$a$

coefficient$C1$that$measures$the$strength$of$the$alignment$

occurring$at$redshi|$zIA$$

as$it$is$assumed$that$stars$and$dark$ma1er$are$in$dynamical$

equilibrium$and$therefore$the$stellar$distribu+on$follows$the$

distor+on$of$the$galaxy$halo$spheroid$which$is$+dally$distorted.$

Improvements:$try$to$go$beyond$linear$dynamics$with$the$NLA$
model$([Bridle$and$King,$2007])$by$accoun+ng$for$the$nonOlinear$
ma1er$power$spectrum,$build$halo$model,$etc.$S+ll$not$accurate$

in$the$intermediate$regime.$$
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Quick$ques+ons:

Do$you$want$to$see$the$calcula+ons$for$the$spin$generated$by$TTT$(only$4$equa+ons!)?$

1) Yes!$

2) Not$interested,$I$know$it$already$

3) Too$difficult$so$no$

4) I$am$bored$so$no
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Tidal$torque$theory

Discs$are$dominated$by$their$spin$which$was$

acquired$at$their$forma+on$+me$by$+dal$torquing$

Quadra+c$model$(in$the$+dal$field)$

Tidal$torque$theory$states$that$at$linear$order,$the$spin$is$

acquired$gradually$un+l$the$+me$of$maximal$extension$(before$

collapse)$and$is$propor+onal$to$the$misalignment$between$the$

iner+a$tensor$of$the$protogalaxy$and$the$surrounding$+dal$

tensor$(see$[Schaefer,$2009]$for$a$review)$:$

From$spins,$Lee$and$Pen$2001$computed$the$corresponding$

shape$correla+on$func+ons$assuming$that$shapes$are$induced$

by$the$projec+on$of$a$circular$disk$perpendicular$to$the$spin.$

Missing$ingredients:$biased$clustering$(galaxies$do$not$form$

anywhere$but$in$filaments$and$nodes$inducing$constraints$on$

the$+dal$field),$nonOlinear$evolu+on,$baryons.$

Tidal$torque$theory$:$

The$spin$of$a$protogalaxy$contained$in$a$volume$V$and$with$

center$of$gravity$located$at$posi+on$r$can$be$wri1en$$

where$the$implicitly$+meOdependent$velocity$field$is$denoted$

v(r)$and$the$mass$density$ρ(r).$Once$expressed$in$Lagrangian$

coordinates:$

In$the$Zel’dovich$approxima+on$where$x$=$q$−$D
+
∇Ψ(q)$and$x’=$

−D
+
’(t)∇Ψ,$Ψ$being$the$displacement$field$(such$that$∆Ψ$=$δ),$

and$assuming$that$the$gradient$of$the$displacement$field$is$

almost$constant$across$the$protoOobject$of$Lagrangian$volume$

V
L
,$a$secondOorder$Taylor$expansion$of$L$gives$

where$T$is$the$+dal$shear$tensor$T
ij$
=$∂

i
∂
j
Ψ

ij$
at$the$center$of$

gravity.$Let$us$define$the$iner+a$tensor$I$$

so$that$$

Li = a2(t)Ḋ+(t)
X

j,k,l

✏ijkIjlTlk

iner5a$tensor

5dal$tensor
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Intrinsic$alignments$:$perturba+ve$models

Ellip+cals$are$stretched$by$the$+dal$field$

and/or$subject$to$anisotropic$accre+on$

Discs$are$dominated$by$their$spin$which$was$

acquired$at$their$forma+on$+me$by$+dal$torquing$

Quadra+c$model$(in$the$+dal$field)$

Tidal$torque$theory$states$that$at$linear$order,$the$spin$is$

acquired$gradually$un+l$the$+me$of$maximal$extension$(before$

collapse)$and$is$propor+onal$to$the$misalignment$between$the$

iner+a$tensor$of$the$protogalaxy$and$the$surrounding$+dal$

tensor$(see$[Schaefer,$2009]$for$a$review)$:$

From$spins,$Lee$and$Pen$2001$computed$the$corresponding$

shape$correla+on$func+ons$assuming$that$shapes$are$induced$

by$the$projec+on$of$a$circular$disk$perpendicular$to$the$spin.$

Missing$ingredients:$biased$clustering$(galaxies$do$not$form$

anywhere$but$in$filaments$and$nodes$inducing$constraints$on$

the$+dal$field),$nonOlinear$evolu+on,$baryons.$

Linear$model$(in$the$+dal$field)$

In$the$linear$model$([Catelan$et$al.,$2001,$Hirata$and$Seljak,$

2004]),$the$intrinsic$ellip+city$of$a$(typically$ellip+cal)$galaxy$is$

propor+onal$to$the$+dal$field,$i.e$second$deriva+ves$of$the$

gravita+onal$poten+al$smoothed$on$some$scale$Ψ,$with$a$

coefficient$C1$that$measures$the$strength$of$the$alignment$

occurring$at$redshi|$zIA$$

as$it$is$assumed$that$stars$and$dark$ma1er$are$in$dynamical$

equilibrium$and$therefore$the$stellar$distribu+on$follows$the$

distor+on$of$the$galaxy$halo$spheroid$which$is$+dally$distorted.$

Improvements:$try$to$go$beyond$linear$dynamics$with$the$NLA$
model$([Bridle$and$King,$2007])$by$accoun+ng$for$the$nonOlinear$
ma1er$power$spectrum,$build$halo$model,$etc.$S+ll$not$accurate$

in$the$intermediate$regime.$$
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Intrinsic$alignments$:$perturba+ve$models

Ellip+cals$are$stretched$by$the$+dal$field$

and/or$subject$to$anisotropic$accre+on$

Discs$are$dominated$by$their$spin$which$was$

acquired$at$their$forma+on$+me$by$+dal$torquing$

Quadra+c$model$(in$the$+dal$field)$

Tidal$torque$theory$states$that$at$linear$order,$the$spin$is$

acquired$gradually$un+l$the$+me$of$maximal$extension$(before$

collapse)$and$is$propor+onal$to$the$misalignment$between$the$

iner+a$tensor$of$the$protogalaxy$and$the$surrounding$+dal$

tensor$(see$[Schaefer,$2009]$for$a$review)$:$

From$spins,$Lee$and$Pen$2001$computed$the$corresponding$

shape$correla+on$func+ons$assuming$that$shapes$are$induced$

by$the$projec+on$of$a$circular$disk$perpendicular$to$the$spin.$

Missing$ingredients:$biased$clustering$(galaxies$do$not$form$

anywhere$but$in$filaments$and$nodes$inducing$constraints$on$

the$+dal$field),$nonOlinear$evolu+on,$baryons.$

Linear$model$(in$the$+dal$field)$

In$the$linear$model$([Catelan$et$al.,$2001,$Hirata$and$Seljak,$

2004]),$the$intrinsic$ellip+city$of$a$(typically$ellip+cal)$galaxy$is$

propor+onal$to$the$+dal$field,$i.e$second$deriva+ves$of$the$

gravita+onal$poten+al$smoothed$on$some$scale$Ψ,$with$a$

coefficient$C1$that$measures$the$strength$of$the$alignment$

occurring$at$redshi|$zIA$$

as$it$is$assumed$that$stars$and$dark$ma1er$are$in$dynamical$

equilibrium$and$therefore$the$stellar$distribu+on$follows$the$

distor+on$of$the$galaxy$halo$spheroid$which$is$+dally$distorted.$

Improvements:$try$to$go$beyond$linear$dynamics$with$the$NLA$
model$([Bridle$and$King,$2007])$by$accoun+ng$for$the$nonOlinear$
ma1er$power$spectrum,$build$halo$model,$etc.$S+ll$not$accurate$

in$the$intermediate$regime.$$
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X

j,k,l

✏ijkIjlTlk

iner5a$tensor

5dal$tensor

Alignment$of$red$galaxies$in$SDSS:$

No$detec+on$of$IA$for$blue$galaxy$
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Intrinsic$alignments$from$simula+ons

Recently,$several$cosmological$«$full$physics$»$hydro$simula+ons$have$been$run:

code paper size resolution

Cosmo-OWLS/ 
Eagle

GADGET-3 
(Nbody) Shaye++15 100 Mpc/h 1504^3

Horizon-AGN RAMSES (AMR) Dubois++14 100Mpc/h 1024^3

Illustris AREPO (moving 
mesh) Vogelsberger++14 75 Mpc/h 1820^3

MassiveBlack II P-GADGET 
(Nbody) Khandai++15 100 Mpc/h 1792^3

all with different 
subgrid physics: 

cooling 
star formation 
SN feedback 

AGN feedback 
…
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Dubois+14(
Intrinsic$alignments$from$simula+ons

Recently,$several$cosmological$«$full$physics$»$hydro$simula+ons$have$been$run:

code paper size resolution

Cosmo-OWLS/ 
Eagle

GADGET-3 
(Nbody) Shaye++15 100 Mpc/h 1504^3

Horizon-AGN RAMSES (AMR) Dubois++14 100Mpc/h 1024^3

Illustris AREPO (moving 
mesh) Vogelsberger++14 75 Mpc/h 1820^3

MassiveBlack II P-GADGET 
(Nbody) Khandai++15 100 Mpc/h 1792^3

all with different 
subgrid physics: 

cooling 
star formation 
SN feedback 

AGN feedback 
…

credit:$J.$Devriendt



*subgrid$physical$recipes$including$AGN$feedback$

*resolu+on$:$1024
3
,$8.10

7
$Ms,$$$$$$$=1$kpc$and$

7.10
9
$gas$resolu+on$elements$$

4112.5 Mpc/h comoving

*AMR$code$RAMSES$

*volume:$(100$Mpc/h)
3
$

*165$000$galaxies$at$z=1.2$

�x

Dubois+14(

�θ

HorizonOAGN,$a$fullOphysics$hydro$simula+on:

r

Intrinsic$alignments$from$simula+ons



*subgrid$physical$recipes$including$AGN$feedback$

*resolu+on$:$1024
3
,$8.10

7
$Ms,$$$$$$$=1$kpc$and$

7.10
9
$gas$resolu+on$elements$$

4212.5 Mpc/h comoving

*AMR$code$RAMSES$

*volume:$(100$Mpc/h)
3
$

*165$000$galaxies$at$z=1.2$

�x

Dubois+14(

�θr

Intrinsic$alignments$from$simula+ons

A. Autocorrelation of galaxy spins and shapes:    
II contamination

B. Orientation-Separation correlation:  GI 
contamination

HorizonOAGN,$a$fullOphysics$hydro$simula+on:



where$the$axis$ra+o$qp$=$b/a$of$a$thin$disk$reads

qp =
|Lz|
||L|| + qd

r
1� L2

z
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Projected$ellip+ci+es$correla+ons$from$spins$

✏j

✏i

✓

*$We$infer$projected$ellip+ci+es$ε:

and$the$orienta+on$of$the$ellipse$is$

a

b

� !

⌦
✏s
i ✏

s
j

↵
⇠II
+ =

Codis+15a

disk$

thickness$

z=lineOofOsight$

*$3D$spins$L=(Lx,Ly,Lz)$$are$measured.

*$We$compute$the$ellip+city$correla+on

Li Lj

r

.
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*$blue/midOmass$galaxies$are$correlated$on$scales$about$10’$

*$no$correla+on$for$red$galaxies$

Possible$significant$contamina+on$of$cosmic$shear$measurements.$
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Projected$ellip+ci+es$correla+ons$(II$term)$
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Limita+ons

*$blue/midOmass$galaxies$are$correlated$on$scales$about$10’$

*$no$correla+on$for$red$galaxies$

In$the$observa+ons:$$

*$no$significant$alignment$of$blue$galaxies$(Mandelbaum+11),$$

*$but$detec+on$of$alignments$of$red$galaxies$(Okumura&Jing09).$

Contradic+on?

✏j

✏i
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Limita+ons

*$blue/midOmass$galaxies$are$correlated$on$scales$about$10’$

*$no$correla+on$for$red$galaxies$

In$the$observa+ons:$$

*$no$significant$alignment$of$blue$galaxies$(Mandelbaum+11),$$

*$but$detec+on$of$alignments$of$red$galaxies$(Okumura&Jing09).$

Contradic+on?

✏j

✏i

✓

Not$necessarily$because:$

★$our$measurements$are$done$at$higher$redshi|$(z=1.2)$

★$spin$is$a$bad$proxy$for$ellip+cal$(...red)$galaxies$

★$observa+ons$o|en$rely$on$the$separa+onOorienta+on$correla+on$func+on$...$$

Codis+15a

⌦
✏s
i ✏

s
j

↵
⇠II
+ =



*subgrid$physical$recipes$including$AGN$feedback$

*resolu+on$:$1024
3
,$8.10

7
$Ms,$$$$$$$=1$kpc$and$

7.10
9
$gas$resolu+on$elements$$

4612.5 Mpc/h comoving

*AMR$code$RAMSES$

*volume:$(100$Mpc/h)
3
$

*165$000$galaxies$at$z=1.2$

�x

Dubois+14(

�θ

HorizonOAGN,$a$fullOphysics$hydro$simula+on

r

A. Autocorrelation of galaxy spins and shapes:    
II contamination

B. Orientation-Separation correlation:  GI 
contamination

�θ
r



No$grid$locking!

Separa+onOOrienta+on$correla+ons

=

⌦
cos

2 ✓
↵
� 1/3

47

Standard$observable$in$the$field$of$intrinsic$alignments,$defined$as$

⌘e(r) = h|r̂ · ê(x + r)|2i � 1/3

unit$separa+on$$

vector$

orienta+on$of$

iner+a$minor$axis$$ r

e

�

θ

It$measures$the$correlations$between$the$ellipticity$of$a$galaxy$and$the$surrounding$galaxy$

distribution.$

>0$:$galaxies$are$elongated$tangentially$wrt$the$other$galaxies$

<0$:$galaxies$are$elongated$radially$towards$other$galaxies$

It$does$not$suffer$from$grid$locking...$

r

r

Chisari+15



No$grid$locking!

Separa+onOOrienta+on$correla+ons

=

⌦
cos

2 ✓
↵
� 1/3

47

Standard$observable$in$the$field$of$intrinsic$alignments,$defined$as$

⌘e(r) = h|r̂ · ê(x + r)|2i � 1/3

unit$separa+on$$

vector$

orienta+on$of$

iner+a$minor$axis$$ r

e

�

θ

It$measures$the$correlations$between$the$ellipticity$of$a$galaxy$and$the$surrounding$galaxy$

distribution.$

>0$:$galaxies$are$elongated$tangentially$wrt$the$other$galaxies$

<0$:$galaxies$are$elongated$radially$towards$other$galaxies$

It$does$not$suffer$from$grid$locking...$

r

r

Chisari+15

Ox-Oy Oy -Ox-Ox

Oz

-Oz

spin directions

separation vectors
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spirals$around$spirals

ellip+cals$around$ellip+cals

ellip5cals$are$elongated$radially$towards$all$galaxies spirals$are$elongated$tangen5ally$wrt$ellip5cals

Separa+onOOrienta+on$correla+ons

=

⌦
cos

2 ✓
↵
� 1/3

Standard$observable$in$the$field$of$intrinsic$alignments,$defined$as$

⌘e(r) = h|r̂ · ê(x + r)|2i � 1/3

unit$separa+on$$

vector$

orienta+on$of$

iner+a$minor$axis$$ r

e

�

θ

Chisari+15

elliptical shapes around discs
disc shapes around ellipticals
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spirals$around$spirals

ellip+cals$around$ellip+cals

ellip5cals$are$elongated$radially$towards$all$galaxies spirals$are$elongated$tangen5ally$wrt$ellip5cals

Separa+onOOrienta+on$correla+ons

=

⌦
cos

2 ✓
↵
� 1/3

Standard$observable$in$the$field$of$intrinsic$alignments,$defined$as$

⌘e(r) = h|r̂ · ê(x + r)|2i � 1/3

unit$separa+on$$

vector$

orienta+on$of$

iner+a$minor$axis$$ r

e

�

θ

Chisari+15

elliptical shapes around discs
disc shapes around ellipticals



Correlation$between$projected$ellipticity$and$density$tracers$via$a$LandyOSzalay$estimator:$$

Separa+onOOrienta+on$correla+ons$

in$projec+on

wg,+(rp) =
S+D � S+R

RR

49

random$data$ellip+city$

where$

r

e

S
+

D =
X

j at fixed rp

e
+,j

2(1 � he2i)

Ellip+cals$are$correlated$to$the$density$field$$
(less$significantly$for$spirals)

ellip5cals

spirals

Chisari+15

projected$

pair$

separa+on$

proxy$for$the$tidal$tensor$
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Redshi|$evolu+on?

=

⌦
cos

2 ✓
↵
� 1/3

Standard$observable$in$the$field$of$intrinsic$alignments,$defined$as$

⌘e(r) = h|r̂ · ê(x + r)|2i � 1/3

unit$separa+on$$

vector$

orienta+on$of$

iner+a$minor$axis$$ r

e

�

θ

Chisari+16

spirals

ellip+cals$

Elliptical$radial$alignment$increases$at$lowOredshift$

Spiral$tangential$alignment$increases$at$high$redshift$
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Redshi|$evolu+on?$

In$projec+on….

Chisari+16

Correlation$between$projected$ellipticity$and$density$tracers$via$a$LandyOSzalay$estimator:$$

wg,+(rp) =
S+D � S+R

RR

random$data$ellip+city$

where$

r

e

S
+

D =
X

j at fixed rp

e
+,j

2(1 � he2i)

projected$

pair$

separa+on$

proxy$for$the$tidal$tensor$

ellip+cals$

Elliptical$radial$alignment$increases$at$lowOredshift$ Shape$measurements$method$matters…$



Comparison$with$other$simula+ons$

and$observa+ons….

Chisari+16

Consistent$with$current$observations$BUT:$

OIllustris$and$Massive$Black$II$do$not$predict$the$tangential$alignment$of$discOlike$galaxies$and$the$
increased$radial$alignment$at$lowOredshift$(Tenneti+15).$The$amplitude$of$IA$in$MassiveOBlack$II$is$

about$a$factor$of$2$larger$than$HorizonOAGN,$Illustris$and$observations.$

OTheoretical$models$of$IA$(including$NLA$+$halo$model)$do$not$completely$reproduce$the$

measurements$in$HorizonOAGN$in$particular$on$small$scales$(<1Mpc/h)$and$for$the$transition$from$

radial$(high$luminosity)$to$tangential$(low$luminosity)$alignments.$

Open$questions:$

impact$of$baryonic$physics$?$numerical$schemes$?$observational$systematics$like$dust$attenuation,$

shape$measurements,$galaxy$selections?$$

Those$questions$are$essential$as$IA$can$have$a$drastic$impact$on$cosmological$contraints$from$weak$

lensing…$



Comparison$with$other$simula+ons$

and$observa+ons….

Chisari+16

Consistent$with$current$observations$BUT:$

OIllustris$and$Massive$Black$II$do$not$predict$the$tangential$alignment$of$discOlike$galaxies$and$the$
increased$radial$alignment$at$lowOredshift$(Tenneti+15).$The$amplitude$of$IA$in$MassiveOBlack$II$is$

about$a$factor$of$2$larger$than$HorizonOAGN,$Illustris$and$observations.$

OTheoretical$models$of$IA$(including$NLA$+$halo$model)$do$not$completely$reproduce$the$

measurements$in$HorizonOAGN$in$particular$on$small$scales$(<1Mpc/h)$and$for$the$transition$from$

radial$(high$luminosity)$to$tangential$(low$luminosity)$alignments.$

Open$questions:$

impact$of$baryonic$physics$?$numerical$schemes$?$observational$systematics$like$dust$attenuation,$

shape$measurements,$galaxy$selections?$$

Those$questions$are$essential$as$IA$can$have$a$drastic$impact$on$cosmological$contraints$from$weak$

lensing…$

Impact$of$IA$modelisa5on$for$Euclid$(Krause$2015):

no$IA
IA$not$accounted$for
IA$but$red$galaxies$removed$(20%)

?
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Current$status

★ Galaxy$morphology$is$correlated$with$the$LSS$and$induces$IA$

★ Parametrizing$IA$is$a$difficult$issue,$not$yet$sa+sfactory$enough.$One$idea$could$be$to$

incorporate$biased$clustering$in$the$picture.

and$perspec+ves

★ Induced IA contamination can be investigated with hydro simulations which account 
for non-linear gas dynamics, baryonic physics, selection effects, ... 

★ In order to improve our knowledge about IAs, further works are necessary: match$

shape$measurement$and$galaxy$selection$done$in$observations,$study$the$impact$of$

numerical$codes,$subOgrid$physics,$...  
★ Find the optimal strategy for Euclid (select a sample less prone to IA, design a 

parametrized model in agreement with galaxy formation simulations?)  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Addi+onal$materials:$$

more$on$anisotropic$spin$acquisi+on

31

Can$we$understand,$from$a$Lagrangian$point$of$view,$
where$spin$alignments$come$from?
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Addi+onal$materials:$$

more$on$anisotropic$spin$acquisi+on

31

Can$we$understand,$from$a$Lagrangian$point$of$view,$
where$spin$alignments$come$from?

Do$you$know$about$peak$theory/BBKS?$

1) Not$at$all$

2) I’ve$already$heard$about$it$but$would$like$to$hear$more$

3) I$know$everything$about$peaks/I$am$an$aficionado$of$BBKS$
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Biased$clustering$

The$peak$(or$filament)$background$split

Kaiser84(
Cole&Kaiser89(
Sheth+01(...(

Filaments$is$the$interference$pa1ern$on$which$

protoOgalaxies$form.

The$most$massive$halos$tend$to$form$in$the$densest$$

environments$(dense$filaments$and$nodes).

threshold$

for$collapse

longOwave$

mode:$

«filament»

shortOwave$

mode

density$

boost

peak

peakpeak

saddle

saddle

saddle

voidvoid
Filaments are the field lines  

joining the maxima through saddle points.

We$will$therefore$focus$on$the$vicinity$of$saddle$

points.

Pogosyan+09(

void
31

filament voidvoid



Lk / ✏ijkIliTlj
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Standard$theory$of$+dal$torquing

tidal tensor Tij!

inertia tensor of halo Iij!
� Zel’dovich$boost

Hoyle49,(Doroshkevich70,(
White(84,(Heavens+88,((

Catelan+96,(CriQenden+01,(
Schafer09,...((

The$force$field$acts$as$a$torque$and$generates$spin$propor+onally$to$the$misalignment$

between$I$and$T:$
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Can$we$understand$where$spin$

$alignments$come$from?

★$anisotropy$of$the$cosmic$web$

=$

TTT$constrained$to$$

the$vicinity$of$a$saddle$point$

★$usual$+dal$torque$theory$(TTT) Lk = "ijk Ili Tlj

⇡ "ijk Hli Tlj+
node

saddle
saddle

Basic$idea:$I$is$sensi5ve$to$smaller$scales$than$T.$
In$the$plane$of$the$saddle$:$the$protoOhalo$mainly$feels$the$gravita+onal$influence$of$the$nearby$

wall$and$therefore$acquire$spin$aligned$with$the$filament.$

Closer$from$the$nodes$:$$it$mainly$feels$the$filaments$and$therefore$acquires$spin$perpendicular$

to$the$filament.$

Key$ingredient:$the$saddle$point$is$anisotropic$(=flaeened)!$



@aali�
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Spin$acquisi+on$near$saddle$points$:$analy+cs

filament

Lk = "ijk Ili Tlj

⇡ "ijk Hli Tlj

density$Hessian

Tidal$tensor

<L|saddle>?

saddle
<L>=0$(no$preferred$direc+on)

@lj�

Spin$generated$by$linear$TTT:

Density$map$near$a$fla1ened$

saddle$point



@aali�
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Lk = "ijk Ili Tlj

⇡ "ijk Hli Tlj

density$Hessian

Tidal$tensor

<L>=0$(no$preferred$direc+on)

@lj�

Spin$generated$by$linear$TTT:

2D$Spin$acquisi+on$near$peaks

2D peak

<L|peak>2D?

Density$map$near$a$fla1ened$

saddle$point

filament



P (x, xi, xij)

(⌫)npeak =
Z

d3
~r

V

npeak(~r) = hnpeaki =
Z

dxd3
xi d6

xijP (x, xi, xij)| detxij |�D(xi)

It$requires$the$knowledge$of$the$joint$PDF$:

Why?

of$the$field$$$$$and$its$first$$$$$$$and$second$$$$$$$$$deriva+ves.x

xi xij

from seminal ideas in BBKS 86

which$can$be$inverted$:$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(~r � ~rpeak k) = H�1(~rpeak k) ·r(~r)
npeak =

X

k

�D(~r � ~rpeak k) = detH �D(r)So$that$

xi(~r) = 0 +
X

j

xij(~rpeak k)⇥ (~r � ~rpeak k)j

Hr

A$Taylor$expansion$of$$$$$$$$around$a$peak$k$reads:xi

npeak(~r) =
X

k

�D(~r � ~rpeak k)

Let$us$come$back$to$peak$theory$(Bardeen(et(al(86).$$
The$number$density$of$peaks$is:

peaks$=$point$process

ergodicity!$

spa+al$average=ensemble$average

⇥⇥(��i)

eigenvalues$of$ H density$threshold

⇥⇥(x� ⌫)

The$peak$(or$saddle)$condi+on

61

Therefore,$we$get

| |



hnpeaki (⌫) =
Z

dxd3
xi d6

xijP (x, xi, xij)| detxij |�D(xi)⇥(x � ⌫)⇥(��i)

So$that$in$the$end:

62

The$peak$(or$saddle)$condi+on
1
O
p
o
in
t

from seminal ideas in BBKS 86

peaks$=$point$process
P (x, xi, xij)

It$requires$the$knowledge$of$the$joint$PDF$:

Why?

of$the$field$$$$$and$its$first$$$$$$$and$second$$$$$$$$$deriva+ves.x

xi xij

npeak(~r) =
X

k

�D(~r � ~rpeak k)

Let$us$come$back$to$peak$theory$(Bardeen(et(al(86).$$
The$number$density$of$peaks$is:



where$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$and$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$in$two$loca+ons$separated$by$$$$$.$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$~r

hnpeaki (⌫) =
Z

dxd3
xi d6

xijP (x, xi, xij)| detxij |�D(xi)⇥(x � ⌫)⇥(��i)

⇥| detxij |�D(xi)�D(x� ⌫)�D(�1(X)� �1)�D(�2(X)� �2)

So$that$in$the$end:

62

The$peak$(or$saddle)$condi+on

Similarly,$in$2D,$the$mean$spin$given$a$peak$with$known$density$height$

and$curvatures$reads

X = {x, xi, xij} Y = {y, yi, yij , . . . }

1
O
p
o
in
t

2
O
p
o
in
t

peak
⌫, �1, �2

Lz

~r

from seminal ideas in BBKS 86

Lz(Y )

peaks$=$point$process

hLz|pki (~r) /
Z

dX dY P (X, Y )

P (x, xi, xij)
It$requires$the$knowledge$of$the$joint$PDF$:

Why?

of$the$field$$$$$and$its$first$$$$$$$and$second$$$$$$$$$deriva+ves.x

xi xij

npeak(~r) =
X

k

�D(~r � ~rpeak k)

Let$us$come$back$to$peak$theory$(Bardeen(et(al(86).$$
The$number$density$of$peaks$is:



P (X) =

1p
det |2⇡C|

exp

✓
�1

2

Xt · C�1 · X

◆

� =
⌦
r2

x

↵
p
hx2i h�2

xi

Joint$sta+s+cs$of$a$field$and$its$deriva+ves

Let$us$think$about$the$joint$PDF$

of$the$field$$$$$and$its$first$$$$$$$and$second$$$$$$$$deriva+ves.x

xi xij

If$the$sta+s+cs$is$Gaussian$(e.g$in$the$ini+al$condi+ons)$then

where$C$is$the$covariance$matrix$of$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$.
X = {x, xi, xij , . . . }

{x, x1, x2, x11, x22, x12}

where$the$spectral$parameter$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$is$built$upon$the$power$spectrum.$

P (x, xi, xij)

C ⌘ hX · Xti =

0

BBBBBB@

1 0 0 ��/2 ��/2 0
0 1/2 0 0 0 0
0 0 1/2 0 0 0

��/2 0 0 3/8 1/8 0
��/2 0 0 1/8 3/8 0

0 0 0 0 0 1/8

1

CCCCCCA

For$instance,$in$2D,$the$covariance$matrix$of$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$is$given$by
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and$all$ξOfunc+ons$are$known$correla+on$func+ons$that$only$depends$on$the$distance$$$$$$$$.$

For$instance,$

k~rk
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⇠��
�x

⇠⇥⇥
xx

� ⇠⇥⇥
�x

⇠��
xx

⌘
+

�1 + �2

1� �2

h
(⇠�+

�x

+ �⇠�+
��

)⇠⇥⇥
xx

� (⇠�+
xx

+ �⇠�+
�x

)⇠⇥⇥
�x

i
L(1)

z

(r) =
⌫

1� �2

h
(⇠�+

��

+ �⇠�+
�x

)⇠⇥⇥
xx

� (⇠�+
�x

+ �⇠�+
xx

)⇠⇥⇥
�x

i

⇠

��
�x

(r)=
D
��(~r0)�x(~r + ~

r

0)
E

~

r

0

64

2D$spin$acquisi+on$near$peaks$:$analy+cal$result

In$2D,$the$mean$spin$given$a$peak$with$known$density$height$and$

curvatures$reads

peak
⌫, �1, �2

Lz

~r

hLz(r)|exti = �16(r̂T· ✏ · H · r̂)
h
L(1)

z + 2(r̂T· H · r̂)L(2)
z

i
hLz|pki (~r) /

Z
d6X dY P (X, Y )

detraced$

$Hessian

unit$

separa+on$

vector

LeviOCivita$

tensor

where

quadrupole$($$$$$$$$$$$$$$$$)$coefficient/ sin 2✓

octupole$($$$$$$$$$$$$$$$$)$coefficient/ sin 4✓

spin$1$quan+ty$

null$if$the$peak$is$isotropic



Lz / r2 sin 2✓ at small radius
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peak peak

density field spin field, Lz

Codis+15b(

the$quadrupole$dominates.

2D$spin$acquisi+on$near$peaks$

at$small$radius:
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Link$with$simula+ons:$$

from$Lagrangian$to$Eulerian$space

Zel’dovich$mapping$of$the$

density$field

Zel’dovich$mapping$of$the$

spin$field

 0  5  10  15
 0

 5

 10

 15

vorticity along the filament

Mpc/h

M
pc

/hto$be$compared$with$simula+ons...$

Laigle+15

Codis+15b(



L(r|saddle) = �15(L(1) + L(2)) · (r̂T· ✏ · H · r̂)
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3D$spin$acquisi+on$near$a$saddle$point:$analy+cs
Codis+15b(

detraced$

$Hessian

unit$

separa+on$

vector

LeviOCivita$

tensor

In$3D,$the$mean$spin$given$a$saddle$point$with$known$density$height$and$curvatures$reads

where

and$all$ξOfunc+ons$are$known$correla+on$func+ons$that$only$depends$on$the$distance$$$$$$$$.k~rk

spin$1$quan+ty$

along$eφ$if$the$saddle$is$

isotropic



pointOreflexion$symmetry:$$

~r ! �~r
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3D$spin$acquisi+on$near$a$saddle$point
fla1ened$

filament

spin$

vectors

Zeldovich$flow$

spin$//$filament$

perp.

perp.

,$similar$to$the$«quadrants$of$vor+city»$saddle

Codis+15b(
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fla1ened$

filament

spin$

vectors

Zeldovich$flow$

spin$//$filament$

perp.

perp.

saddle

Codis+15b(

How$to$predict$$
the$transi5on$mass?$

3D$spin$acquisi+on$near$a$saddle$point



70

fla1ened$

filament

saddle

Codis+15b(

High mass patch
L / e�

Low mass patch
L / ez

★predict$the$mean$saddle$geometry$

★compute$the$expected$spin$field$

given$such$a$saddle$geometry$

★compute$the$most$likely$mass$map$

as$predicted$by$Press$Schechter$+$

filament$background$split

3D$spin$acquisi+on$near$a$saddle$point
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The$transi+on$mass
Codis+15b(

★predict$the$mean$saddle$geometry$

★compute$the$expected$spin$field$

given$such$a$saddle$geometry$

★compute$the$most$likely$mass$map$

as$predicted$by$Press$Schechter$+$

filament$background$split

mass map in units of 1012 Msun

saddle
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We$find$a$transi+on$mass$of$$

5.10
12
$Msun,$in$agreement$

with$simula+ons$

mass map in units of 1012 Msun

Codis+15b(

spin alignment (cos θ) map

The$transi+on$mass

saddle saddle
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The$transi+on$mass$is$about$$4.10
12
$Msun,$in$agreement$with$simula+ons!$

Codis+15b(

2 4 6 8 10 1012Msun

0.2

0.4

0.6

0.8

1.0
<cos q >

Mtr ⇡ 4 · 1012Msun

★predict$the$mean$saddle$geometry$

★compute$the$expected$spin$field$

given$such$a$saddle$geometry$

★compute$the$most$likely$mass$map$

as$predicted$by$Press$Schechter$+$

filament$background$split

The$transi+on$mass
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We$know$that$we$can$predict$the$orienta+on$of$spins$w.r.t$the$cosmic$web.$

Let’s$do$the$same$for$IA!$

It$could$either$improve$the$theore+cal$modelling$and/or$suggest$a$way$to$

mi+gate$the$effect$of$IA.$

Toward$an$anisotropic$alignment$models$for$IA?
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Last$comment:

Le$bruit$des$uns$est$le$signal$des$autres.$

As$an$example,$measuring$intrinsic$alignments$also$provides$informa+on$on$galaxy$

forma+on$and$poten+ally$cosmology$(Chisari&Dvorkin2013).

Chisari++16


