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New Inference

from Galaxy Clustering



Inference in Cosmology

® Given a cosmological model with
parameters 6, we can hope to predict

|. Statistics of initial conditions Prior Pprior (finﬁ)

2. How a given 6;,(x) evolves into the final

density ﬁeld deterministic evolution
gfwd [(iny (9]



Field-level inference (FLI)

® | et’s put galaxies on a grid: d,(x) = ny(xz)/(ng) — 1

No effective loss of information
provided kny >= kmax of our analysis.

® The full joint posterior of initial conditions and
cosmological parameters given the data is then
given by

P(0, 8inld5) o P (84| Orwaldin, 0] ) Porior (3in, 0)

conditional probability of galaxy density given forward-modeled
density field - contains all physics of galaxy formation



Field-level inference (FLI)

® | et’s put galaxies on a grid: d,(x) = ny(xz)/(ng) — 1

No effective loss of information
provided kny >= kmax of our analysis.

® The posterior of cosmological parameters is
obtained by marginalizing over Oin:

P(0) / DS, P (59

5fwd [5in7 9]) Pprior (5in7 6))

Extremely high dimensional integral



Field-level inference

® So let’s try to tackle this challenge: Infer cosmology
without data compression

P(0) / Doy, P (59

5fwd [5in7 9]) Pprior (5in7 6))

® |n other words, we want to solve the extremely
high dimensional integral via Monte Carlo sampling



Field-level inference
P(6) / DéinP(ég

5fwd [5in7 9]) Pprior (5in7 ‘9)

® Scheme:
® Discretize field on grid/lattice
® Draw initial conditions from prior
® Forward-evolve using gravity

® Evaluate likelihood on data and repeat



Field-level inference

5fwd [5in7 9]) Pprior (5in7 ‘9)

P(6) / Do P (59

® Scheme:
® Discretize field on grid/lattice
® Draw initial conditions from prior
® Forward-evolve using gravity
® Evaluate likelihood on data and repeat

® Results in samples from the joint posterior of initial conditions and

cosmological parameters
Pioneered by Jasche, Kitaura, Ensslin;
Mo et al



Field-level inference

P(0) x / D6, P (59 |5fwd i 9]) Prior (8in, 0)

® Scheme:
® Discretize field on grid/lattice (Nyquist frequency = cutoff A)
® Draw initial conditions from prior
® Forward-evolve using gravity
® Evaluate likelihood on data and repeat

® Challenge: even with fairly coarse resolution, have to sample
million(s) of parameters

® Key: Hamiltonian Monte Carlo



Visualization: results from field-
level inference on mock data

EFT
(__
] likelihood

forward
model

proposed primordial density inferred density

https://www.mpa-garching.mpg.de/ 109599 1/h1202405



Field-level requires a
galaxy likelihood

® VWe need an expression for the field-level galaxy
likelihood:

® conditional probability of galaxy density given
matter density

P(6) x / Dé;, P (59

® Will see later that field-level inference puts very
stringent requirements on forward model! The
price of extracting full information.

5fwd [5in7 9]) Pprior (5in7 ‘9)



Field-level requires a
galaxy likelihood

® VWe need an expression for the field-level galaxy
likelihood:

® conditional probability of galaxy density given
matter density

P(6) x / Dé;, P (59

® Our approach: integrate out modes above a scale
A\ analytically (-> EFT), and sample modes below /\

eXPIICltIy Recall that we evolve density on a grid, hence A has to be finite.

5fwd [5in7 ‘9]) Pprior (5in7 ‘9)



EFT approach

® |dea: trust our theory for k < A,
where fractional density

perturbations are << | 10"
® Split initial perturbations into 10%
large scale (< A) and small scale _ [
(>=N): <
< 10—25_

0(x,T) = pl®T) Sa + 0.

10_3 3

1L

k [hMpc ']



EFT approach

® |dea: trust our theory for k < A,
where fractional density

perturbations are << | 10"
® Split initial perturbations into 107
large scale (< A) and small scale _ ;|
(>=N): £
< 10—2E

o(x,T) = pm (T, T)

10—35

10~

® Then, we integrate out
(marginalize over) perturbations
with k> A

k [hMpc ']



(A) Bias

® |ncorporate effect of large-scale
perturbations explicitly using

bias expansion, with free 10! g
coefficients bo o)
_ in 10
So(x) =Y bo(M)O[Y](x) 1"
O <1 102¢
® Fields O are constructed modes that are
from 5}{1 = | intle;gll‘aﬁelc! oult

vl L L PR T T N A
1072 101 10
k [hMpc ']



(B) Stochasticity

® |ncorporate effect of large-scale
perturbations explicitly using
bias expansion, with free 10
coefficients by |

1005—

® Fields O are constructed ¢ modes that are

fl‘ m 5 _43 . . inteigratged oult
O A 10 1072 1071 10°

k [hMpc ']

® Small-scale perturbations add
noise €



(B) Stochasticity

® ¢ arises from local (in real space)
superposition of many small-scale
perturbations

® Central limit theorem: £(k) is
approximately Gaussian distributed
(the lower k, the more Gaussian it

is)

® |ocal in real space: power spectrum is white

noise at low k, with corrections™® ~k2 * Also, density dependence:
coupling of € and d

Desjacques, Jeong, FS; Phys. Rept. (2018)



Cosmology results |: Inferring
Os from rest-frame tracers



Cosmology results |: Inferring
Os from rest-frame tracers

® Can we recover unbiased 4 (Og) from a tracer

(halo, HOD, ...) catalog, treating bias
parameters as unknown !

® Perfect degeneracy between b| and Og at linear
order; nonlinear information essential



|dealized test: Inferring Og
from rest-frame tracers

Minh Nguyen

® Results on field-level 03 inference from
dark matter halos in real space

® Marginalizing over bias and
stochastic terms

® |dea: compare field-level result with
power spectrum + bispectrum using
the same forward model and modes of

the data

® Via simulation-based inference (SBI)
using the same forward model as in

the field-level analysis

Nguyen, FS, Tucci, Reinecke, Kostic PRL 2024, arXiv:2403.03220



|dealized test: Inferring Og
from rest-frame tracers

posterior sampling

* - Nsample

0 — fLEFW —> O, > |[FBI[ = 2(6]52™)
Eq. (2)

Eq. (2) 5 Eq. (6) Eq. (8)
— —_ —>> P+ B—>
¢ LEFTfield ¢ N } SBI| = (0| P[55*], B[5J™])
>

posterior estimation

® |dea: compare field-level result with
power spectrum + bispectrum using
the same forward model and modes

of the data

® Via simulation-based inference (SBI)
using the same forward model as in
the field-level analysis
Nguyen, FS, Tucci, Reinecke, Kostic PRL 2024, arXiv:2403.03220



ldealized test: Inferring Og

® First results on field-level Os 0.10 2Mpc ™! o\ = 35
inference from dark matter halos :
o oy
in real space =
P ~ [P+ Blsgr
. o . — F'BI
® Marginalizing over bias and _ k
‘_—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—‘|—ﬁ-::}::::7':
stochastic terms 0.12 hMpc ! r}. LIS
® Field-level inference vs power Q:S _
spectrum + bispectrum using the & =5
same forward model and modes 2= 0.5 JU\
of the data "0.25 0.50 0.75 1.00 1.25 1.50
« 208/08,ground—truth
FBI = FL|

Nguyen, FS, Tucci, Reinecke, Kostic PRL 2024, arXiv:2403.03220



ldealized test: Inferring Os
from rest-frame tracers

® First results on field-level O3
inference from dark matter halos
in real space

P/ Prax

® Marginalizing over bias and
stochastic terms

® Field-level inference vs power
spectrum + bispectrum using the
same forward model and modes

P/ Prax

of the data 0.25 0.50 0.75 1.00 1.25 1.50
o = 08/08,ground—truth
FBI = FLI

Nguyen, FS, Tucci, Reinecke, Kostic PRL 2024, arXiv:2403.03220



|dealized test: Inferring Og
from rest-frame tracers

® (Caveats:

P/ Prax

® third-order bias
(bispectrum constrains
only second order at LO)

P/ Prax

® no non-Gaussian noise
included in either analysis

0.25 0.50 0.75 1.00 1.25 1.50
« :0'8/0-8,ground—truth

FBI = FLI

Nguyen, FS, Tucci, Reinecke, Kostic PRL 2024, arXiv:2403.03220



Results from blind challenge

Minh Nguyen

A Parameter-Masked Mock Data Challenge for Beyond-Two-Point (Galaxy Clustering Statistics®

THE BEYoND-2PT COLLABORATION

ELisaABETH KRAUSE,! Yosuke KoBavasHr,>? ANDREs N. SaLcepo,’ MikHAIL M. Ivanov,®> Tom ABEL,* > °

Kazuyuk! AkiTsu,” RauL E. ANauLo,®? Giovannt CaBass,!® Soria CoNTARIN, M 12,13
CAROLINA CUESTA-LAzARO,' 1516 CuancHoon HauN,!” Nico Hamaus,*® '® DoncHul JEong,?? 21
CHIRAG Mob1,%22°23 NHAT-MINH NGUYEN,?#% 2% TakaHIRO NisHiMICHI,? 2% 27 ENRIQUE PalLLas,?8 29

MaRrcos PELLEJERO IBANEZ,?® OLiver H. E. PHiLcox,3' 32 ALicE Pisant, 33 223417 Fapian Scamipr,3®
SatosHl TANAKA,?® G1ovaNNI VERzA,3% 22 StHAN YUuaN,®® MATTEO ZENNARO,>”

EFT-based field-level inference on
blind C&t&'OgSI real-space snapshots (mean of 10 realizations), fixed wy,, wy, Ns, h

'BACC'O P, ]CImaX — '0.5 h/Mpc
—————————————————————C—

EFT P+B, k8 = {0.3,0.15} h/Mpc

max

Second-order bias | EFT FBI, ke = 0.1 h/Mpe

0.05

=
g E—
S

—0.10
Results for fixed noise amplitude. /\ oL / o

Thanks to Y. Kobayashi, A. Salcedo, E. Krause, . o
and M. lvanov, M. Pellejero ! LEF,J[[ EZJZ



Results from blind challenge

Minh Nguyen

A Parameter-Masked Mock Data Challenge for Beyond-Two-Point (Galaxy Clustering Statistics®

THE BEYoND-2PT COLLABORATION

ELisaABETH KRAUSE,! Yosuke KoBavasHr,>? ANDREs N. SaLcepo,’ MikHAIL M. Ivanov,®> Tom ABEL,* > °

Kazuyuk! AkiTsu,” RauL E. ANauLo,®? Giovannt CaBass,!® Soria CoNTARIN, M 12,13
CAROLINA CUESTA-LAzARO,' 1516 CuancHoon HauN,!” Nico Hamaus,*® '® DoncHul JEong,?? 21
CHIRAG Mob1,%22°23 NHAT-MINH NGUYEN,?#% 2% TakaHIRO NisHiMICHI,? 2% 27 ENRIQUE PalLLas,?8 29

MaRrcos PELLEJERO IBANEZ,?® OLiver H. E. PHiLcox,3' 32 ALicE Pisant, 33 223417 Fapian Scamipr,3®
SatosHl TANAKA,?® G1ovaNNI VERzA,3% 22 StHAN YUuaN,®® MATTEO ZENNARO,>”

Posterior for 10 independent mock
catalog realizations:

No sign of underestimated
posterior variance.

1

a = 08/08,gr0und—truth

Thanks to Y. Kobayashi, A. Salcedo, E. Krause, .
and M. lvanov, M. Pellejero ! LEF,J[[ EZJ!



Where does the field-level
information come from/!

P(§) x / D6, P (59 ‘5fwd i, e]) Porior (8in, 0)

® | et’s consider the zero-noise limit of the field-level
posterior, such that likelihood becomes Dirac delta

® We can then formally perform integration over initial

conditions Oi analytically to obtain marginalized
posterior:

P(6, 10 }10g) o< Perior (Qld 0g: 100} ‘9) T10g: 100 3] =~ Jacobian |D&fwd/Ddin|-|

L [ |85paldg: {bo}](R)|?
X exp {——/k Py (K0) } J0g,1b0}]

2

Cabass, Simonovic, Zaldarriaga (2023); FS (2025)



Where does the field-level
information come from!?

P(0. {b0}18,) o< Porior (55.184: {0}1|0) T 165 {P0}

o1 [ il LONR) 7 4y

® |nvolves inverse of forward model, evaluated on
the data

® In case of linear forward model, Osvg = b10in,
marginalized field-level posterior is function of the
power spectrum of the data - Pg(k) is sufficient
statistic

Cabass, Simonovic, Zaldarriaga (2023); FS (2025)



Where does the field-level
information come from/!

P9, {b0}34) o Porior (55,4105: {bo}|0) T 164 {bo)}]

X exp {——/ Ot 5{9);{2‘9} )’2} J0g,1b0 }|

® [f forward model is nonlinear, Osd! is a nonlinear functional of the
data Og: effectively, we add higher n-point functions to the posterior

® Each term in the forward model adds a new, specific statistic to the
posterior

® Complete forward model at 2nd order: power spectrum +
bispectrum

® Complete forward model at 3d order: power spectrum +
bispectrum + trispectrum

FS (2025), arXiv:2504.1535|



https://arxiv.org/abs/2504.15351

Where does the field-level
information come from/!

® Specifically, have shown this at the level of the
maximum-a-posteriori value of bias coefficents and

Os:
Z <b%[/AP> AO’O p— YO
0! (3)

where Aoo, Yo are functionals of the data:

® N-point functions of the data enter the MAP
expressions in quite nontrivial way beyond leading
order

FS (2025), arXiv:2504.1535|



https://arxiv.org/abs/2504.15351

Where does the field-level
information come from/!

® Ensemble-mean of MAP expression for third-
order bias

(09(=F)O[04, dg, 0] (K)),

> Pk [So(k,p.—p) + So(p, k, —k)] PL(k) P, " (p) (3.24)
<b >A / — % ’

E : O’ 0’0 O / 1

O’(3)

<O[597 597 59] (_k)O/[(Sg’ 59](k>

1
; Pr,(k1)PL(k2)

12 A 1

s 2 bobo, DL BaSEE

052)7Oé2) klak27k3

(B0 ka)OB, 8y, 810k 3 (k)06 3] k) )
where Aoo, Yo are functionals of the data:

X <(§1[5(1>,59,69](k3)6(1)(—k1)(52[5(1>,59](k1)5(1)(—k2)03[5(1),59](k2)5(1)(—k3)> :

A
Aoor — — zk: PLl(k) (165,04, 6,)(—k)O'[6,. 54, 6,](k)) (3.25)
9 A

1

+5 >
0§ 2~ Pr(ky)Pr(k2)
1,2

(B0 Fa)OI8, 8y, 4]0k 3V (k)15 3,8,z )

FS (2025), arXiv:2504.1535|



https://arxiv.org/abs/2504.15351

Where does the field-level
information come from?

P9, {b0}34) o Porior (55,4105: {bo}|0) T 164 {bo)}]

X exp {——/ Ot 5{9);{2‘9} )’2} J0g,1b0 }|

® Each term in the forward model adds a new, specific statistic
to the posterior

® |agrangian, LPT-based forward model as in LEFTfield: correctly
describes displacement terms at all orders, precisely those terms
responsible for the degeneracy breaking

® |mpact of missing operators in forward model is proportional
to scalar product of missing Onissing[0] With O[0] of interest

FS (2025), arXiv:2504.1535|



https://arxiv.org/abs/2504.15351

A toy scenario

Marginalized constraint on bs?2
A = kpax = 0.14h Mpc™!

o(bs2), all parameters free

® We can look at a much simpler
case: [

0g(x) = b5 (@) + bs2 [0V ()] + () B

(N

—_

(-
1

(N}
&)

® Compare FLI with P+B as a

function of the ground-truth value = /
of bs?

DO
-

A~

P+B/U(b52>FLI

:‘Ei 5
S (o
® As expected, for bg2ue=0, FLI T Y R VI
recovers same constraint as P+B bl
® For nonzero b62,true’ FLI yields more SBI and Fisher calculation
information effectively extracted using sample covariance

from higher n-point functions

Nikolac, FS, Tucci, in prep.



A toy scenario

Marginalized constraint on bs?2

® For nonzero bs%true, FLI yields A = Kax = 0.14h Mpc™?
more information effectively

. . 1.35 OC 2nd, LO

extracted from higher n-point —a— OC 2ud, ful

: 13014 OC 3rd. LO
functions ,

51 —*— OC 3rd, full

—_
(N
(]

® For this simple forward model,
can access the information via
compressed statistics:
correlations of local powers of

—_
DO
-

Y

—

-~

(—
1

Std. dOV()C,(b(;-z) / std dCVFLI(b(gz)

the data: 1.00- "
<[5g(m)]"[5g(m)m>c Y 0.2 0.4 0.6 0.8 1.0
bgl-;le
® |ndeed, higher-order statistics

FLI
Nikolac, FS, Tucci, in prep.



Cosmology results |l: Field-
level inference of BAO scale



Cosmology results |l: Field-
level inference of BAO scale

® Constraints on expansion history (dark

energy) from galaxy clustering are based on
the BAO standard ruler (cf. DESI results)

® These are commonly inferred by
performing reconstruction procedure on
galaxies, and then using the post-
reconstruction galaxy power spectrum



Cosmology results ll: Field-

level inference of BAQO scale

® Reconstruction idea: estimate
large-scale displacements from
galaxy density field, then move
galaxies back to inferred initial
positions

® Improves error bar on BAO scale
by up to 50%

® Can we also do this in a forward
approach by performing joint

field-level inference of initial
density field and BAO scale?

2.00

1.80

P(k)/b%PL,no—Wiggle(k>
o i~

SNG Halo z = 0.5, A = 0.2 hMpc™*

—— Reconstructed

| —— Pre-reconstructed
-------- FLI MAP initial conditions

0.03 0.05 0.07 0.10 0.15 0.20

Babic, FS, Tucci (2025), arXiv:2505.13588



https://arxiv.org/abs/2505.13588

Cosmology results ll: Field-

level inference of BAQO scale

® Field-level inference of BAO scale

using a trick: moving BAO feature
in linear (initial) density field:

TEa0 (klrs)
f(k','rg) _ BAO 7
T].%Ao(k’rs,ﬁd)

Taro(klrs) =1+ Asin(kr, + ¢) exp(—k/kp)

Compare with reconstruction
analysis applied to the same
scales of the data

Note: reconstruction uses fixed
linear bias, field-level inference
infers all bias coefficients jointly

with BAO scale

1.04

1.02 |

rs/rs,ﬁd
—_
o
S

0.98

SNG Halo, z = 0.5

[ Op-rec _ 1.2
OFLI

0.93 1.16

FLI, A = kpax
FLI, A = 3/2kmax
Reconstruction

0.14 0.15 0.16 0.17 0.18 0.19 0.2

1.04 |

1.02

_____ *.

0.98

7ns/rs,ﬁd
)—l
o
S

Kmax [hMpc™!]
Uchuu Halo, z = 1.03

Iprec _ 197 1.11 1.42
OFLI

® FLL A =k

Reconstruction

0.14 0.15 0.16 0.17 0.18 0.19 0.20

Kpax [hMpc_l]

Babic, FS, Tucci (2025), arXiv:2505.13588
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Cosmology results ll: Field-
level inference of BAO scale

SNG Halo, z = 0.5

. . Lo Oporee _ 5 0.93 1.16
® Field-level inference of BAO scale [ ol
using a trick: moving BAO feature  _'"| + +
in linear (initial) density field: DL et R N————
f(k r ) _ TéAO(k’rs) . + I
T T2, G (klrsga) 20-40% improvement in BAO
Tiao(klrs) =1+ Asin(krs + ¢) exp(—k/kp) scale precision over standard ...
analysis! | >
® Compare with reconstruction Uchun Halo, 7 — 1.03
analysis applied to the same LA povore _qq7 g 1
OFLI
scales of the data 102 |

7as/rs,ﬁd
)—l
o
S

_____ *.

0.98

® Note: reconstruction uses fixed
linear bias, field-level inference FLL A=
infers all bias coefficients jointly e

0.14 0.15 0.16 0.17 0.18 0.19 0.20 0.21

with BAO scale B [TMpe ]
Babic, FS, Tucci (2025), arXiv:2505.13588

® FLL A = kpax



https://arxiv.org/abs/2505.13588

Where does the field-level
BAO information come from!?

P9, {60 }185) < Porior (3ral04: {0}1|6) T8, (b0}
xesp |1 [ O . ol ﬂ 706, (b0}

® |n case of perfect forward model, Oswa! is a sample from prior (Gaussian
linear density field) - in fact, information obtained is precisely that contained
in linear density field: optimal inference

® Field-level inference “undoes’ nonlinear evolution as well as nonlinear
bias

® On the other hand, standard BAO reconstruction leaves substantial broad-
band contribution to OgPostrec; this explains information gain found at field
level

® Cannot easily be recuperated using higher-order n-pt functions

Babic, FS, Tucci (2025), arXiv:2505.13588
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Where does the field-level
BAO information come from!?

SNG Halo z = 0.5, A = 0.2 hMpc™*

2.00 -1
Reconstructed vd [597 {bO}] ‘9) j[597 {bO}]
180 Pre-reconstructed
N e FLI MAP initial conditions ‘ 5f_1d [597 { b O}] ( k) ‘2
%1.60 - = j[597 {bO}]
: ko Py, (k|6)
2 Oswa'! is a sample from prior (Gaussian
= 10 mation obtained is precisely that contained
R
rence
003 005 007 0.0 015 o0 honlinear evolution as well as nonlinear
~1
k[hMpC ] B . 82 1 A 1 aPL(]{?‘TSﬁd) 2
Frurs =7 <wlnpml[{b0}’rs‘59]> T2 Z [P (K[rs.fa)]? ( ors ﬁd’ )
® On the other hand, stan : k ’ ’
band contribution to Og - * 5 A ) 0P oo (klr)\
level e <8_7€ * Prec—p(ols g]> - Zk: Var[Py-rec (k[7s ia)] ( ar, )
, e 1 OPprec (k|7s) \ 2
e Cannot easily be recupe =3 2 Proklran P\ o, -

Babic, FS, Tucci (2025), arXiv:2505.13588



https://arxiv.org/abs/2505.13588

Summary (New Inference)

® Field-level inference (FLI) uses all information up to given

kmax

® guaranteed to be optimal (for correct model)

o ,_E,_-d-,-][w&[ is a consistent EFI-based field-level forward model,
ready for idealized data at this point

® >~ |00% gain in Og from rest-frame tracers (unbiased
inference highly nontrivial as well)

® Self-consistent BAO reconstruction with gain in BAO
scale precision ~20-40% over standard reconstruction

® Both of these probes could yield very interesting insights on
dark energy going forward!



Summary (New Inference)

® Analytical results in zero-noise limit yield useful insights
into where the information is coming from

® |f perturbation theory valid up to kmax considered, FLI
corresponds to combined inference from finite (but not
necessarily small) set of n-point functions

FS (2025), arXiv:2504.1535|



https://arxiv.org/abs/2504.15351

Summary (New Inference)

® FLI beyond perturbative regime: forward model needs to
correctly describe n-point functions of arbitrary order
— not easy when attempting to describe real galaxies.

® Typically, empirical models struggle to describe
bispectrum up to same k as power spectrum...

FS (2025), arXiv:2504.1535|
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New Physics

from Galaxy Clustering



New Physics

from Galaxy Clustering and other things

. Dark Energy can cross phantom divide
. Galaxy shapes can probe parity violation

. Fun with PBH: a UV-complete dark matter
scenario



FS (2017)

|. Dark Energy can
cross phantom divide

® |f observations are consistent with w=-1,
have we proven that DE=A? 5:/d4xr[ MER + p(6, X) + L ]

® Canonical scalar field: yes X = ——( 0u)”

_ L 0}/2-V(9)
p(o) =X +V(p) = V(0

® Not true in general: could have equation of

state that varies around w=-1
® Monodromic k-essence:  p(¢, X) =V(¢) [-X/M* + (X/M*)?]

)
‘7(¢) =C <%> _ 1 — Asin(vHp¢p + 9)] .



FS (2017)

|. Dark Energy can
cross phantom divide

® |f observations are consistent with w=-1,

[14 /—l_]‘n/:")n. /1 Xr\ P2 ]
1

NNC—A) -
have we proven that b 1

— 1.6

® Canonical scalar f| =4
=

1

2 1.0

p(¢) =X V(¢) o)

—0.4F
—0.6}
—0.8F

® Not true in general: -
state that varies arot

® Monodromic k-esse

0 4 2

scale factor a



Dark Energy can cross
phantom divide

Fine at the background level, but DE perturbations suffer
tachyonic instabilities if cs2 < 0

k-essence case naturally has ¢2 << [;in fact, ¢s2~ (1+w) in
| +w -> 0 limit, leading to tachyonic instabilities as |+w <0

These can be dealt with consistently if

® Higher-derivative contributions are present:

. k4 e.g., from _
5. 9 | 8., fro )
5¢ ™~ _CSk 6¢ | M2 6¢ T ALDE,h.deriv. = — MT O¢ + 3H(¢)]’

® c¢2stays infinitesimally below O

Lowers cutoff of the theory, but not ruled out.

Creminelli, D’Amico, Norena,Vernizzi (2009)



Dark Energy can
cross phantom divide

n{\_; - R i
Y N I\
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® An example viable model (due to Marco Celoria):

p(6.X) = 222X — 1) - F(9) + Glo)2X +1)

F(o) =V, [1 _ flsin(DHoc/ﬁ)}
G(¢)

Vo AU H, cos(VHyo).

® Oscillations with amplitude Aw~0.| around w=-1
easily possible while satisfying constraints on
instabilities and having cutoff > eV scale.

Goldstein, Celoria, FS (2025)



Goldstein, Celorla FS (2025)

® 3 free parameters (FS 2017 model) in

addition to Qe, potential tilt @ <=> mean w:

® amplitude, frequency, phase of
oscillations

® Exclude all observables sensitive to
perturbations here

Monodromic
. k-essence and DESI

1.06

Dai(2)/ D (2)RESe
=

- ACDM (Baseline) — MDE (Baseline)

—-:- MDE (Base 4+ Pantheon-Plus) —-- MDE (Base + DESY5)
0.94

1.08

Dy (2)/Dp(z)R&5me
=

0.92

0.0 Ot5 1f0 115 210 2.5
Redshift (2)



;

3 free parameters (FS 2017 model) in
addition to Qe, potential tilt @ <=> mean w:

® amplitude, frequency, phase of
oscillations

Exclude all observables sensitive to
perturbations here

Similar fit quality to DESI BAO + SN as
WO’ Wa

Mean w consistent with -1 (motivated by
theory as well); then, only | more free
parameter than wo, w, !

2 Monodromic
@i k-essence and DESI

Pantheon-Plus

--- Ref. ACDM (Base + SN)
—-- MDE (Base 4+ Pantheon-Plus) —-- MDE (Base + DESY5)

— MDE (Baseline)

DESY5

0.1

Redshift (2)

0.5

- 0.1

e
o

- —0.1

- 0.1

e
o

- —0.1

Ref.
M — HACDM

Ref.
M — HACDM



Goldstein, Celoria, FS (2025)

Monodromic k-essence
and DESI =i

o

ucs]\\\
5 %

0.1 A\




A Monodromic
& k-essence and DESI

Goldstein, Celoria, FS (2025)

® 3 free parameters (FS 2017 model) in
addition to Qqe, potential tilt a <=> mean w:

® amplitude, frequency, phase of m= Qows + DESI
. . mm ()cvip + DESI + Pantheon-Plus
oscillations mm Qcyp -+ DESI+ DESY5 SN
+ 13
4 4=
o

0.2

0.28 |
72




2 Monodromic
i k-essence and DESI

Goldstein, Celoria, FS (2025)

I”

® Reconstruction of w(z) and k-essence “potentia

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Redshift (z) Redshift (z) Redshift (z)



2. Galaxy shapes as
probes of parity



2. Galaxy shapes as
probes of parity

® Enhanced large-scale parity-odd correlation induced in
case of enhanced collapsed limit of primordial trispectrum

® A new probe of parity violation in primordial

turbati
0.004 5
—— Theory
"N 0.003 } Agauge = +3x 105
X
3 } - _
S 0.002 % A b Agauge 3x10
< ‘
< 0.001 e ) ;
&\l r{ [X] [X)
& 0.000
~ Ty + * ‘% N .
Lo —-0.001 ty ¢ 0 t

7’\-(
-
—.—

k1kokska

—0.002
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—0.004&

A e /4 4 A A N \
P P e ) 74 Za)\ N SN e
N N N [ W Y YA <4
;
0.15r/ % 4.z bt ' A 9 ¢ !
1oy [ 19 |
vl Vi |
S 0.10

0.05

0.00

Kurita, Jamieson, Komatsu, FS (2025) ° 20 * " Binlabel o e e



Primordial parity violation

® The leading signature of parity violation in primordial
curvature perturbations is in connected 4-point function
(trispectrum)

® Parity-odd primordial trispectrum can always be written
as:
Ty =ik - (ko x k3)] 7 (k1, ko, ks, ka, k12, k14)

® |nteresting case is when T. is enhanced in collapsed limit:
ki2->0 or kj4->0

® Physical scenario: primordial chiral U(l) field that couples

to inflaton, £ 5 1/Af(0)(—F? + ~FF)



Galaxy shapes as
probes of parity

® Compute |-loop parity-odd shape
statistics in the “EFT of shapes” -
EFTofLSS applied to a 3D 2-tensor

observable Vlah, Chisari, FS (2020)

® New divergence appears for
primordial trispectrum - absorbed in
counterterm: scale-dependent shape
bias

® Enhanced large-scale signal in |-to-|
correspondence with collapsed limit
of primordial trispectrum

® Smoking gun of parity violation

Kurita, Jamieson, Komatsu, FS (2025)



Galaxy shapes as
probes of parity

® Compute |-loop parity-odd shape
statistics in the “EFT of shapes” -
EFTofLSS applied to a 3D 2-tensor

observable Viah, Chisari, FS (2020)  *°|

—— EFT fit: PY(k) = Agauge(bV)2P4(K)

200

® New divergence appears for
primordial trispectrum - absorbed in
counterterm: scale-dependent shape
bias

PL (k) [h~3Mpc3]
o

bt b e e el

Gaussian

Agauge = + 3 x 10°
Agauge = — 3 x 10°
Agauge = + 6 x 104
Agauge = — 6 x 104

—200

—400}

® Enhanced large-scale signal in |-to-|

102 | | T 1071

correspondence with collapsed limit K [AMpc—]
of primordial trispectrum Validation against halo shape statistics
in N-body simulations with
® Smoking gun of parity violation primordial trispectrum

Kurita, Jamieson, Komatsu, FS (2025)



Galaxy shapes as
probes of parity

® Compute |-loop parity-odd shape
statistics in the “EFT of shapes” - | — Fit: (52 = Blazb + cb) 4
EFTofLSS applied to a 3D 2-tensor | /
observable Vlah, Chisari, FS (2020) | //

® New divergence appears for 5| /
primordial trispectrum - absorbed in /
counterterm: scale-dependent shape = |
bias

z=2.0
z=1.5
z=1.0
z=0.5
z=0.25
z=0.0

O « 4« > H O

25 0.30

® Enhanced large-scale signal in |-to-| 005 0T 015 o020
— MK
correspondence with collapsed limit

: : : Measured shape bias (helicity-2) vs
of primordial trispectrum

linear shape bias

® Smoking gun of parity violation

Kurita, Jamieson, Komatsu, FS (2025)



Galaxy shapes as
probes of parity

| —— DESI Y5 IA (BGS+LRG)
. 55 GC

® U(Il) gauge field scenario: on
large scales, galaxy shapes
directly trace the “fossil”

helical U(1) field ____________ anck

® Forecast for DESI 3D shape
statistic contraints on this
scenario

0.001 0.002 0.003 0.004 0.005
Kmin [AMpc—1]

Kurita, Jamieson, Komatsu, FS (2025)



3. Primordial black holes: an UV-
complete dark matter scenario



3. Primordial black holes: an UV-
complete dark matter scenario

® |dea: simulate the full nonlinear evolution of an
overdense region in a universe with PBH dark matter

- , ® Key tool: BIFROST code for hierarchical N-body
a ¢ integration including multi-body dynamics and
relativistic corrections

® Black hole mergers included using recipe
calibrated on full GR simulations

® |n other words: fully calculate the UV theory of
structure formation with PBH dark matter

® Except for baryons...



[20] A. Rantala, T. Naab, F.P. Rizzuto, M. Mannerkoski, C. Partmann and K. Lautenschiitz,
BIFROST: simulating compact subsystems in star clusters using a hierarchical fourth-order

| forward symplectic integrator code, Monthly Notices of the Royal Astronomical Society 522
BlfrOSt (2023) 5180 [2210.02472].

* Direct-summation N-body code written by Antti Rantala
* 4th-order symplectic integrator

* regularization for close encounters and hard bound
systems (LogH)

 BH spin is followed

* including post-Newtonian corrections (in regularized
regime) up to order 3.5 (v/), including GW radiation reaction

» Out-state of binary BH mergers described by fitting
formulae derived from numerical-relativity simulations



[20] A. Rantala, T. Naab, F.P. Rizzuto, M. Mannerkoski, C. Partmann and K. Lautenschiitz,
BIFROST: simulating compact subsystems in star clusters using a hierarchical fourth-order

[ forward symplectic integrator code, Monthly Notices of the Royal Astronomical Society 522
I ro St (2023) 5180 [2210 . 02472].

* But:
* Bifrost uses physical coordinates
* Bifrost assumes vacuum boundary conditions

* Hence, choose isolated overdense region for our
simulation



arxXiv:2410.01876

Initial conditions

* Consider slightly overdense spherical region within
volume of ~100 kpc (comoving)

* This region contains ~106 PBH drawn from a
lognormal mass function (<M> = 16 Msun)

e Initialize at a=3*710-72, actual formation time

mass scale 3 ppumk ™2 (Mg)

* Evolution through A T T s
radiation 10 - 2 =102 I

domination with %= w
high-precision- £ w

tuned Gadget4 7 -

. 1 = == adiabatic i
(no SOftenlng) 7 Poissonian isocurvature [
| total i

10_6 ! L | ! LI | ! LI | ! LI | ! L | ! LI |

102 101 109 101 102 103 104

P(k)



https://arxiv.org/abs/2410.01876

arxXiv:2410.01876

Three simulations

 Particle dark  Collisionless  Collisional PBH
matter PBH simulation simulation
simulation
 Gadget4d e Bifrost code
e Standard CDM (softened) from
|Cs from same PBH ICs
adiabatic

realization


https://arxiv.org/abs/2410.01876

arxXiv:2410.01876

Three simulations

 Particle dark e Collisionless e Collisional PBH
matter PBH simulation simulation
simulation
z = 93107

particle DM collisionless PBH PBH


https://arxiv.org/abs/2410.01876

arxXiv:2410.01876

Three simulations

 Particle dark  Collisionless  Collisional PBH
matter PBH simulation simulation

simulation
particle DM collisionless PBH PBH



https://arxiv.org/abs/2410.01876

arxXiv:2410.01876

Three simulations

 Particle dark  Collisionless  Collisional PBH
matter PBH simulation simulation
simulation



https://arxiv.org/abs/2410.01876

A plethora of multi-body interactions




0.15 Myr ~0.10 pc | 0.19 Myr ~ 0.18 pc | 0.77 Myr ~ 0.23 pc
N
0.79 Myr 1.06 Myr 1.50 Myr ~ 0.05 pc
AN
1.98 Myr ~ 0.16 pc 3.9$\~ 0.28 pec | 4.51 Myr ~ 0.06 pc




Dynamical effects on halo formation

Formation of core, erasure of

Suppression of substructure
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Dynamical effects on halo formation

High-velocity tail from 3-body
interactions & kicks vl v

collisionail z=9
-> W/HDM component is collisionless i
generated dynamically!

Quite interesting, as it violates
the standard EFTof LSS
freatments.

collisional z=9
collisionless =

Lower panel:

Attempt to remove
binary velocities

JII IIII ] rrrii
109 101 102

peculiar v (kms™1)




Properties of binary PBH population

* Distinguish between binaries formed during radiation
domination (early) and during nonlinear structure
formation (late)

Angular

Eccentricity
momentum
Semi-major Formation
axis time

Total in simulation:
~ 4000 early binaries
~ 5000 late binaries
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Generation of gravitational background

e Current LIGO/Virgo/Kagra limit: Qcw < 1078 per e-fold

* Expect to provide very tight constraint on PBH mass

fraction, but keep in mind that our simulations assume
100% PBH fraction

redshift z
10% 103 102 101 109 0
[ [ [ [ [ [ I | [ [ [ [ [ [ II [ [ [ [ [ [ [ II | [ [ [ [ I
10_4 _-\/\A’\-/\//W
= .
a i
Q. -
\ -
=
O
Q
10—° E
1 T L L T
104 103 102 101 109

scale factor a

Figure 21: Energy density pgw in gravitational radiation compared to the mass density ppwu
of the PBHs. At late times, the ratio is steady at about pgw/ppm ~ 2 x 1074,



Generation of gravitational background

e Current LIGO/Virgo/Kagra limit: Qcw < 1078 per e-fold

* Expect to provide very tight constraint on PBH mass
fraction, but keep in mind that our simulations assume
100% PBH fraction

* Roughly constant value of 10-4 suggests universality:
scale-free problem

* Not quite true however: formation time dictates length of
evolutionary period during radiation domination, which
influences properties of primordial binaries



Summary (New Physics)

LSS offers still quite a bit of discovery space - many corners we haven’t
looked at yet

Dark energy: w(a) is not necessarily slowly-varying, and not monotonic -
worth looking beyond wo-w;

® Both as theorists/phenomenologists and observers

Inflation: Galaxy shapes are parity- and spin-sensitive probes of primordial
perturbations

Dark matter: PBH is a phenomenologically rich scenario - motivates
investigations of multi-component dark matter

® GW as clean and powerful probe - but over limited frequency range

® Guaranteed relative perturbations: new modes that need to be included in
LSS modeling Verdiani+; Celik & FS

® Additionally, poorly constrained (primordial) isocurvature modes



