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Current Picture of Initial Perturbation

e Quantum Vacuum Fluctuations of a field, the inflaton, created the 1nitial perturbations:

200pK

credit: NASA/WMAP



Accuracy of Predictions and Strength of Data

* Knowledge of initial conditions and components ~ 107% or ~ 107°

 Primordial Non-Gaussianities: we know the 1nitial distribution of the fluctuations is

Gaussian to about ~u 1()_3

e What does that mean?
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Accuracy of Predictions and Strength of Data

* Knowledge of initial conditions and components ~ 107% or ~ 107°

 Primordial Non-Gaussianities: we know the 1nitial distribution of the fluctuations is

Gaussian to about ~u 1()_3

e What does that mean? Primordial Non-Guassianity
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Quantum Fields at the origin of Universe

e How could we achieve such a Gaussian distribution?

e If Inflation is made of a quantum field
q with Cheung et al. 2008
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* In 1ts vacuum state:
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e and the non-linear term are small.
 Then we can!
e vacuum quantum fluctuations are Gaussian!

 Less self-interacting than Quantum Electro Dyn.



Quantum Fields at the

origin of Universe

e How could we achieve such a Gaussian distribution?

e If Inflation is made of a quantum field
HME

2
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SW:/C#H

* In 1ts vacuum state:

0) ,1€2) , ¥ ()

e and the non-linear term are small.
e Then we can!

e vacuum quantum fluctuations are Gaussian!

 Less self-interacting than Quantum Electro Dyn.

with Cheung et al. 2008

g ’

with Smith and Zaldarriaga, 2010
WMAP final 2012
Planck Collaboration 2013, 2015, 2018



The way ahead



Cosmology 1s a luminosity experiment

* Progress through observation of the primordial fluctuations
e They are statically distributed:

—To increase knowledge: more modes:

1
N pixel

A(everything) o

I, 200p K

credit: WMAP
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Cosmology 1s a luminosity experiment

* Progress through observation of the primordial fluctuations
e They are statically distributed:

—To increase knowledge: more modes:

1
N pixel

A(everything) o

Planck, STPpol, ... has observed Large-Scale Structure (LSS)
almost all the modes in CMB offer the only medium-term opportunity

=200p K I . 200p K

credit: WMAP

credit: SDSS/BOSS



What is the challenge?

— As many modes as possible:

k‘max

Nmodes ™~ dgk ™ kg

max

— Need to understand short distances

=

credit: Millenium Simulation, Springel ef al. (2005)



What is the challenge?

— As many modes as possible:

kmaX
3 3
Nmodes ~ / d°k ~ kmax

— Need to understand short distances

— Like having LHC but not having QCD

credit: Millenium Simulation, Springel ef al. (2005)



The Observables
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credit: SDSS/BOSS




Normal Approach:
NUMETICS

-

5 Mpc/h

Millennium Run<|
110,07 .696.000"particles » |

. Springal &tal, (2004)
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Large-Scale Structure

credit NASA/ESA

—DESI, Euclid, Vera Rubin, Megamapper...
— Can we use them to make a lot of fundamental physics?

—in CMB, we use simplicity of universe at early time, can we now use its simplicity

at long distances?



The Effective Field Theory of Large-Scale Structure:
A well defined perturbation theory
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The Effective Field Theory of Large-Scale Structure:
A well defined perturbation theory
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What 1s a fluid?

‘ wikipedia: credit e
National Oceanic and Atmospheric !
—l Administration/ .
Department of Commerce x
Orpe + 0; (pevy) =0
tPe i \PeUy

| |
Oyvy + v, 0,;v; + —0;pg = viscous terms

—From short to long £

—The resulting equations are simpler
—Description arbitrarily accurate

—construction can be made without knowing the nature of the particles.

—short distance physics appears as a non trivial stress tensor for the long-distance fluid



Do the same for matter in our Universe

% %k —l credit NASA

with Baumann, Nicolis and Zaldarriaga JCAP 2012

with Carrasco and Hertzberg JHEP 2012

V2, = H? (6pe/p)

—From short to long

Oy Pe

—The resulting equations are simpler

—Description arbitrarily accurate

1
8ﬂ]€ T

Hpy

0; (pgvé) — 0

UZ@jvé -+ &L(I)g — 8j7’ij

—construction can be made without knowing the nature of the particles.

—short distance physics appears as a non trivial stress tensor for the long-distance fluid

2
Tij ™ 5z'j Pshort (Ushort T (I)Short)



Dealing with the Effective Stress Tensor

* For long distances: expectation value over short modes (integrate them out)

<7_z'j (3_7)7 t)>long fixed — fvery complicated ({Ha Qma co oy Mdmy -+ - -y pf(w)}past light cone)

At long wavelengths \U/ Taylor Expansion

<7_z'j (f’ t)>long fixed — / dt/ [C(t, t/) %(fﬂa t/) + O ((510€/p)2>]

* Equations with only long-modes DARIK MATTER

g’ /\
21 § TiNe

Opvy + v70;v; + O,y = a/ﬂw'

MATTER \A

every term allowed by symmetries

e cach term contributes as factor of
) Pl k

b=\
p Fxt, e ‘e

—~ — K1



Perturbation Theory within the EFT

0P
P

* In the EFT we can solve iteratively §,,v,, &, << 1 ,wWhere 0, =

V20, = H? (0pe/p)
Orpe + Hpe + 9 (pevy) =0

@vé T —|— 5’2(1)5 — 83713

e Two scales:

s i
k [Mean Free Path Scale| ~ k (—'0> ~ 1| ~ kni




Perturbation Theory within the EFT

* Solve iteratively some non-linear eq. §, = 5§1) + 522) + ... <1

e Second order:

2 2
9260 = (5l§1)) = 6(z) = /d%’ Greens(z, x') (5&1)(:1:’))

e Compute observable:

(Se(21)3e(2)) D (8,7 (21)8,”) (2)) ~ / d*z)d*zl (Green's)? (8" (x})%6," (x5)?)

* We obtain Feynman diagrams

e Sensitive to short distance X A
/ /
* Need to add counterterms from 7;; O c§ 0¢ to correct

* Loops and renormalization applied to galaxies




....lots of work ....



Galaxy Statistics

Senatore 1406
with Lewandowsky et al 1512
with Perko et al. 1610



Galaxies in the EFTofLLSS Senatore 1406

* On galaxies, a long history before us, summarized by McDonald, Roy 2010 .

— Senatore 1406 provided first complete parametrization.

* Nature of Galaxies 1s very complicated

ngal(f) — fvery complicated ({H7 Qma s e 7m67 gew) c e 7/0(517)}]@3,5*5 light Cone)



Galaxies 1n the EFTofLLSS Senatore 1406

ngal(x) — fvery complicated ({H7 QW? ooy Mey Jews - - -y p(x)}past light cone)
At long wavelengths \U/ Taylor Expansion

(%)gaw (:U)N/tdt’ :c(t,t’) <%p) (fﬂ,t’)+..._

e all terms allowed by symmetries Qf ALARY A
[, TiNe
e all physical effects included

—e.g. assembly bias

CO L LAPSING
° MATTER \

()0 (5),0)

= Z Coeff,, - (matter correlation function)




It 1s familiar in dielectric E&M

 Polarizability:

—

Bw) = vw)Bw) = B(t)= / dt'y (¢ — ) E(t)

—Here we work 1n time-Fourier space, and theory is practically linear.

e The EFT of Non-Relativistic binaries  Goldberger and Rothstein 2004 1S non-local in

time

—Here we solve perturbatively the inspiralling regime, and feed it into the long-

distance theory (again time-Fourier space).



Baryonic etfects

* When stars explode, baryons behave differently than dark matter

credit: Millenium Simulation,
| Springel et al. (2005)

* They cannot be reliably simulated due to large range of scales



e Idea for EFT for dark matter:

Baryons

— Dark Matter moves 1/knp, ~ 10 Mpc

* —> an effective fluid-like system with mean free path ~ 1 [knt,

e Baryons heat due to star formation, but move t

— Universe with CDM+Baryons —> EFTof]

1.00

1€ Same.

LSS with 2 specie

02 04 06 08
k [h Mpc™']



Baryons
 EFT Equations:

Continuity: ps + 3Hps +a 10wl =0 ,

i_J
T T

Momentum: 7’ + 4H7" + a_lé'j ( ) +a ' p0;® = +a Tty — a_lﬁchij :

i+ 4HT) + a0, ( ) +a tpp0i® = —a 'y — a_lf)‘jng .



Baryons
 EFT Equations:

Continuity: ps + 3Hps +a 10wl =0 ,

| | i
Momentum: 7’ + 4Hn! +a~'0; (Wcﬂc) +a ' p.0;® a
Pe
% i 19 Wéﬂj 1 aF —1qa 1]
m, +4Hm, +a 0, p +a pp0; P = a 0T .
b

dynamical friction effective force

e Counterterms: \

no derivative: marginal
operator



A marginal operator

* Dynamical friction term 1s indeed needed for renormalization of the theory, 1.e. it 1s

generated.

* Dynamical friction 1s a relevant operator: 1.e. it cannot be treated perturbatively: it is an

essential part of the linear equations:

/ a
26" (a, k) + (2 + “,;j((()')> s\ (a, k) = / (16115§1)’(611- k) .
a

—due to the time-translation breaking and actually even non-locality,

to handle consistently.

e we can make some ZUCSSCS

e Luckily: it only affect the decaying mode of the isocurvature, which is

by the time this effect kicks in.



Predictions for CMB Lensing

* Baryon corrections are detectable in next CMB S-4 experiments. But we can predict it:
1.2 ———/——oa ——/ A — —— — —— —— —

EFT

/ I CMB-S4
projected errors

" high-k approx. error
three-loop error

500 1000




Bispectrum at one loop

with D’ Amico, Donath, Lewandowski, Zhang 2206



Bispectrum

e The tree level bispectrum had been already used for cosmological parameter analysis in

with Guido D’ Amico, Jerome Gleyzes,
Nickolas Kockron, Dida Markovic, Pierre Zhang, Florian Beutler, Hector Gill-Marin 1909

Philcox, Ivanov 2112

e ~10% 1mprovement on A,

* Time to move to one-loop:

—Large effort:

e data analysis with D’ Amico, Donath, Lewandowski, Zhang 2206

L t:[leOI'y mOdel with D’ Amico, Donath, Lewandowski, Zhang JCAP 2024

° t]neory integratiOn with Anastasiou, Braganca, Zheng JHEP 2024



e Main result: AC DM

* Improvements:
*30% on O g
e 18% on h

e 13% on §2,,

e Compatible with Planck

—no tensions

e Often Planck Comparable

Data Analysis ACDM

with D’ Amico, Donath, Lewandowski, Zhang 2206

A
B P, + B, + BUree
B Planck
0.72 | - N/
0.70 — = "" ,‘)| ‘c.' '::o’
! |‘ f ' 'I'
0 68 — ! — " l' |
L v - [ [ |I
0.66 - ! — ',“ "' ‘O‘ ||
» N, /‘ '." .o' | '
0.64 | . . / [\
| | | _ 4/ | \1 \.A
1 | | 1 |
10 T : i\
0.9 - - |
g l..;l: | ..'0
0.8 | + . Il ‘
y ".
/ "l c| |
0.7 | 1 g 4 / /1 N\
"‘,_:'. f | \
I I 1 1 1 A -/ L \ 1
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Data Analysis Non-Gaussianities

with D’ Amico, Lewandowski, Zhang 2201

mmm BOSS P+B 29 4+ for

BOSS WMAP Planck

)245 4293 | 514136 | —26+ 47
60472 | —245 4100 | —38 + 24
7431 | 3724199 | —0.94+5.1

200

100

—~100 | see also contemporary Cabass, Ivanov, Simonovic, Zaldarriaga

_200} for only-tree-level analysis 2201

—300 [

HM?2, ,
- o) + 22 @D o)

with Cheung et al. 2008




The Ory MO d el with D’ Amico, Donath, Lewandowski, Zhang 2206

e We add all the relevant biases (4th order) and counterterms (2nd order):

Pifby] ., Pilby,bs,bs],  Pil[bi,bo,bs] .
211[b1 bzab"] 5 gzhl(m[blabZ b3, bs bS] 411[b1 ,bu] )
Bgé’;[bl,bg,bg}] ) gzhl(l)[bla b2 b3 b bGabSabIO]

P{éh,d [bla Ch,15Cr,15 Cru,15 C‘;Tv,3] ) P27‘2h e[cl ) Cgta Cg ]
Bg’zhl"(”)’d b1, b2, b5, Ch1, Crty Covay Cav 3] ;’2"16 (I)[bl, c?t, e, {cs"’} —4,..13) 5
.Ilh] “ [bl {Ch z}z 1,...,5,Cr,1,Cr 5, {Cm)]}] | J— ] 52’126[ (222) 05222): (222)]

e [R-resummation:
 For the power spectrum, we use the correct and controlled IR-resummation.

* For the bispectrum, we use an approximate method Ivanov and Sibiryakov 2018



Derivation of theory model

with D’ Amico, Donath, Lewandowski, Zhang
2211



with D’ Amico, Donath, Lewandowski, Zhang

Derivation of theory model »mu

e Counterterms: major algebraic effort for 4th order and some theoretical subtle aspects.

e Renormalization of velocity

 In the EFTOILSS, the velocity 1s a composite operator @@(g;) _ " () , SO, 1t

needs to be renormalized:

vlp=0v'+ 0%,

e Under a diffeomorphisms:

vt —=v'+x = O, is ascalar

* In redshift space, we have local product of velocities, which need to be renormalized

but have non-trivial transformations under diff.s:
V'R = [V )R + [0 ]RX + [V ]RX 4 XX

* To achieve this, one can do: (so must include products vt - ij )

' r = [V'|g[V]R + Oi‘é ,  where Oi@ is a scalar



with D’ Amico, Donath, Lewandowski, Zhang

Derivation of theory model »mu

e Counterterms: major algebraic effort for 4th order and some theoretical subtle aspects.
e Spatially non-locally-contributing counterterm:
* This 1s a normal effect, just strange-looking in the EFTofLLSS context.

e Normally, counterterms are local, but, contributing through non-local Green'’s

functions, they contribute non-locally.



with D’ Amico, Donath, Lewandowski, Zhang

Derivation of theory model »mu

e Counterterms: major algebraic effort for 4th order and some theoretical subtle aspects.

e Spatially non-locally-contributing counterterm:

1
 In the EFToOILSS, the Green’s function 1s simple: ﬁ

1

2
(92 0 Olocal ~ Olocal

e Counterterms typically come with 0°Olyeal =  Ocounter
e result almost trivial

e But at second order, and for velocity fields, contracted along the line of sight,

derivatives do not simplify, so we get

A

Scounter (£) ~ 2210l (T) ~ 2

! 73j 8Z aj(;zk am Olocal

i 21 01050k0m (OO - 010m -
v 2000 (Sla(@) X e ()

e This 1s truly non-locally contributing, truly non-trivial.

* We check that all these terms are needed and sufficient for renormalization



Evaluational/Computational Challenge

with Anastasiou, Braganca, Zheng 2212



The best approach so far

Simonovic, Baldauf, Zaldarriaga,
Carrasco, Kollmeier 2018

* Nice trick for fast evaluation of the loops integrals

Wavelength A [h~! Mpc]
104 1000 100 10 1

* The power spectrum is a numerically computed function ™~ 7T o e o
@ - ” e

Tegmark et al. 2002 1

104 |

* Decompose linear power spectrum

Pulh) = 3 e e

n

1000 /

T
E »' = ]
100 F ﬁi -
—P
-3

@ SDSS galaxies

0 # Cluster abundance
E = Weak lensing

Current power spectrum P(k) [(h-! Mpc)3]

A Lyman Alpha Forest Hii‘x i

* Loop can be evaluated analytically

l E | & llllll L endel Xllll L il l“ll A AL llllll AL AN
0.001 0.01 0.1 1 10
Wavenumber k [h/Mpc]

Pl—loop /K q, Pll(k _ Q> P11(C]) —

= 3 ot ([ K@ R B 502) = 37 0, M0

ni,n9 9 ni,n2
—using quantum field theory techniques

— M, n, 18 cosmology independent = so computed once



Computational Challenge _ phitcox. vanov. Cabass.

Simonovic, Zaldarriaga 2022

e Two difficulties:

Pl—loop(k) = [K(Cﬁ E) Pn(/f — CI) Pll(Q) —

= 3 e ([ RGR 9 52) = 5 0,0
q

ni,ng ni,n2

e integrals are complicated due to fractional, complex exponents

e many functions needed, the matrix M,,,n,n, for bispectrum is about 50Gb, so,

~1mpossible to load on CPU for data analysis

e In order to ameliorate (solve) these 1ssues, we use a different basis of functions.



with Anastasiou, Braganca, Zheng

Complex-Masses Propagators

(k/K3)’
(k2_k2 k)Q 3’

pea

e Use as basis:

f(k27 k?mak? k%\h i? ]) —

e With just 16 functions:

104§ """"" . E
5000+ -~ |

1000 L .

P(k)

0.00l  0.005 0010 0050 0.100  0.500
k [h/Mpc]



with Anastasiou, Braganca, Zheng

Complex-Masses Propagators

 This basis 1s equivalent to massive propagators to integer powers

49
! = kUV |
2\ (2 ok —ik2) (R =2 ik2y)
1 | k4pea peak — 1 UV peak 1
UuVv
k%\/ _ i/2 N i/2
(k ? — Kpeak ~ ““%V) (k2 = Kpear + 1 /f%v) B2 — k2o — i kGy K2 — k2 tikgy

e So, each basis function:

B2 k2 k2 g2 2 fon | Fn
f( peak> UV7Z7J Z <(k2_|_M)n (k2_|_M>|<)n



with Anastasiou, Braganca, Zheng

Complex-Masses Propagators

 This basis 1s equivalent to massive propagators to integer powers
47
1 k UVv

(1 : <k2—£geak>2>’ (k2 — B2y — ik ) (B2 = R+ iRy )

ki i/2 i/2
2 1.9 Y 2 2 ) \ k2 k2/ kz\Jrk k:2/+k
(K2 = K2 — ik ) (K2 = 2 + ik ) peak — ¢ y peak T

Complex-Mass propagator

e So, each basis function:

B2 k2 k2 g2 2 fon | Fn
f( peak> UV7Z7] Z ((kQ_I_M)n (k2_|_M>|<)n



with Anastasiou, Braganca, Zheng

Complex-Masses Propagators

 We end up with integral like this:
(kl . q)2n1 q2n2 (kQ _I_ q)2n3

L(ni,di,n9,da,n3,d :/
(01, d1,ma2, da, 3, ds) o (k1 —@q)? + M) (q? + M2)%((ka + q)? + Ms)ds

e with integer exponents.
 First we manipulate the numerator to reduce to:

1
T(d17 d27 d3) — /
q

(k1 — @)2 + M1)7 (g% + Mo) % ((ks + @) + Mz)%

* Then, by integration by parts, we find (i1.e. QCD teaches us how to) recursion relations

0
— - (qut(d1,d2,d3)) =0
| Gt . ds)

— (3 — d1223)6 + dlklsf—\l_ —+ dg(kzs)ﬁ —+ 2M2d2§_\i_ — dlf_\i_? — dgé:g_? = (

e relating same integrals with raised or lowered the exponents (easy terminate due to

integer exponents).



with Anastasiou, Braganca, Zheng

Complex-Masses Propagators

* We end up to three master integrals:

* Tadpole: 43 2\n
q (p;)
Tad(M;, n, d) = / 4P
T (pi -+ M])
e Bubble: 73
q 1
Bmas er kzaM 7M —
t ( 1 2) /WS/Q (q2 + Ml)(|k - q|2 4 M2)

e Triangle:

Tmaster(k%a k%, kga M17M27 M3) —

/ d’ 1
w3/2 (¢% + M)(|k1 —

OO

Tw(f de




with Anastasiou, Braganca, Zheng

Complex-Masses Propagators

e The master integrals are evaluated with Feynman parameters, but with great care of

branch cut crossing, which happens because of complex masses.
e Bubble Master:
2 VT
Bmaster(k ’ M17 MQ) — 71[1()% (A(]-7 mi, m2)) — 1Og (A(07 mi, mQ))
— 2miH (Im A(1, mq1,m2))H(—Im A0, m1,ms3))],
A(O,ml,mg) = 2./mo + i(ml — Mo + 1) :

A(l,ml,mg) = 2v/m1 +i(m1 — Mo — 1),
m1 = Mi/k* and mo = M>y/k?

* Triangle Master:

=1
V24 —T\/To—2—
JT arctan(\/xo_er\/x_z_)

=
V| R2] VIO — Z4/Tp — Z—

Ent(R27 Ry B— s .CC()) — S(Z—I—7 _Z—)

* Very simple expressions with simple rule for branch cut crossing.



Re Sult Of EV alu atl on 2\7;1;}21 Anastasiou, Braganca, Zheng

e All automatically coded up.

e For BOSS analysis, evaluation of matrix 1s 2.5CPU hours and 800 Mb storage, very fast

matrix contractions.

e Accuracy with 16 functions:

5 x 106 ————— N \

— 1x10° AT, 7 ‘;
S 5x105 : :
3 I o :
ks 4 —— Blree _
L 1X105§ g 3 . .
R 5y 104L B1_100p analytical ¥
. Bi_j00p numerical |

§.4 OOI_ —t | | |
T 0.00;
= 002 _
9 —0.03 . | 9 | R

0.005 0.010 0.050 0.100 0.500

k [h/Mpc]



Back to data-analysis:
Pipeline Validation



S Cale CUt from NNLO with D’ Amico, Donath, Lewandowski, Zhang 2206

* We can estimate the without the use of simulations, by adding NNLO terms,

kmax
and seeing when they make a difference on the posteriors.

1 k4 1 k4
Punvo(k, i) = —c, 4b1,u L Pi1(k) + —c, 6b1,u L Pi1(k),
4 NL.R 4 NL.R
r.h rh/ 77 A k4
Brwvo(kn, k. ks, 1, 6) = 2exwioa K5 (k. ko 2) KT (ks 2) fp 7 — Pua (k1) Poa (k)
NL,R
rhri” A rhii? . A (’1‘2 —I_’L‘S)
+ enNpo2 8 (k13 2) K7 (Ros 2) Pry(ky) Pri(ko) f pisks 57974 [ 2A1 kQ(A H1 +k2/t2)
Ak k ANLR
+ 2f iy proprsky koks (k3 + AQ)W + perm. , (

e For our kmax , we find the following shifts, which are ok:

Aghift /Ostat Qum h o8 Wedm | In(1010Ay) S8

Py, + Bg: base - w/ NNLO -0.03 | -0.09 | -0.03 -0.1 0.05 -0.04




S C ale— CUt fr()m Simul ations with D’ Amico, Donath, Lewandowski, Zhang 2206

e N-series B Nseries Py
B Nseries P; + By
° Volume ~8() BOSS B Nseries P; + Bo + B>

e safely within O data/ 3

* After phase-space correction 0.05

0.00

Ah/h

—0.05

0.2

Aog/og

0.0

-0.2

—0.05 0.00 0.05
Ah/h




S C ale— CUt fr()m Simul ations with D’ Amico, Donath, Lewandowski, Zhang 2206

 Patchy:

B Patchy Py
B Patchy P; + By
B Patchy Py + Bo + B>

e Volume ~2000 BOSS
e safely within O gty / 3

e After phase-space correction 0.10

0.05

Ah/h

0.00

—-0.05




BOSS data



Data Analysis ACDM

with D’ Amico, Donath, Lewandowski, Zhang 2206

e Main result: A\C DM
P
1lloop t
* Improvements: B P, + B, +BYee
B Planck
*30% on O g
e 18% on h
e 13% on Qm 0.72 L | "'/\‘ 'ﬂ..
0.70 | -] "" ,‘)| c.' .‘::'o
YA
o 0.68 - _ |
0.66 |- . . ||
N / [ \
0.64 - S 1\
* Compatible with Planck | | e /J /), N\
I | | | |
. 1.0 | 1 - A
—no tensions I\
0.9 | + e
Poe) .0"," I i.'
© o8l 1 At
. f 1 1)
{0
e Remarkable consistency . f J /] il
1 1 L L L J/ :" -/ 1 l‘; \ |_
0.30 0.34 0.38 0.65 0.70 0.7 08 09 1.0
h Og

—of observables
Qpm



Data Analysis Non-Gaussianities

with D’ Amico, Lewandowski, Zhang 2201

mmm BOSS P+B 29 4+ for

BOSS WMAP Planck

2454+£293 | 51 £136 —26 47
—60 £ 72 | =245 £ 100 | —38+ 24
7+ 31 372199 | —0.9£5.1

200

100

—100

—200

—300 [

with Cheung et al. 2008



Comment on Large non-Gaussianities

with Donath in progress

 Emerged that we can continue probing large non-Gaussianities. thanks to LSS
e Are they viable?

» Large non-Gaussianities means that breaking of Lorentz invariance 1s strong:

inflationary solution is non-perturbatively far from the Lorentz invariant vacuum.

* Slow-roll inflation is when the solution is close. (3gb)

(06" + -

* Explains why hard to find solutions with large non-Gaussianities.

source Wikipedia

—~ as discovering liquid Helium out of the standard model Lagrangian léL}A I

—Easier to discover the EFT for the fluctuations (and indeed this 1s the EFTofl)

HME,I HM?,

* To have / d*\/—g -
SRR e (AL S MG

(72 — 2(0,m)?) +

[7(0m)? + ¢ 7%3}]



Comment on Large non-Gaussianities

with Donath in progress

e [s it so hard?

— At field theory level, there are two models that can derive the inflationary solution

out of the Lorentz invariant vacuum:

° 1 1 8 4
slow roll inflation ( 9 gb)2 | ( ¢)

A4
92
e DBI inflation \/ 1 — (99)

A4
e At string-theory level

e unclear if one 1s better than the other

 Summary: I do not currently see any theoretical prejudice towards the fact that inflation

should have small non-Gaussianities

—as much as I have no theoretical prejudice against the existence on liquid helium,

though 1t 1s harder to find.



No tensions?!



BOSS + BBN

BOSS + ext. BAO + BBN

BOSS + ext. BAO + SN + BBN
Planck

Planck + BOSS

Planck + BOSS + ext. BAO + SN

0.9 A

0.8 A

Og

0.7 1

0.6 A

No Tensions!!

0.9 -

0.8 -

0.7 1

0.6 -

with Pierre Zhang, Guido D’ Amico, Cheng Zhao, Yifu Can 2110



The Hubble Tension as of yesterday

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £ 0.53
Pogosian et al. (2020), eBOSS+Planck Q,H?: 69.6 + 1.8
Aghanim et al. (2020), Planck 2018: 67.27 + 0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54
Ade et al. (2016), Planck 2015, Hy =67.27 = 0.66

CMB without Planck

Dutcher et al. (2021), SPT: 68.8 % 1.5

Aiola et al. (2020), ACT: 67.9 + 1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.36+%3
Flinshaw et al. (2013), WMAP9: 70.0 + 2.2

No CMB, with BBN

D'Amico et al. (2020), BOSS DR12+BBN: 68.5 + 2.2
Colas et al. (2020), BOSS DR12+BBN: 68.7 +1.5
Philcox et al. (2020), P,+BAO+BBN: 68.6 + 1.1
Ivanov et al. (2020), BOSS+BBN: 67.9+1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 + 0.97

P\(k) + CMB lensing
Philcox et al. (2020), P)(k)+CMB lensing: 70.6727

Cepheids — SNIla

Riess et al. (2020), R20: 73.2+1.3

Breuval et al. (2020): 72.8 £ 2.7

Riess et al. (2019), R19: 74.0+ 1.4

Camarena, Marra (2019): 75.4 + 1.7

Burns et al. (2018): 73.2+2.3

Dhawan, Jha, Leibundgut (2017), NIR: 72.8 £ 3.1

Follin, Knox (2017): 73.3
Feeney, Mortlock, Dalmasso (2017): 73.
Riess et al. (2016), R16: 73.
Cardona, Kunz, Pettorino (2016), HPs: 73.
Freedman et al. (2012): 74.

+1.7
2x1.8
2+1.7
8+2.1
3+21
TRGB - S
Soltis, Casertano, Riess (2020): 72.1 +
Freedman et al. (2020): 69.6
Reid, Pesce, Riess (2019), SHOES: 71.1
Freedman et al. (2019): 69.8
Yuan et al. (2019): 72.4 =
Jang, Lee (2017): 71.2 +

Miras — SNla
Huang et al. (2019): 73.3+4.0

Masers
Pesce et al. (2020): 73.9+3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 £ 2.6
Schombert, McGaugh, Lelli (2020): 75.1 £ 2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 73.3+2.5
Khetan et al. (2020) w/ LMC DEB: 71.1 +4.1

SNII
de Jaeger et al. (2020): 75.8733

HIl galaxies
Fernandez Arenas et al. (2018): 71.0 £ 3.5

Lensing related, mass model — dependent
Denzel et al. (2021): 71.8*39
rer et al. (2020), TDCOSMO+SLACS: 67.47%1, TDCOSMO: 74.572
Yang, Birrer, Hu (2020) Ho=73. 65+1
Millon et al. (2020), TDCOSMO: 74.2 + 176
Baxter et al. (2020): 73.5+5.3
Qi et al. (2020): 73. 6”%
Liao et al. (2020): 72.877
Liao et al. (2019): 72.2 + 2.1
Shajib et al. (2019), STRIDES: 74. 2"% I
Wong et al. (2019), HOLICOW 2019: 73.3*
Birrer et al. (2018), HOLICOW 2018: 72. 5*%
Bonvin et al. (2016), HOLICOW 2016: 71.9%5]

Optimistic average
Di Valentino (2021): 72.94 +£ 0.75

ra — conservative, no Cepheids, no lensing
Di Valentino (2021): 72.7 1.1

GW related

Gayathri et al. (2020), GW190521+GW170817: 73.4*87 %3
Mukherjee et al. (2020), GW170817+ZTF: 67.67
Mukherjee et al. (2019), GW170817+VLBI: 68.3*
Abbott et al. (2017), GW170817: 70.0°}%

E. D1 Valentino et al, 2021

N T N N T N |

Ho
[km s~ Mpc1]

Indirect

) NN N T N T N T T N |

Direct

75 80
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WHAT'S IN WILDFIRE SMOKE? / HOW WE LEARN EW HOPE FOR RARE DISEASES

CLLIBRATING

How fast is the
universe expanding?
Scientists can’t
agree—and that’s

a problem



JWST sheds light

e 3 methods W. Freedman et al, 2024
CCHP JWST H, Values

= Planck
= DESI
/\ mmmm This paper
- CCHP JAGB
Planck —— CCHP TRGB
=== (CCHP Cepheids

DESI

CCHP JWST

Relative Probability Density

Comparison of JAGB and Cepheid Distances

. 3254 (A (J-C)) = 0.086 + 0.028
64 66 68 70 72 74 76 2 3201 0 = 0.070
H, g 31.51
e Most important: g 310
30.5
. . § 30.0- NGC 4258
* Cepheids are systematically offset = -
TAGB 29.0
* wrt O 0.25] .
O L B . S
_ . q —0.251
—I do find Riessetal, 2024 addresses this 20.0 295 300 305 310 315 320 325

Cepheid modulus

* To me, they should address/decide on these systematics.



Direct Measurement of
formation time of galaxies

with Donath and Lewandowski 2307



Galaxies in the EFTOfLLSS  srore 1496 e

ngal(x) — fvery complicated ({H7 QW? ooy Mey Jews - - -y p(x)}past light cone)
At long wavelengths \U/ Taylor Expansion

(%)gaw (:U)N/tdt’ :c(t,t’) <%p) (fﬂ,t’)+..._

e all terms allowed by symmetries Qf ALARY A
[, TiNe
e all physical effects included

—e.g. assembly bias

CO L LAPSING
° MATTER \

()0 (5),0)

= Z Coeff,, - (matter correlation function)




Consequences of non-locality 1n time

* Mathematics again:

e non-local 1n time:

e Jocal in time:




Consequences of non-locality 1n time

* This means that one does not get the same terms as in the local-in-time expansion

e [f we could measure one of these terms, we could measure that Galaxies take an
Hubble time to form. We have never measured this: we take pictures of different
galaxies at different stages of their evolution. But we have never seen a galaxy form

in an Hubble time.

—This would be the first direct evidence that the universe lasted an Hubble time.

* So, detecting a non-local-in-time bias would allow us to measure that, and from the

size, the formation time. Unfortunately, so far, not yet.



Consequences of non-locality 1n time

n—m-+1

n — n) /= n (n)
50 (#1) = Y o, () OD (@ 1), 0@ Y > conal)Cs

Om

* it turns out that up to 4th order, the two basis of operators were identical.

e but at Sth order they are not!

— out of 29 independent operators, 3 cannot be written as local in time ones.

e = By looking at, eg,
(85 (81)85,) (#2)85,) (#3)05,) (£4)05,) (5)d4,) (Z6))

e we can detect these biases, and, from their size, determine:

—the order of magnitude of the formation time of galaxies

—direct evidence that the universe lasted 13 Billion years



Peeking into the next Decade

with Donath, Bracanga and Zheng 2307



Next Decade

e After validating our technique against the MCMC’s on BOSS data, we Fisher
forecast for DESI and Megamapper

* Prediction of one-loop Power Spectrum and Bispectrum

e Here, and in the NG analysis, introduce a “perturbativity prior’: impose expected

size and scaling of loop

200 [

150 -
i (Py L)2

Tree

{ = MCMCP), ~

100 -
i 0 data CMASS

501 | = Expected P,

| == Prior favored P9,

e Also a “galaxy formation prior’,0.3 in each EFT-parameter



BOSS: 0() | far | Jur | fn
P+ Brree 37 397 142
P+B 23 253 67
P+ B-+p.p. 17 228 62
P+B+p.p.+g.p. 15 163 49
DESL o() | fl | fab | ™
P+ Brree 3.61 142 71.5
P+B 3.46 114 30.2
P+B+p.p. 3.26 91.5 27.0
P+B+p.p.+g.p. | 3.19 | 77.0 21.8
MMo: o() | S | Jat | S
P+ Brree 0.29 | 234 8.7
P+B 0.27 | 17.7 4.6
P + B+p.p. 0.26 | 16.0 4.2 |
P+B+p.p.+g.p. 0.26 12.6 3.4

Results: Non-Gaussianities

with Donath, Bracanga and Zheng 2307

with Donath in progress

e Just using perturbativity prior, potentially a factor of 20, 5, 6 over Planck!!



Results: Curvature and Neutrinos

DESI: o(-) h In(10'1°A;)| Q. N / Qu
P+B 0.004 | 0.035 | 0.002 | 0.0 | 0.013
P + B+p.p. 0.004 | 0.032 0.002 | 0.008 | 0.012
P+B+p.p.+g.p. | 0.004 0.025 0.002 | 0.007\]_0.009 |

MMo: o(-) h In(10*°A,) Q.. N /m
P+B 0.002 0.0052 0.0003 0.002/ 0.0015
P+ B+pp. | 0002 | 0.0046 | 0.0003 | 0.00% | 0.0012
P+B+pp.+gp. | 0.002 | 0.0044 | 0.0003 | 0.001\] 0.0011
N~

e Just using perturbativity prior, potentially factor of !
e Important for the landscape of string theory.

* Neutrinos: guaranteed evidence/detection:

20 DESI, 140 MegaMapper



Where can we make better?

e Shot noise and EFT-parameters:

o(+) h In(1010Ay) Qo Ns 11\?f ;Ci l%rﬁh
P+B 0.0042 0.020 0.0022 | 0.010 3.5 114 30
P+ B+ g.p.: 0.0042 0.018 0.0022 | 0.009 3.4 83 23
P + B : bias fixed | 0.0037 0.010 0.0016 | 0.004 2.0 21 11
P+ B:ny —» o 0.0035 0.011 0.0009 | 0.005 1.7 67 17
o(+) h In(1010 Ay) Qo Ns 11\?f 1%% ﬁ‘ﬁh
P+B 0.0021 0.0047 0.00034 0.0017 0.27 18 4.6
P+ B+ g.p.: 0.0020 0.0045 0.00033 0.016 0.26 13 3.6
P + B : bias fixed 0.0016 0.0034 0.00021 0.0010 0.17 3.6 1.7
P+ B :ny, = o 0.00019 0.00045 0.000029 | 0.00017 0.11 5.4 1.5




Summary

e After the initial, successful, application to BOSS data:
—measurement of cosmological parameters
—new method to measure Hubble
—perhaps fixing tensions
* the EFTOfLSS 1s starting to look ahead to
—higher-order and higher-n point functions
—enlightening what next surveys could do, and how to design them
e an eye to BSM: primordial non-Gaussianities, neutrinos, curvature, etc..

—learning about some astrophysics, qualitative facts on the universe



