NewPhysics from Galaxy Clustering lli

Based on arXiv.2411.tomorrow
done in collaboration with M. Ballardini (UniFE)

Refining'the nonlinear modelling of
primordial oscillatory features
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Motivation: theory side

: : : : : V
Single-field slow roll inflation is (most probably) a Single-field iqb)
simplified model: slow roll
inflation

* It assumes a single-field slowly rolling down its typical

potential; potential
* |t assumes all other fields decoupled during inflation;
* Assumes a minimal coupling to gravity. Pents o reheating -

[Credits: D. Baumann]

[Credits: R. Kallosh & A. Linde] [Credits: R. Kallosh & A. Linde]
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CMB temperature power spectrum show
anomalies which can be related to features
In the primordial power spectrum
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Motivation: observational side

[Credits: Planck collaboration]
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CMB temperature power spectrum show
anomalies which can be related to features
In the primordial power spectrum

 Quadrupole anomaly

 Low multipoles deficit
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Motivation: observational side

[Credits: Planck collaboration]
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CMB temperature power spectrum show
anomalies which can be related to features
In the primordial power spectrum

 Quadrupole anomaly
 Low multipoles deficit

 Low multipoles dip
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[Credits: Planck collaboration]
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CMB temperature power spectrum show
anomalies which can be related to features
In the primordial power spectrum

e Quadrupole anomaly
 Low multipoles deficit
 Low multipoles dip

e Several features at small scales...
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CMB temperature power spectrum show
anomalies which can be related to features
In the primordial power spectrum

Quadrupole anomaly
Low multipoles deficit
Low multipoles dip

Several features at small scales...

Other anomalies such as “lensing excess’

Domenech & Kamionkowski JCAP 11 (2019) 040]
Ballardini & Finelli JCAP 10 (2022) 083]
[Antony et al., PRL 130 (2023) 11]
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[Credits: Planck collaboration]
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— [Blas et al., JCAP 07 (2016) O52]
et O o Ogy. [Blas et al., JCAP 07 (2016) 028]

[Vasudevan et al., JCAP 09 (2019) 037

Idea: evolve the statistical distribution function of the
fields rather than the fields themselves.

In analogy with particle physics, we can approach the
problem with a path integral formulation:

Z1Jin)| = /D@n P(6,: 1] exp {/d3k 0, (k) J (—k)}
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— [Blas et al., JCAP 07 (2016) O52]
et o o ogy. [Blas et al., JCAP 07 (2016) 028

[Vasudevan et al., JCAP 09 (2019) 037

Idea: evolve the statistical distribution function of the

1 1-
fields rather than the fields themselves. = 5 3 (kq1, ko, k3)
ks 9°(n) 3
In analogy with particle physics, we can approach the
roblem with a path integral formulation:
P P - K = g°(n) P (k)
TSPT diagrammatic
A /D@n P [Op; ] exp {/d3k 9, (k) J(—k)} expansion

O Correlators can be computed through functional
derivatives

0" Z |J;n]
0J (=ky) - 6J (—kn) | ,_,

(O (k1) -0y (kn)) =
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— [Blas et al., JCAP 07 (2016) O52]
et o o ogy. [Blas et al., JCAP 07 (2016) 028

[Vasudevan et al., JCAP 09 (2019) 037

Idea: evolve the statistical distribution function of the

1 1=
fields rather than the fields themselves. — > 3 (kq1, ko, k3)
ks 9°(n) 3
In analogy with particle physics, we can approach the
roblem with a path integral formulation:
P P g K = 9°(n) P (k)
TSPT diagrammatic
Z[J;n] = /D@n P ©y;n] exp{/d3k Oy (k)J(—k)} O xoansion
O Correlators can be computed through functional IS encoded in Liouville’s equation
derivatives for the conservation of probability
0" Z | J;n) 9, / 3 0
ki)--- k,)) = —P |O,; d 7\0,:p, ©,:nl) =0
(O (k1) -+ Op (kn)) 5T (k1) -0 (k)| 8777’[ ni 7 + p(;@n(p)( On; P, 0P[Oy 1))
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— [Blas et al., JCAP 07 (2016) O52]
et o o ogy. [Blas et al., JCAP 07 (2016) 028

[Vasudevan et al., JCAP 09 (2019) 037

Decompose the linear power spectrum into a smooth

(non-wiggly) and an oscillatory part .
POk = +
Py (k) = PR () + PY (k) ” &
IR enhanced diagrams can be separated thanks to a + g +
power counting in the soft limit. .

w (q ' k) w
D01PL (k) — qz [exp (q ' vk’) - 1] PL (k/) IR maximally enhanced diagrams:

k’/=k : :
daisy diagrams

...and can be consistently resummed to give LO and NLO power spectra

Pt (n,k) = g° (n) e 9 " PY (k) ) e e
9" (n) Py [PR (k) + e~ S Py ()|
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— [Blas et al., JCAP 07 (2016) O52]
et o o ogy. [Blas et al., JCAP 07 (2016) 028

[Vasudevan et al., JCAP 09 (2019) 037

Decompose the linear power spectrum into a smooth

(non-wiggly) and an oscillatory part .
Py (k) = PR () + PY (k) o &
IR enhanced diagrams can be separated thanks to a + g +
power counting in the soft limit. .
o 1 ~
(4 K) Tal-1= 2 17 (a- Vi)
Do P (k) = 7 lexp (q - Vi) — 1] P (K') - =0 IR maximally enhanced diagrams:

daisy diagrams
...and can be consistently resummed to give LO and NLO power spectra

Pt (n,k) = g° (n) e 9 " PY (k) ) e e
9" (n) Py [PR (k) + e~ S Py ()|
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— [Blas et al., JCAP 07 (2016) O52]
et O o Ogy. [Blas et al., JCAP 07 (2016) 028]

[Vasudevan et al., JCAP 09 (2019) 037

Decompose the linear power spectrum into a smooth

(non-wiggly) and an oscillatory part .
POk = +
Py (k) = PR () + Py () ” &
IR enhanced diagrams can be separated thanks to a + § +
power counting in the soft limit. .
o 1 ~
(q-K) Tal-]= 2 (@ Vi)
DqPZV (k) — g2 [eXp (q ‘ vk’) — 1] Pr (k/) / " IR maximally enhanced diagrams:
k'=k daisy diagrams
...and can be consistently resummed to give LO and NLO power spectra How Fo tgmfgu&e Fhem?
PO (n,k) = g2 (n) | PR (k) + (1 + g G S)p =" REPyY (k)

4+ 94 (77) P515_100p {PEW (k) + e 9 \ (k)}
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[Starobinsky, PRL 55 (1992) 489]
[Adams et al., PRD 64 (2001) 123514]
[Chen et al., JCAP 06 (2007) 023]
[Chen et al., JCAP 04 (2008) 010!

Linear features

2.4 =

Linear feature template:

- ==~ Power law PPS

—— Linear oscillations

. : k | | |
g Chn (k) = Ajin sin (Cdlink—* T §blin> 103 1072

k [Mpc]~?!

NICOLA BARBIERI (UNIFE) - 04/11/2024



Linear features

Linear feature template:

5PCHH (k) — Alin sSin (wlin

k

ks

+ ¢lin>
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[Starobinsky, PRL 55 (1992) 489]

le-9 [Adams et al., PRD 64 (2001) 123514]

24 - [Chen et al., JCAP 06 (2007) 023]

. [Chen et al., JCAP 04 (2008) 010!

20=
-—= Power law PPS

18- __ Linear oscillations n
10°3 10°2 ) , 107! 10° Computation of
[Mpc] translation operator
q . vkeiiwlink/k* — L whn (q * k) eiiwlink/k*

ke Kk



[Starobinsky, PRL 55 (1992) 489]
le-9 [Adams et al., PRD 64 (2001) 123514]
[Chen et al., JCAP 06 (2007) 023]
[Chen et al., JCAP 04 (2008) 010!

Linear features

2.4 =

Linear feature template:

~==~ Power law PPS

—— Linear oscillations

1n . k i ] ] ]
5PC1 (k) = Ajn sin (wlin— + lein) 103 10°2 10! 100 Computation of n

k. -
k [Mpc]™! translation operator

m q - vkeiiwlink/k* _

.Wlin (q ° k) 6:|:iwlink/k*

Computation of nonlinear damping ke K
W 1 dgq nw (q ' kl)Q w (1]
SPL(k):+§ s Pr" (q) — (Tq—1)(T—q—1) Pp (K')
g<ks (2m) q I/ — L
d? Kk')?
— / q3 P (q) C! 7 ) [1 —cosh(q- V)] P} (K)
a<ks (27) q k'=k
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[Starobinsky, PRL 55 (1992) 489]
le-9 [Adams et al., PRD 64 (2001) 123514]

Linear features

24 - [Chen et al., JCAP 06 (2007) 023]
. [Chen et al., JCAP 04 (2008) 010!
=2
& 20-
Linear feature template: e Power law PPS
k 18- __ Linear oscillations
1. ° | 1 ] |
0P (k) = Auin sin (wlink_* + ¢1in) 10 10 k i 10° Computation of n
[Mpc] translation operator

m q- Vkeiiw““k/k* _ .Wlin (q ) k) eiiwlink/k*
Computation of nonlinear damping ke K

sPy =+ [ Y poe () QX o ) (= 1) Py )
q<ks

2 (27) q* o
d? K)?
= [ S e cosha - V)] P (K)
q<ks (27T) q k/—k
. . W W kz s nw : Wlin : Wlin 2 W
...which finally gives: SP; (k)= P} (k) 3 dg PV (q) |1 — jo 4 + 275 4| = k“hin (k) PP (k)
0 * %
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Chen et al., JCAP 04 (2008) 010]
Flauger et al., JCAP 06 (2010) 009]
Flauger & Pajer, JCAP 01 (2011) O17]

Logarithmic features

Logarithmic feature template:

log . . k
0P (k) = Ajog sin (wlog In o + gb10g>
*
le-9
26- —==~ Power law PPS
2.4~ _ —— Logarithmic oscillations
-~ A ~. i
= 22- ~lv=
) =i~/
a "
2.0~ Nal WA
1.8 =
i 3 : .
10°3 1072 10! 100
k [Mpc]™
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[Chen, JCAP 12 (2010) 003]



- - ;Chen et al., JCAP 04 (2008) 010]
Logarithmic features i« <recoose

[Chen, JCAP 12 (2010) 003]

Computation of
translation operator

Logarithmic feature template:

log _ : k ey wiin (4 -k on
le-9
2.6- ~==~ Power law PPS
241 _ —— Logarithmic oscillations
~ ~~‘~..\
X 22- =<l
N ~\~a o
(a T TS/~
20= Wl
18=
] | | |
1073 1072 101 10°
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- - ;Chen et al., JCAP 04 (2008) 010]
Logarithmic features ;. <recose

[Chen, JCAP 12 (2010) 003]

Computation of n
translation operator

Logarithmic feature template:

k . .
(SPClOg (k) — Alog sin (wlog In — + ¢log> q - vkezlziwnnk/k* — 4y Wlin (q k) ezlziwlink/k*

ks ks Kk

le-9
TR o~ Pover law pPE What happens adding more steps?

——— Logarithmic oscillations

~ [ By "“:’y‘\ . “‘i‘l??z " ”' [\ >

x J‘;“ \ ‘ “";', u“y‘l ‘\l' '\“,I;. N“wll' w‘l“"; “‘;'r \‘;F “::;“ “1::“‘ “‘111‘\ N ) § . k -

) — 2 . 2 = ““‘:‘*. \“.““ ‘\"| \“."“’ “‘l:'-, w“."" “:'vf h\“; —~ n“(\,, J‘:“ ““‘ \":F “‘:“‘ w‘]“:“‘ “::‘\ N :|: (25 o ln k: k * ( n= 1 ) ( q ) :|: v © ln k k *
CLIv i ;,' \"1‘ .;"'l I ‘\ﬁu‘ ~/ <\ 1 ' N 7:1 ¢ e ( / ) i| - ( q | v k ) ) |::: Zwlog k 2 ‘ h ( / )

/
/
/
1
I
I
1

/ -

\

| 2131:5,,1.;?71“:“‘ V "..LS:;;:S’” ".‘:3‘\ OO B ] k 2 9 . k ) i |
; _ - | — Z (q : vk)(n 2) ) ::iwlog ::iwlog (q ) | q 9 (q ) ezlzzwlog In(k/k) \

k4 k? k4

| . /
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- - ;Chen et al., JCAP 04 (2008) 010]
Logarithmic features ;. <recose

[Chen, JCAP 12 (2010) 003]

Computation of n
translation operator

Logarithmic feature template:

o . k . . . |
5PC1 g (k) — Alog S1n (wlog In k_ - ¢10g) q - vkeﬂzzwlink/k* — 1y ("Zln (qkk) eﬂ:zwlink/k*
le-9
26+ = Power law PPS What happens adding more steps?
2 4 /- —— Logarithmic oscillations
i; 22+ \[ || N A T, {eimog 1n<k/k*>} _ Z (q- Vi) {:wbg (q,;zk) o Tiwiog In(k/k.)
20= \ \} | -"*\\m.‘ n=0
18- 'R = (n—2) [ _ (q-k)? ¢ (Q'k)Q_ +iwiog In(k/k \
— Z (q ' vk) < ::z'wlog ::iwlog | 2 e~ "Wlog n(k/kx) >

03 10°2 10 100 — k4 k2 k4
n=0 \ | _ y
m K [MPC]—l

Computation of nonlinear damping (strong approximation)

-k H n d H $PY0

CdARM(@ 1! o A 4212 A " K ()P ()

k2
SP" (k) = P (k) 6l 2
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Mixed oscillatory terms

Addition of primordial oscillatory features generates
iInterference with BAO

PY (k) ! Pgao (K)+ P¥ (k) + Pgao (K)! P (K)

Thanks to trigonometric relations we can describe it
as a superposition of

Piro (K)!1P™ (K)= SAsao (K) P (s /o, ! Pl (KI5

Computation of dampings mimics what S PY. (K)IPIN (k) =
happens for single oscillatory terms. 2 #
Subtleties arise for the logarithmic case, but = —Agpo (K) !iin (K) P (k)Ig

still allow for a consistent description. 2

NICOLA BARBIERI (UNIFE) — 04/11/2024

in +#/ 2
in + Ki $Bao

in T #/2
in ! Ki $BAO

L Ui (K) Py (k)|;

lin + #/ 2
in + Ki $Bao

N



Mixed oscillatory terms

Addition of primordial oscillatory features generates
iInterference with BAO

PW (k) ! P& (K)+ PY (k) + Pl (k) !PX (K) Usuallx neglected bes:aus_e subo_lominant. It misses
a specific characterisation of its impact

Thanks to trigonometric relations we can describe it
as a superposition of

Piro (K)!1P™ (K)= SAsao (K) P (s /o, ! Pl (KI5

Computation of dampings mimics what S PY. (K)IPIN (k) =
happens for single oscillatory terms. 2 #
Subtleties arise for the logarithmic case, but = —Agpo (K) !iin (K) P (k)Ig

still allow for a consistent description. 2
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in +#/ 2
in + Ki $Bao

in T #/2
in ! Ki $BAO

L Ui (K) Py (k)|;

lin + #/ 2
in + Ki $Bao

N
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| 0.01f
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Difference between
matter power spectrum
(with primordial linear
oscillations) and power-
law PPS divided by the
non-wiggly power
spectrum (upper panels)

ratio of the NLO matter
power spectrum with
mixed term to that
without (middle panels)

Differences between the
theoretical spectra at
NLO, and the simulations
(lower panel).



Scale dependent amplitudes

Oscillatory templates are enriched with scale ...new features appear in the computation of the
dependent amplitudes... spectra.
" A WP N 2 2 )
A (k) = Axt exp b (ki /2 1! cosh@a" k)] Pwe in (#) = . g
# AR (ki )" | in (q 8K k! K
AX (k/k) — 1| COS 'k|lln (qka ) COSh ( l' 2“’) (qka ) P\\/I\V/p,”n (k)
. " L # ¥ | . H
A lot of models (the same BAO) present this feature, . sin Lin (g &K) sinh (k! ) (g &k) oW (k)%
Usually neglected because suppressed in the power ki k | 2 K WP, lin |+ 2
counting |

A new damping factor appears and we need new
formulas to take it into account properly

PO (1 k)= g?(1) € 9K m (9 cog gz(!)kzpﬁp (k) P in (k)
" A
| @ ORI (K) gin g? (1) k?OWP (k) Pwe iin (K) it g/ o
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Scale dependent amplitudes

Oscillatory templates are enriched with scale ...new features appear in the computation of the
dependent amplitudes... spectra.
" A WP N 2 2 )
A (k) = Axt exp b (ki /2 1! cosh@a" k)] Pwe in (#) = . g
# AR (ki )" | in (q 8K k! K
AX (k/k) — 1| COS 'k|lln (qka ) COSh ( l' 2“’) (qka ) P\\/I\V/p,”n (k)
. " L # ¥ | . H
A lot of models (the same BAO) present this feature, . sin Lin (g &K) sinh (k! ) (g &k) ow (k)%
Usually neglected because suppressed in the power ki k | 2 K WP, lin |+ 2
counting |

A new damping factor appears and we need new
formulas to take it into account properly

PO (1 k)= g?(1) € 9K m (9 cog gz(!)kzpﬁp (k) P in (k)
" A
| @ ORI (K) gin g? (1) k?OWP (k) Pwe iin (K) it g/ o
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Scale dependent amplitudes

Oscillatory templates are enriched with scale ...new features appear in the computation of the
dependent amplitudes... spectra.
" A WP N 2 2 )
A (k) = Axt exp b (ki /2 1! cosh@a" k)] Pwe in (#) = . g
# AR (ki )" | in (q 8K k! K
AX (k/k) — 1| COS 'k|lln (qka ) COSh ( l' 2“’) (qka ) P\\/I\V/p,”n (k)
. " L # ¥ | . H
A lot of models (the same BAO) present this feature, . sin Lin (g &K) sinh (k! ) (g &k) ow (k)%
Usually neglected because suppressed in the power ki k | 2 K WP, lin |+ 2
counting |

A new damping factor appears and we need new
formulas to take it into account properly

PIO (1 k)= g?(1) € 9K (9 cos gz(l)kszf: 08 P in (k)
" A
| 9K () ain g2 (1) k2P (k) Pwe iin (K) it g/ o
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Scale dependent amplitudes
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Difference between
matter power spectrum
(with primordial linear
oscillations) and power-
law PPS divided by the
non-wiggly power
spectrum (upper panels)

Differences between the
theoretical spectra at LO

and NLO, and the
simulations (lower panel).

10



Scale dependent amplitudes
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Scale dependent amplitudes

As scale dependence increases, the amplitude _
corrections grow larger. (k)= 1 i (K)+ i“ (4) 1

in Lin (K)+ O =,
! n

For extreme values of the envelope parameters this can 5 1

. . ) (k)——'D()(k)+O =
spoil the pour counting defined in our methodology, Ol Iin "6
making the whole computation unreliable.

Check that relative corrections [P (k)! PW - (k)' y K2 o PV (K], s
to the power spectrum does not oW L0 = 3! o1 (k) PV (K)
exeed a small percentage of it (k)' | .
) s 3(k"™ W)
10k (k) | dq Pow (Q) 344
° # 5! i # $ ;
Oin " 6+ qz#ﬁn COS(O#in)" 3 " 2+ qz#ﬁn sin (0%in ) ..where Kjin ! 1in/k, for simplicity.
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Conclusions

* We have applied TSPT formalism to compute LO and NLO matter power spectrum for
non-standard effects as features in the PPS of scalar perturbations;

* We include to the standard description the mixed term between features and BAO, and the
contribution of scale dependent amplitudes refining the modelling of nonlinear damping;

* All the results have been tested against dark matter simulations. We found them in agreement
for all those scales relevant for galaxy clustering analysis k< 0.3hMpc' *;

J

* We aim to perform a precise validation of our results with realistic simulations for upcoming
LSS surveys, such as DESI and Euclid.
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