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What do we Want to Know About Inflation?

Simplest (phenomenological) model

1
. . 2
* A single field evolving along an almost flat potential simplest Lagrangian ~ 5(()¢) - V(@)
with quantum fluctuations

But:
* What is the energy scale of inflation? [Hubble]

H ~ 10""GeV ?
Vig) = 272

* What sets the potential?

P = Dy )Wy -

* Were there other fields during inflation?

. -3
» Did the fields interact? Lagrangian D ¢ + ...

Linde, Guth, Starobinsky, Lyth, Mukhanov, Sasaki, ...



The Future of Non-Gaussianity

Amount of primordial information

J o ] 3
* Future CMB experiments will improve by =~ 2 X 10
* This is a two-dimensional field Excluded by cosmic variance
2
* We’'re running out of modes to look atl 10
(2030s)-
* Small-scales are hard MegaMapper

10!4 Future CMB

* What about galaxy surveys?

N, modes/ 1 06

10° Current CMB
* This is a three-dimensional field
DESI/Euclid
* New surveys will map ~ 100 X more 10! (2020s)
galaxies than Stage-lll _BOSS
[2020s: DESI, Euclid, SPHEREx, LSST, Roman, ...] 0 (2010s)

0.5 1.0 1.5 2.0 2.5 3.0 3.9

Maximum redshift, Z.....«

12
CMB-S4, Simons Observatory, Sailer+22, Ferraro+22



How to Model Inflation

Inflationary Physics

(? Inflationary Theory . ____l: _—

Encodes inflation model

EFI SR o Linear Theory

Encodes expansion history

H,Q, . Q, A

Encodes gravity,
hydrodynamics, galaxy
formation

(? Perturbation Theory

biases, counterterms, etc.




Step 1: Modeling Inflation

 Write down the most-generic action for single-field inflation (assuming shift-symmetries)

SEFTz/d%\/fg- MEH (,irz_cz(vﬂz) , M22H(1_62) (ir(Vﬂ)z (1 : 253)7%3)

c3 a? c2 a? 3 c?

for Goldstone mode 7 (~ inflaton) and sound-speed ¢_at O(3).

* This sources two bispectra: a 7 d 7 7l 7l

.3 (V)
/ 17\TIL + f

Equivalently: f & forh
s (V1)

Cheung+08, Senatore+09



Step 1: Modeling Inflation

* We could also consider multi-field inflation (still assuming shift-symmetries)

SEFT 2 "d4x\/ —8

for scalar-field ¢ of mass 7 and sound-speed c_ with coupling constants A, B, C (at O(3)).

V 2
A7’t+B7'r2+C( Z) 9]
a

* This sources two more bispectra:

If m_— 0, this is local fy;!

(V7r)2,0

If m > 3/2H, we get oscillations!

Lee+ 16, Pimentel+22, Jazayeri+22, Cabass, Philcox+24



Step 2: Modeling Dark Matter

How does primordial non-Gaussianity change the theory model?

1. Induces a late-time bispectrum: B, (ki k), k3) = a1 Tz:(kl)TC(kz)Tg(k3)Bg(kla k, k)
2. Adds new loop corrections: Py(K) ~ J kernels(p;, k) X (3y;n(P1)***01in(Py))
P;

dp
o) Fy(p,K—p)B;;;(p.k —p)

This contains both PC and BC terms!

Assassi+15a



Step 3: Modeling Galaxies

For galaxies, we have more effects:

1. Induces a late-time bispectrum: B, (ki ky, ks) = fr Tz;(kl)Tq(kz)TC(k3)b133§(k1’ ky, k3)

2. Adds new loop corrections: ng(k) ~ J galaxy kernels(p;, K) X (0, (P1)**%,(P,,))
P;
Pk =2fb | <P Kok — B, (p.K
eg. Py, 12(k) =2 /Nt 3 (27)3 (P, K= p)B(p. K —Pp)
3. Adds new bias operators 0y D by + byspo + --- (assuming light fields)

— scale-dependent bias!
Assassi+15b, Cabass, Philcox+24



Step 3: Modeling Galaxies

We also have to be careful of renormalization!

* Look at the UV dependence of the loop integrals:

dp
K,(p,k — p)By;;(p.k — p)

PO~ fub | =

p>k

+ For light fields (m, < H):  Pg, (k) ~ fu k=P, (k)
* For massive fields (m_> 3/2H): ng,lz(k) ~ fNLk_l/2 cos(u log k) Py, (k)

This is exactly degenerate with scale-dependent biasl (as expected...)

. . ° - . |
= massive particles lead to weird scale-dependent bias! Assassi+15b, Cabass, Philcox-+24



Constraining Inflation with BOSS Galaxies

Using (quasi-)minimum-variance
estimators deconvolving geometry

Statistics

Zoff = 0.38

Power Spectrum

|
0.05 0.10 0.1 0.25 0.30 0.35 0
Scale 1

P,(k) + BAO + P(k,)
+ By(ky, ky, k3)

GitHub: PolyBin3D

PonBin




Constraining Inflation with BOSS Galaxies

Using (quasi-)minimum-variance Fast loop integrals and Theory Model
estimators deconvolving geometry flexible likelihoods

Statistics

( ~ seconds!)
Z\(qu) = K1+ fui, (A.3)
2
20001 Zo(q1, @) = Ka(q1, @) + f132Ga (a1, @2) + fm;qul [ﬂ + &] 4 Ypzma) R,
Qg 2 aqe

Z3(€11,¢12,<I3) = K3((I1,112,CI3) + fN%23G3(¢11,¢12,Q3)

1500
+ (fr1239123) [%KIGZ((II, Q) + %Kz(th,fh)]

1000 L Umza)® [Qwﬂgz(qhw%%f{l] o Umasman)® i s

>
| -
O
() 2 Q12 ¢3 6 Qg g3’
Q 500 Z4(¢117 q2,qs3, Q4) = K4(¢11, q2,qs3, ¢I4) + fll'%234G4(Q1, q2,qs3, q4)
+ (fr1234q1234) {@KHG:ﬂ(ql, 0, 83) + 2 K3(q1, 02, g3)
o q123 q4
L 0 .
QO o o o + ﬁGz(thh)Kz(%,(M)]
3 s Gaussian likelihood T
+ “123;(11234 [2#123 BG':*.(¢11, Q,q3) + E@Gﬂ‘ha q2)G2(qs3, q4)
o q123 Q4 q12 g34
Q- -1000- + 2%%K1G2(Q1,Q2) + %%Iﬁ(%,%)]
A A ;
~1500 . : . ! . . . _ — _ —1 _ +M[3w@/ﬁg (q,q)+/ﬂ&@K]
005 010 0.1 025 030 035 0 210g L = (P l)theory) C (P I)theory) 6 g a T G
4
Scale 1] Uit i s
q1 92 g3 44

P,(k) + BAO + P(k,)

+ B.(k;. k. k MCMC GitHub:
/1, K. 1) CLASS-PT

M &
GitHubs: PolyBin3D |~ Jni constraints (and beyond) Full-Shape-Likelihoods

PolyBin

Philcox, Ilvanov, Cabass+19-24



Some Recent(ish) Results

1. Local non-Gaussianity: f\?f S —_BOSS P
5 BOSS P+B
* Probes light particles (m, < H) in multi-field inflation f; _
i:;’
e Full Pg + Bg modeling beats power spectrum scale- =;
dependent bias searches by 20% 3
—~300 —200 —100 0 100 200 300

loc
NL

NP=-33+28 (9£34w/oB,)

(CMB: 5, Target: £1)

24
Cabass, Philcox+22b (see also d’Amico+22)



Some Recent(ish) Results

1. Local non-Gaussianity: 11\%%

2. Non-local non-Gaussianity: f, ot

* Probes inflation interactions in the single-field EFT of
inflation: 10°f; ~ (H/A)?

* First non-CMB analysis

e Hard:

* We need to robustly separate inflation from bias
(b%, b,) [EFTofLSS to the rescuel]

e Window functions are important [use window-

deconvolved estimatorsl!]

BOSS (+ galaxy formation)
BOSS (alone)

Mean-of-simulations

300

ortho
fNL

—300

—600

fl =260 % 300, f" = — 23 £ 120

without priors: f = 940 £ 600, " = — 170 £ 170

(CMB: £50, = 25, Target: 1)
o
Cabass, Philcox+22a (see also d’Amico+22, %hen+24)



Some Recent(ish) Results

BOSS (+ galaxy
formation)

BOSS (alone)

Mean-of-simulations

1. Local non-Gaussianity: f\}f

2. Non-local non-Gaussianity: 1, ot

* We can map these onto the EFT of inflation
parameters, directly probing microphysics!

O
o

* We constrain the inflaton sound-speed: ¢ > 0.013
(95% CL)

c?—1)x107°

.

=

o
T
I

C3(
|

e This is greatly improved by priors on bias . .
-2 -1 -1.0 -=0.5 0.0
parameters 10g10(c) £5(c=2— 1) x 1075

5
Cabass, Phifcox+22c:



Some Recent(ish) Results

. ]
1. Local non-Gaussianity: 1\}’]3
2. Non-locdl non-Gc:ussicmi’ry:f;%, ﬁﬁfh : 2
3. Massive-Particle non-Gaussianity: fy; (m,, ¢,) f\flf &zﬂ) o

* We can probe multi-field inflation with massive
particles (m_ > 3/2H)

* First analysis with either CMB or LSS

o, TOo

e This has more interesting phenomenology including (V7)o
oscillatory features and varying speeds

1
2

k
S(kla k29 k3) ~ (k_;)

cos (u In Ca;?) for k1 < ﬁkg, + many integrals 2
Cs3 Co Cabass, Philcox+24 (see also Sohn+24)



Some Recent(ish) Results

1. Local non-Gaussianity: fy loc
cs/ce = 0.1 == e, =1 e cs/ce = 10
2. Non-local non-Gaussianity: 1} ,fOrth _ 1%
NL L1005 T T T T
([ ] (] ° ° G) ?_,_ T —
3. Massive-Particle non-Gaussianity: fy (m,, ¢,) = i
R U 4 O R
* Very massive particles look like self-interactions cﬁ NIEEREEEN BEEEEE
« Marginalize over f ,forth as well! O -107 - | -
NL O | i L
C -10°] - : |
a ) S H - -]
5 -10° ¢ - + 47 L
* There are several ways to analyze the data: B ok | : i + 1
S ™~ ™M A Lo
1. Separately analyze each mass and sound-speed I I L I L L
X 3 3 3 3 3

= \/ m2/H? — 9/4
Cabass, Philcox+24 (see also 2Sohn+24)



Some Recent(ish) Results

BOSS
1. Local non-Gaussianity: fy IOC + galaxy-formation

priors
2. Non-local non-Gaussianity: fNL,fO“h

4000

3. Massive-Particle non-Gaussianity: fy (m, ¢,)

(with DBI symmetries)

1000

* Very massive particles look like self-interactions

e Marginalize overfNL,fOrth as well!

 There are several ways to analyze the data:

1. Separately analyze each mass and sound-speed cslcy |

2. Marginalize over particle mass

]
100

C, %o Mo el
Cabass, Philcox+24 (see also Sohn+24)



fnp isn’t everything...

Many other things can happen in inflation,
e.g.:

* Massive-ish particles (m_ < 3/2H)

See upcoming paper with Sam Goldstein!

* Particles with spin
* 4-point interactions
 Thermal initial states and dissipation

* Non-perturbative physics

There’s lots to discover in future datal

Cosmological Collider

Low-energy remnants
[curvature fluctuations]

A

High-energy physics
[particle scattering]

\
Low-energy remnants
[curvature fluctuations]

30

Cabass, Philcox+24, Philcox+23, Arkani-Hamed, Pajer, Maldacena, Creminelli, ...



SIM NS B COLUMBIA UNIVERSITY

FOUNDATI ON IN THE CITY OF NEW YORK

Summary

* We can robustly probe primordial
non-Gaussianity with LSS

e So far we have constrained:

e Self-interactions
* Light fields

* Massive fields

* There's lots more to doll



https://arxiv.org/pdf/2404.01894
https://arxiv.org/pdf/2204.01781
https://arxiv.org/pdf/2201.07238

ot il o

B oWy v
i uld Sl | A RO
A )
e il

¥ |

L \ e
S PPNy
1*n Wl =
L n
| L " .

The Cosmological Collider has been switched on!

- a - Y fa E— . \‘..' TR \ NG o s - N MIPL SRR
D » e . , - ~ i " b . . y ' : »
) "o L’ \> b ~ X ){'; ﬂ\, e Al '} | g - ) \ ) \ & o R ‘,‘ " o,
. y - Y S \V/F ,.W o R / y § Prat. . ]
Vil X % { - . J i i 1 \ IR 5 FN o L 4 . 4 N\ v - y L :
ot . . A . T [l RS | R ' o B ) 4

. SaHAvL BT ol . N
u - bl e

—_ h ‘ ! \ ' : " o d . 3 {
B R » .y ) - A\ \ .

p T N P - 4 i\ P M Q= ‘./ » N X ",. -‘ (e ‘, i | 4 : “n. g \'Jr:
m‘l S— -“— ] » “',‘ : |' v J < : 4 g “'- 4 " RY A u ‘“““ “'“\\W\\“M\\ WMo b \
= ] & e - ' n y - b G \ y V. dd / . & (771 o X ~ ¥

NS { - : w ! AL i — ,,' ) , ! 3 X
x N \7 - \ 8
p !

e

I——



