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Cosmology

inflation
CMB galaxies

: Inflation, Cold Dark Matter, Lambda 

Known Unknowns: 
What was inflation, exactly?
Is DM really cold? 
many more …

Unknown Unknowns: 
Surprises ?
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⇤CDM

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Need to continue measuring fluctuations: galaxies  

also see Hayden Lee’s talk 



Information in Galaxy SurveysNew data are coming!

Boston (February 23rd, 2023) 04/20Giovanni Cabass (IAS)
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Galaxy surveys

CMB
CMB, finished

“No mode left behind” © Nima Arkani-Hamed

MegaMapper/SpecS5



The big problem 
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

non-linearity (non-Gaussianity) is important



Example: Cosmological Collider in Action

non-Gaussianity probes particle content, 
interactions, and the speed of propagation

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

inflaton

massive scalar

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Example: decay of massive particles during inflation
Cabass, Philcox, MI ++ (2024)
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The Cosmological Collider & the Cosmological Bootstrap

Boston (February 23rd, 2023) 02/20Giovanni Cabass (IAS)

Computing the impact of exchange of massive spinning fields is almost impossible with 
standard perturbative techniques:

19

Bootstrap

-> let’s bypass time evolution!

locality -> boundary ODE for simple building blocks
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Figure 5: The four-point exchange diagram of ' mediated by a massive scalar.

It is noteworthy that, for physical values of energies (namely {ka, s} ⇢ R+), F�� and F+� are

given by the complex conjugates of F++ and F�+. Moreover, dilatation symmetry implies that

the correlators of ' scale as

h'(�k1) . . . '(�kn)i0 =
1

�2n�3
h'(k1) . . . '(kn)i0 . (3.19)

As a result, F±± and F±⌥ can be expressed as

F±±(ka; s) =
1

s
F̂±±(u, v) , F⌥±(ka; s) =

1

s
F̂±⌥(u, v) , (3.20)

from which it follows that

F =
1

s
F̂ (u, v) , F̂ = F̂++ + F̂�� + F̂+� + F̂�+ . (3.21)

where we have defined the energy ratios

u ⌘
s

k1 + k2
, v ⌘

s

k3 + k4
. (3.22)

For physical configurations, the triangle inequality implies that

0  u  1 , 0  v  1 , physical configurations. (3.23)

However, relating our diagrams to F will incorporate the analytic continuation of F as a function

of ka(a = 1, . . . , 4) and s (or equivalently F̂ as a function of u and v) in a domain that should at

least cover all the real and positive values of u and v (especially the region defined by u > 1 and

v > 1).

The single-exchange diagrams of ⇡ can be related to the soft limit of the quantity F defined above

by means of appropriate weight-shifting operators. Using the relationships (3.14) and (3.11) we

infer that

• using (3.14) inside the in-in expressions of all diagrams, the quadratic vertex

⌘�3@⌘⇡
±
c (k, ⌘)�±(k, ⌘)

19
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B(k1, k2, k3) =

• It is crucial that the weight-shifting operators only depend on boundary kinematics.

• A major simplification occurs in that, based on Feynman rules for the individual 
diagrams, one can see that the single exchange diagrams for massless field can be 
related to a single de Sitter seed four-point function for a conformally coupled field
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H . 1014 GeV

Arkani-Hamed, Maldacena (2015)
Chan, Wang (2009)
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Simplest example: galaxy bias
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h�m(k)�m(k0)i = �(3)D (k+ k0)Plin(k)
Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

depends on radiation, baryons, DM, etc. from Boltzmann codes

~ propagator
Gaussian random field
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential
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Figure 1. Diagrams contributing to the deterministic part of the one-loop matter power

spectrum. Taken from Ref. [11].

the deterministic and stochastic parts of the e↵ective stress tensor. The two-loop

corrections scale as

�2

2�loop
(k) ⇠

✓
k

kNL

◆2(n+3)

, (1.17)

which indeed confirms that at NLO we only need to keep the e↵ective operators with

Wilson coe�cients c
2

s and c
2

v.

1.5 UV renormalization and IR resummation

The UV limit of the one-loop integral in Eq. (1.15) reads

P1�loop

�����
k⌧q

= � 61D4

630⇡2
k

2
Plin(k)

Z

q: q�k

Plin(q)

q2
. (1.18)

At face value, UV modes couple to modes with mildly-nonlinear wavenumbers k ⇠
0.1 h/Mpc through the variance of the short mode displacement field. We see that

this integral diverges for a generic initial power spectrum. This divergence is exactly

canceled by the Wilson coe�cient �, which ensures that the physically observed

quantities such as the density field n-point correlation functions are finite. Their

dependence on short-scale physics is captured by the finite part of �, which has been

accurately measured in N-body simulations [2, 11, 13, 14].

The IR limit of the one-loop integral reads [15, 16]:

P1�loop

�����
k�q

= D
4

Z

q: q⌧k

Plin(q)
(k · q)2

q4

�
e

�q·rk0 � 1
�
Plin(k

0)

�����
k0=k

. (1.19)

If the linear power spectrum did not have any feature i.e. Plin = Psmooth, such

that @kPsmooth(k) ⇠ (1/k)Psmooth(k), the di↵erential operator above could be Taylor-

expanded and we would find that the IR modes couple to a mildly-nonlinear mode

k though the variance of the large-scale density field [17],

P1�loop, smooth

�����
k�q

⇠ Psmooth(k)

Z

q: q⌧k

Psmooth(q) . (1.20)
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Galaxy loops

MI “EFT for Large Scale Structure” (2212.08488)

Baumann, Nicolis, Senatore, Zaldarriaga (2012)

https://arxiv.org/abs/2212.08488
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

3D massless Euclidean QFT
Smirnov (1991)

Simonovic, Zaldarriaga+ (2017)
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

CLASS-PT code, 150 loops in 1 sec. Ivanov, Simonovic, Zaldarriaga (2019)



Two Loops

the two-loop power spectrum see [26–29])

P2�loop(k, ⌧) = D4(⌧)[P I
33(k) + P II

33 (k) + P24(k) + P15(k)] . (4.1)

The explicit form of the four terms in the square brackets is

P I
33(k) = 9Plin(k)

Z

q
F3(k, q,�q)Plin(q)

Z

p
F3(�k,p,�p)Plin(p) , (4.2)

P II
33 (k) = 6

Z

q

Z

p
F3(q,p,k � q � p)F3(�q,�p, q + p� k)Plin(q)Plin(p)Plin(|k � q � p|) , (4.3)

P24(k) = 24

Z

q

Z

p
F2(q,k � q)F4(p,�p,�q, q � k)Plin(q)Plin(p)Plin(|k � q|) , (4.4)

P15(k) = 30Plin(k)

Z

q

Z

p
F5(k, q,�q,p,�p)Plin(q)Plin(p) . (4.5)

The corresponding diagrams are shown in Fig. 12. In the first contribution, P I
33(k), two integrals

have the same structure as the P13(k) part of the one-loop calculation. In other cases the integrals

are not separable.

After expanding kernels and linear power spectra in power laws, all terms in the sum can be

written in the following form
Z

q

1

q2⌫4 |k � q|2⌫5

Z

p

1

p2⌫1 |k � p|2⌫2 |q � p|2⌫3
⌘ k6�2⌫12345 K(⌫1, . . . , ⌫5) . (4.6)

One important point to make is that at most three of five parameters ⌫1, . . . , ⌫5 are generic

complex numbers. The reason for this is that there are at most three linear power spectra in

the two-loop integrals. The other two parameters must be integers coming from the expansion

of kernels. As we are going to see, this simplifies evaluation of some diagrams significantly.
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Figure 12. Diagrammatic representation of four contributions to the two-loop power spectrum.

Before we move on, let us notice that the second integral in (4.6) has identical structure as

the one-loop bispectrum. Therefore, choosing the following change of coordinates x = |k�q|2/k2

and y = q2/k2, the function K(⌫1, . . . , ⌫5) that we are ultimately interested in can be written as

follows

K(⌫1, . . . , ⌫5) =
1

16⇡2

Z

x,y
x�⌫5y�⌫4J(⌫1, ⌫2, ⌫3; x, y) . (4.7)
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are given in Appendix D. Here we report only the final formula. We write the result in a form

which resembles the series representation of J(⌫1, ⌫2, ⌫3; x, y)

K(⌫1,⌫2, ⌫3, ⌫4, ⌫5) =
sec(⇡⌫23)

8
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�
�⌫5 + n, 3

2 � ⌫134, ⌫̃1 + n, 3
2 � ⌫̃2 + n, 3 � ⌫̃23 + 2n

�⇤
. (4.21)

The complicated part of the answer is the function (· · · ) which is given in terms of generalized

hypergeometric functions
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1 + d, d + � + 5
2 , 3 + � + d;

1

!#
, (4.22)

where d ⌘ c � a � b and � ⌘ ↵ + �. However, this is not the end of the story. We have found

only one piece of the final answer, which corresponds to the integral over the region D1. If one

splits the remaining part of domain of integration in (4.19) in the following way (see Fig. 7)

D2 = {(x, y) |
p

x �
p

y  1, x � 1, y  x} , (4.23)

D3 = {(x, y) |
p

y �
p

x � 1, y � 1, x  y} , (4.24)

then we find that the integrals over D2 and D3 can be mapped to an integral of the form (4.20).

The proof is based on symmetries of J(⌫1, ⌫2, ⌫3; x, y) given in eq. (3.9). The full solution is then

just a sum of three terms given by (4.21), with slightly di↵erent parameters

K(⌫1, . . . , ⌫5) =
1

16⇡2

⇣
K(⌫1, ⌫2, ⌫3, ⌫4, ⌫5) + K(⌫1, ⌫3, ⌫2, ⌫6, ⌫5) + K(⌫2, ⌫3, ⌫1, ⌫6, ⌫4)

⌘
. (4.25)

Obviously, the final result for K(⌫1, . . . , ⌫5) is very complicated and not very illuminating. Sym-

metries of the two-loop diagram that we discussed in the previous section are not manifest at

all. It is actually quite remarkable that this messy formula satisfies all functional identities of

K(⌫1, . . . , ⌫5). This is also an indication that there may exist a much simpler and elegant repre-

sentation. However, for the time being, it remains elusive.

The di�culties with the result (4.21) are not only aesthetic but also practical. The biggest

problem is that the sum on the r.h.s. of (4.21) is not convergent for all values of parameters.

Even when it is, sometimes there are big cancellations between di↵erent terms in the sum. Sum-

ming up many large numbers which eventually leads to a small answer can be numerically quite

challenging. On the other hand, there is a large region of parameter space where the sum con-

verges very rapidly. Using many of the symmetries of K(⌫1, . . . , ⌫5) such as (4.13), it is always

possible to evaluate the sum e�ciently for any choice of parameters. Understanding the radius

of convergence more quantitatively is very important for knowing ahead of time which symmetry
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are given in Appendix D. Here we report only the final formula. We write the result in a form

which resembles the series representation of J(⌫1, ⌫2, ⌫3; x, y)
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where d ⌘ c � a � b and � ⌘ ↵ + �. However, this is not the end of the story. We have found

only one piece of the final answer, which corresponds to the integral over the region D1. If one

splits the remaining part of domain of integration in (4.19) in the following way (see Fig. 7)

D2 = {(x, y) |
p

x �
p

y  1, x � 1, y  x} , (4.23)

D3 = {(x, y) |
p

y �
p

x � 1, y � 1, x  y} , (4.24)

then we find that the integrals over D2 and D3 can be mapped to an integral of the form (4.20).

The proof is based on symmetries of J(⌫1, ⌫2, ⌫3; x, y) given in eq. (3.9). The full solution is then

just a sum of three terms given by (4.21), with slightly di↵erent parameters

K(⌫1, . . . , ⌫5) =
1

16⇡2

⇣
K(⌫1, ⌫2, ⌫3, ⌫4, ⌫5) + K(⌫1, ⌫3, ⌫2, ⌫6, ⌫5) + K(⌫2, ⌫3, ⌫1, ⌫6, ⌫4)

⌘
. (4.25)

Obviously, the final result for K(⌫1, . . . , ⌫5) is very complicated and not very illuminating. Sym-

metries of the two-loop diagram that we discussed in the previous section are not manifest at

all. It is actually quite remarkable that this messy formula satisfies all functional identities of

K(⌫1, . . . , ⌫5). This is also an indication that there may exist a much simpler and elegant repre-

sentation. However, for the time being, it remains elusive.

The di�culties with the result (4.21) are not only aesthetic but also practical. The biggest

problem is that the sum on the r.h.s. of (4.21) is not convergent for all values of parameters.

Even when it is, sometimes there are big cancellations between di↵erent terms in the sum. Sum-

ming up many large numbers which eventually leads to a small answer can be numerically quite

challenging. On the other hand, there is a large region of parameter space where the sum con-

verges very rapidly. Using many of the symmetries of K(⌫1, . . . , ⌫5) such as (4.13), it is always

possible to evaluate the sum e�ciently for any choice of parameters. Understanding the radius

of convergence more quantitatively is very important for knowing ahead of time which symmetry
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The FFTLog formula converges too slow

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

New ideas from you are welcome!

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Simonovic, Zaldarriaga+ (2017)



The dawn of precision GW science

also see Zvi Bern’s,  Alessandra Buonanno’s +++ talks 



A typical binary merger

© NASA

tidal deformation of the sources

Binary inspiral

L. Dixon   Amplitudes, LHC, LIGO & Beyond NYU   Oct. 21, 2021 4

A typical binary merger

is sensitive to tidal responses of the mergersQuasinormal modes (QNMs)

is sensitive to



Tides probe the nature of compact objects

deformation (5 PN),
conservative Love numbers

heating (4 PN), 
dissipative

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

One can test EoS for neutron stars Flanagan, Hinderer (2007) ++

Chia, Zhou, MI (2404.14641)Use LVK data to test exotic compact objects

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential



Love numbers in  Worldline EFT

Goldberger, Rothstein+ (2004,2005,2020)

 uµu�Rµ⌫�⇢
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Local operators capture conservative dynamics

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

2pf of Q encodes dissipative dynamics

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Wilson coefficients = Love numbers

at a black hole is described  
by the word line 

effective action   
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Matching of  Tides in Worldline EFT

Wilson coeffs extracted from GR matching calculations, 

use for new predictions

Alternative: on-shell scattering amplitudes
Free of gauge, coordinate, and field-redefinition

Works well* @LO (static LNs), but matching conditions are trivial

@NLO (dynamical LNs) some confusion: 

gauge, coordinate dependence

Normally done with off-shell quantities (~Newton potential) 
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential
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cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential
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e.g. Poisson (2021a,b)   vs Chakrabarti +’13, Charalambous, Dubovsky, MI’21
                Saketh, Zhou, MI’21

MI, Li, Parra-Martinez, Zhou’24

Damour, Poisson,+’09+



Gravitational Raman Scattering 
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Partial wave basis:

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

(Real part of) phase encode conservative tides (Love numbers)Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Inelasticity encodes tidal heating

MI, Li, Parra-Martinez, Zhou’24
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Non-linearity of Gravity

1PM:

2PM:
3PM:
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

3PM calculated for the first time thanks to IBP+diff. equations Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Background field method integrands Cheung, Parra-Martinez, Rothstein+’23

<latexit sha1_base64="pzTRjy28PWljokgGoCtF6/gClq8="></latexit>

d�

d⌦

���
1PM

=
G2m2

sin2
�
✓
2

� cos4
✓
✓

2

◆



Results:
Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

3PM EFT:
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Comparison with known results for black holes in GR: 
Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potentialStatic Love numbers are zero 

and do not run: <latexit sha1_base64="fw0zJqlKLtfuT/p4JwcRKsJcF6w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ7MVjBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwrs/89hMqzWP5aCYJ+hEdSh5yRo2V2vV+5k1v3X654lbdOcgq8XJSgRyNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n83Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyex3MuAKmRETSyhT3N5K2IgqyoxNqGRD8JZfXiWti6p3Vb18uKzU7vI4inACp3AOHlxDDe6hAU1gMIZneIU3J3FenHfnY9FacPKZY/gD5/MHdPyPAQ==</latexit>

C1 = 0
Dynamical Love numbers non zero 
and do run: 



Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Perfect match: consistency of the EFT and the renormalization program! 

Scalar Raman Scattering: Upshot

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Photon/graviton results underway!
Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Running part can be matched thanks to the 
factorization of GR amplitudes

Chakrabarti ++’13, Charalambous, Dubovsky, MI’21 
Zhou MI’22, Saketh, Zhou, MI’23

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Dynamical Love numbers of BHs are non-zero & run,
~ natural from the EFT perspective <latexit sha1_base64="+O7nQiKOPJYT2hsO/98EOwwYMOU=">AAACD3icbVBNS8MwGE7n15xfVY9egkPxNFoZ6nEogscJbg7WWtI03cKStCSpMMr+gRf/ihcPinj16s1/Y7ZV0M0HAs/7vB953ydMGVXacb6s0sLi0vJKebWytr6xuWVv77RVkklMWjhhieyESBFGBWlpqhnppJIgHjJyGw4uxvnbeyIVTcSNHqbE56gnaEwx0kYK7EOPCg0jBb0o0fAyyD2eeSIbTcO7nzCwq07NmQDOE7cgVVCgGdifZgLOOBEaM6RU13VS7edIaooZGVW8TJEU4QHqka6hAnGi/HxyzwgeGCWCcSLNM9tN1N8dOeJKDXloKjnSfTWbG4v/5bqZjs/8nIo000Tg6UdxxqBO4NgcGFFJsGZDQxCW1OwKcR9JhLWxsGJMcGdPnift45p7Uqtf16uN88KOMtgD++AIuOAUNMAVaIIWwOABPIEX8Go9Ws/Wm/U+LS1ZRc8u+APr4xv1MJyl</latexit>Z

dsĖµ⌫Ė
µ⌫

Universal running: same for BH & NS

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

IR/ UV logs neatly separated in EFT



Summary

Gravitational waves - probe nature of compact objects

Loops thanks to QFT, but need more :)

Our Universe is the largest collider

Large scale structure - a powerful probe of physics

Tides understood thanks to scattering amplitudes

Thank you!



Love numbers in Newtonian gravity

�ext

<latexit sha1_base64="ETbdUT70Jo1EasH8rhJ/s6/r7+o=">AAACCXicbVDLSsNAFL2pr1pfUZduBosgFEJSi7oRim5cVrAPaEOYTKft0MmDmYlQQrdu/BU3LhRx6x+482+cpllo64XhHM65lzv3+DFnUtn2t1FYWV1b3yhulra2d3b3zP2DlowSQWiTRDwSHR9LyllIm4opTjuxoDjwOW3745uZ336gQrIovFeTmLoBHoZswAhWWvJM1GuMGLrKwLNRJcPqHM4qlmV5Ztm27KzQMnFyUoa8Gp751etHJAloqAjHUnYdO1ZuioVihNNpqZdIGmMyxkPa1TTEAZVuml0yRSda6aNBJPQLFcrU3xMpDqScBL7uDLAayUVvJv7ndRM1uHRTFsaJoiGZLxokHKkIzWJBfSYoUXyiCSaC6b8iMsICE6XDK+kQnMWTl0mrajnnVu2uVq5f53EU4QiO4RQcuIA63EIDmkDgEZ7hFd6MJ+PFeDc+5q0FI585hD9lfP4A2gWXQg==</latexit>

� = �0 + �2 + �3 + ...
<latexit sha1_base64="usxdJkez+bZiJIhUHhQyhTl9rC0=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgxpJIUTdC0Y0boYJ9QBPCZDpph04ezEyEGoK/4saFIm79D3f+jdM2C209cOFwzr3ce4+fcCaVZX0bC4tLyyurpbXy+sbm1ra5s9uScSoIbZKYx6LjY0k5i2hTMcVpJxEUhz6nbX94PfbbD1RIFkf3apRQN8T9iAWMYKUlz9x3GgPmWejyxAkEJtltnoncMytW1ZoAzRO7IBUo0PDML6cXkzSkkSIcS9m1rUS5GRaKEU7zspNKmmAyxH3a1TTCIZVuNrk+R0da6aEgFroihSbq74kMh1KOQl93hlgN5Kw3Fv/zuqkKLtyMRUmqaESmi4KUIxWjcRSoxwQlio80wUQwfSsiA6xTUDqwsg7Bnn15nrROq/ZZtXZXq9SvijhKcACHcAw2nEMdbqABTSDwCM/wCm/Gk/FivBsf09YFo5jZgz8wPn8AodiUuQ==</latexit>

�0 = �M

r
<latexit sha1_base64="OL9wtePMegGj0VE3Q6eN/2HQa/w=">AAACHnicbZDLSsNAFIYnXmu9VV26GSyCIJSk1stGKIrgsgV7gSYNk+mknXYyCTMToYQ8iRtfxY0LRQRX+jZOL4K2/jDw851zOHN+L2JUKtP8MhYWl5ZXVjNr2fWNza3t3M5uXYaxwKSGQxaKpockYZSTmqKKkWYkCAo8Rhre4HpUb9wTIWnI79QwIk6Aupz6FCOlkZs7tSs96hbhJRTtIrxxE9pPeZtC3u7DY2j7AuGk+kM1TBPRPkndXN4smGPBeWNNTR5MVXFzH3YnxHFAuMIMSdmyzEg5CRKKYkbSrB1LEiE8QF3S0pajgEgnGZ+XwkNNOtAPhX5cwTH9PZGgQMph4OnOAKmenK2N4H+1Vqz8CyehPIoV4XiyyI8ZVCEcZQU7VBCs2FAbhAXVf4W4h3QkSiea1SFYsyfPm3qxYJ0VStVSvnw1jSMD9sEBOAIWOAdlcAsqoAYweABP4AW8Go/Gs/FmvE9aF4zpzB74I+PzG6XOoak=</latexit>

�2 = r2Eijn
inj +

Qijninj

r3

<latexit sha1_base64="PfB3ly4s4a6uBjRjTAbvXg4+eCo="></latexit>

�` = r`Ei1...i`n
i1 ...ni` +Qi1...i`

ni1 ...ni`

r`+1

tidal source tidal response

Linear response theory:

Love number

<latexit sha1_base64="a7JI74VgTrv5lm1qWGZB81mS1Ds="></latexit>

Q` = ⇤`r
2`+1
s E`

<latexit sha1_base64="aPWSsxT0O2+UyxGIDaATMM/Hz2U=">AAAB9HicbVBNS8NAEJ3Ur1q/oh69LBahXkoiRb0Uih70WMF+QBvKZrtpl242cXdTKKG/w4sHRbz6Y7z5b9y2OWjrg4HHezPMzPNjzpR2nG8rt7a+sbmV3y7s7O7tH9iHR00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPbmd8aU6lYJB71JKZeiAeCBYxgbSSvdFcl1e7Qx7LqnvfsolN25kCrxM1IETLUe/ZXtx+RJKRCE46V6rhOrL0US80Ip9NCN1E0xmSEB7RjqMAhVV46P3qKzozSR0EkTQmN5urviRSHSk1C33SGWA/VsjcT//M6iQ6uvZSJONFUkMWiIOFIR2iWAOozSYnmE0MwkczcisgQS0y0yalgQnCXX14lzYuye1muPFSKtZssjjycwCmUwIUrqME91KEBBJ7gGV7hzRpbL9a79bFozVnZzDH8gfX5A99pkOE=</latexit>

(G = c = ~ = 1)



Worldline EFT
Post-Newtonian EFT for GW

© LIGO collaboration, ligo.org

EFT framework: separate effects in a systematic perturbative expansion

Tidal effects Potential modes Radiation

distance, r
R rorbit �

Post-Newtonian (Point-particle) EFT Goldberger & Rothstein’05,06  Porto’16
tidal effects radiationpotential
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EFT is the tool to disentangle physics from different length scales 

at  a black hole is described by the worldline effective actionr ≫ rs

<latexit sha1_base64="fQlLziCMnMf1YXAmcXVnp/SIORs=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCIJZEiroRim7cCBXtA5pQJpNJO3TyYOZGqKH4K25cKOLW/3Dn3zhts9DqgYHDufdwzxwvEVyBZX0Zhbn5hcWl4nJpZXVtfcPc3GqqOJWUNWgsYtn2iGKCR6wBHARrJ5KR0BOs5Q0ux/PWPZOKx9EdDBPmhqQX8YBTAlrqmju350fXDo8A+w6Q9NDxY1Bds2xVrAnwX2LnpIxy1Lvmp/bRNGQRUEGU6thWAm5GJHAq2KjkpIolhA5Ij3U0jUjIlJtN0o/wvlZ8HMRSP51jov50ZCRUahh6ejMk0Fezs7H436yTQnDmZjxKUmARnR4KUoEhxuMqsM8loyCGmhAquc6KaZ9IQkEXVtIl2LNf/kuaxxX7pFK9qZZrF3kdRbSL9tABstEpqqErVEcNRNEDekIv6NV4NJ6NN+N9ulowcs82+gXj4xtv0ZSY</latexit>
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EFT framework: disentangle physics from different scales

Post-Newtonian EFT for GW

© LIGO collaboration, ligo.org

EFT framework: separate effects in a systematic perturbative expansion

Tidal effects Potential modes Radiation

distance, r
R rorbit �

Post-Newtonian (Point-particle) EFT Goldberger & Rothstein’05,06  Porto’16
tidal effects radiationpotential
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EFT is the tool to disentangle physics from different length scales 

at  a black hole is described by the worldline effective actionr ≫ rs
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S = �M

Z
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at a black hole is described by the word line effective action   
<latexit sha1_base64="Sv7TIRMGgNMXYovS4NetQByZYH0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3TpZhN3J0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6wHHK/ZhGSoSCUbRSR/eiiOi+6ZcrbtWdg6wSLycVyNHol796g4RlMVfIJDWm67kp+hOqUTDJp6VeZnhK2YhGvGupojE3/mR+75ScWWVAwkTbUkjm6u+JCY2NGceB7YwpDs2yNxP/87oZhtf+RKg0Q67YYlGYSYIJmT1PBkJzhnJsCWVa2FsJG1JNGdqISjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIGBhGd4hTfn0Xlx3p2PRWvByWeO4Q+czx/MgI/T</latexit>

r � rs
<latexit sha1_base64="leDVrKCSkUsDBXTw3c9b88Hvie4=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIsgiMOMFHUjFN24rGgf0A4lk8m0oUlmSDJKGfspblwo4tYvceffmLaz0NYDgcM593JPTpAwqrTrfluFpeWV1bXiemljc2t7xy7vNlWcSkwaOGaxbAdIEUYFaWiqGWknkiAeMNIKhtcTv/VApKKxuNejhPgc9QWNKEbaSD27fHd5wrtUaBgqeAwdx+nZFddxp4CLxMtJBeSo9+yvbhjjlBOhMUNKdTw30X6GpKaYkXGpmyqSIDxEfdIxVCBOlJ9No4/hoVFCGMXSPBNiqv7eyBBXasQDM8mRHqh5byL+53VSHV34GRVJqonAs0NRyqCO4aQHGFJJsGYjQxCW1GSFeIAkwtq0VTIlePNfXiTNU8c7c6q31UrtKq+jCPbBATgCHjgHNXAD6qABMHgEz+AVvFlP1ov1bn3MRgtWvrMH/sD6/AFUDZIb</latexit>
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Matching LN via Raman scattering amplitudes

Analytic continuation in angular momentum

(Gribov-Froissart) separates LN and PM

13

Gauge-invariant matching

Sfinite size = ∫ dτ λi′ j′ 
ij EijEi′ j′ + magneoc

σLove(ω) ∼ ω8λ2 ∼ ω8r10
s

σGR(ω) = r2
s⏟

Newton

(1 + (rsω)2 + . . . )
rel. correcoons

+ r10
s ω8

⏟
finite size

+ + +m
m

m
⋯

θ

z

17

BH Near Zone Scattering

θ

Phase shift: ηℓse2iδℓs = (−1)ℓ+1 (ℓ + s)!
(ℓ − s)!

1
(2ω)2s

B(refl)
−sℓs

B(inc)
−sℓs

ηℓs = 1 − (−1)s (ℓ + s)!(ℓ − s)!
(2ℓ )!(2ℓ + 1)! (2ω̃(r̃+ − r̃−))

2ℓ+1
Imℐ−sℓs

δℓs = 1
2 (−1)s (ℓ + s)!(ℓ − s)!

(2ℓ )!(2ℓ + 1)! (2ω̃(r̃+ − r̃−))
2ℓ+1

Reℐ−sℓs

Imℐ−sℓs ∼ Reℐ−sℓs ∼

Cross section: σelastic,ℓ = 0 σabs,ℓ ≠ 0

z

<latexit sha1_base64="n/z9QpqPhP++Rk1naOlsL8EjUls="></latexit>

iA ⇠ (Gm) + (Gm)2! + ...+ (Gm)n!n�1 + (Gm)2`+1!2` + ...

<latexit sha1_base64="3tiKNbuzbXaYo/EMOtFC1U/L/PE="></latexit>

�s
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N.B. the limit  
<latexit sha1_base64="Lg0eTcbLcBSANpPyQByxsSVcdes=">AAACE3icbVC7SgNBFJ31GeMramkzGASxCLsS1DJoYyURTBSyIcxObpLB2dll5q4Ylv0HG3/FxkIRWxs7/8bZZAtfBwYO5z7m3BPEUhh03U9nZnZufmGxtFReXlldW69sbLZNlGgOLR7JSF8HzIAUClooUMJ1rIGFgYSr4OY0r1/dgjYiUpc4jqEbsqESA8EZWqlX2fcR7nCyJw1kAlnqg5TUx4gqXyjqhwxHQZCeZ1mvUnVr7gT0L/EKUiUFmr3Kh9+PeBKCQi6ZMR3PjbGbMo2CS8jKfmIgZvyGDaFjqWIhmG468ZLRXav06SDS9imkE/X7RMpCY8ZhYDtzi+Z3LRf/q3USHBx3U6HiBEHx6UeDRFJ7cR4Q7QsNHOXYEsa1sF4pHzHNONoYyzYE7/fJf0n7oOYd1uoX9WrjpIijRLbJDtkjHjkiDXJGmqRFOLknj+SZvDgPzpPz6rxNW2ecYmaL/IDz/gVhTp8Z</latexit>

` ! n 2 N
leads to singularities if LNs run 

(there’s an actual mixing between LN 

and PM corrections)

PM expansion:
<latexit sha1_base64="bGIVYrOW23qzIJh1i5JImMFiI6I=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBZBKISkFPVY9FCPFeyHtLFstpt26WYTdjdCCf0VXjwo4tWf481/47bNQVsfDDzem2Fmnh9zprTjfFu5tfWNza38dmFnd2//oHh41FJRIgltkohHsuNjRTkTtKmZ5rQTS4pDn9O2P76Z+e0nKhWLxL2exNQL8VCwgBGsjfRQL9cfK2XbtvvFkmM7c6BV4makBBka/eJXbxCRJKRCE46V6rpOrL0US80Ip9NCL1E0xmSMh7RrqMAhVV46P3iKzowyQEEkTQmN5urviRSHSk1C33SGWI/UsjcT//O6iQ6uvJSJONFUkMWiIOFIR2j2PRowSYnmE0MwkczcisgIS0y0yahgQnCXX14lrYrtXtjVu2qpdp3FkYcTOIVzcOESanALDWgCgRCe4RXeLGm9WO/Wx6I1Z2Uzx/AH1ucPaIuO2w==</latexit>

G+G2 + ...

Zhou, MI’22

MI, Li, Parra-Martinez, Zhou’24



Dynamical Love numbers

Problem: RG running of LNs (PN loops + local counterterms)

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Chakrabarti ++’13, MI ++’21

EFT gives a consistent definition via matching (~coupling running )

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Dynamical LNs of BHs are not zero and run 

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Running can be matched analytically with FG, e.g. 
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Z
d⌧ "ijkŜiEjlĖ
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Or extracted fully from Raman process amplitudes: 

Saketh, Zhou, MI’ 23

MI, Li, Parra-Martinez, Zhou’24
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Worldline EFT: consistent definition of tidal effects in GRSummary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

First constrains on exotic compact objects with LIGO +VK



Large-scale structure: re-analysis of BOSS data

[km/s/Mpc]

MI, Simonovic, Zaldarriaga (2019), Philcox, MI (2021) ++
D’Amico, Kokron++(2019), Chen, White, Vlah (2021)
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linear theory
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data best-fit model
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Why is the sky blue ?

Se↵ = Q

Z
ds A0 + �

Z
ds EiE

i + ...

Scattering of light by neutral atoms (~ nitrogen in the air):
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Scattering of GWs by a compact object:
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Goldberger, Rothstein (2004,2007)
Ivanov, Zhou (2022)
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Universality of EFT dictates that the same param’s appear in waveforms !



Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Comparison with known results for black holes in GR: 

Renormalization flow of dynamical tides:

Static Love numbers are zero and do not run: 
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C1 = 0

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Perfect match: consistency of the EFT and the renormalization program! 



Loops in Large Scale Structure
Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Perturbation theory + Ensemble average = Loops

approach and their ’role’ is to reproduce eventually the SPT result. In order to further

renormalise the UV - behaviour and account properly for very short modes one has to

introduce new counter-terms for the �n vertices. This issue, however, is not the main

goal of this paper and will be addressed in detail elsewhere.

To make the connection with the SPT approach, i.e. to write TSPT as a series in

P0, it is very instructive to perform one - loop computation, to which we proceed now.

2.3.1 1-loop results and comparison with SPT

Let us now focus on the 1-loop PS (e.g. including next to leading order corrections

of P0). The field  used to be a generic field obeying (4) in the previous sections.

However, in order to switch to the familiar notation of SPT, it will be more convenient

to relabel this field as follows,

 ⌘  2 , (31)

which is validated by the fact the filed  has to be identified with the velocity divergence

field as far as cosmology is concerned. In this subsection we will be studying the power

spectrum of the  2 field,

h 2(⌘,k1) 2(⌘,k2)i = P 2 2(⌘, k1)�
(d)(k1 + k2). (32)

In terms of Feynman diagrams, at the order O(P 2
0 ) this is given by8 (the combinatorial

factors are included in the diagrams)

PL
 2 2

(⌘, k) + P 1�loop
 2 2

(⌘, k) =
k

+
k k

C2
+

k k

q

�4

+
k

q

k

q� k

�3 �3

(33) diagr1loop

The first graph is simply the linear power spectrum. The e↵ect of the second diagram

with C2 is to cancel spurious UV divergences (⇠ P 2
0 (k)⇤

3
UV ) appearing in the third,

so-called ’sunrise’ diagram (see (B) for more details). misha:More on UV here?

8Note that one-loop tadpole graphs have been already taken care of, see (30).
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Particle physics: ensemble of virtual particles

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Cosmology: ensemble of virtual Universes

<latexit sha1_base64="vDxMp82zHfhspYzCdQ7jQAum+vg=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lKUS9C0UuPFewHtDFsNpt26W4SdidCLf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpAKrsFxvq219Y3Nre3CTnF3b/+gZB8etXWSKcpaNBGJ6gZEM8Fj1gIOgnVTxYgMBOsEo9uZ33lkSvMkvodxyjxJBjGPOCVgJN8u9UMmgGD5UPUb+Br7dtmpOHPgVeLmpIxyNH37qx8mNJMsBiqI1j3XScGbEAWcCjYt9jPNUkJHZMB6hsZEMu1N5odP8ZlRQhwlylQMeK7+npgQqfVYBqZTEhjqZW8m/uf1MoiuvAmP0wxYTBeLokxgSPAsBRxyxSiIsSGEKm5uxXRIFKFgsiqaENzll1dJu1pxLyq1u1q5fpPHUUAn6BSdIxddojpqoCZqIYoy9Ixe0Zv1ZL1Y79bHonXNymeO0R9Ynz/jNJHx</latexit>

�m2
H

=

© Donaghue, Golowich, Holstein SM textbook
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�P (k) =



Large scale structure perturbation theory
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<latexit sha1_base64="HfW79ePeos+RLoIc8rjJRFpkHCI=">AAAB83icbVDJSgNBEK2JW4xb1KOXxiB4CjMxbregF48RzAKZIfR0epIm3T1Dd48QhvyGFw+KePVnvPk3djZQ44OCx3tVVNULE860cd0vJ7eyura+kd8sbG3v7O4V9w+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYXD24nfeqRKs1g+mFFCA4H7kkWMYGMlX3UzXwk0wDwed4slt+xOgSy59s7PKshbKAtSgjnq3eKn34tJKqg0hGOtO56bmCDDyjDC6bjgp5ommAxxn3YslVhQHWTTm8foxCo9FMXKljRoqv6cyLDQeiRC2ymwGei/3kT8z+ukJroKMiaT1FBJZouilCMTo0kAqMcUJYaPLMFEMXsrIgOsMDE2poINYenlZdKslL2LcvW+WqrdzOPIwxEcwyl4cAk1uIM6NIBAAk/wAq9O6jw7b877rDXnzGcO4Recj29Br5HY</latexit>rhalo

horizonHalo formation effective fluid
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[5 Gpc]Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Coarse-grained fields:

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Caveats: time evolution is slow ~ age of UniverseSummary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Radiation effects can make          very large
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Rgal

simplicity

Mirbabayi, Schmidt ++ (2014), ++

Cabass, Schmidt (2018) 
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Dim. analysis + symmetries: 


