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Message to take home

Callan-Symanzik equation:
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Fast two-loop evaluation
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Kmax (h/Mpc)

See Thomas's slides from last week

I One-loop EFT, kmax = 0.11 h/Mpc
B Two-loop EFT, kmax = 0.26 h/Mpc
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How things change with scale?
(from food to galaxies)

First images of Rubin
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How things change with scale?

... Or on how to use a one-loop (renormalization group) to get
information about higher-loop terms 'for free'



How things change with scale?

... Or on how to use a one-loop (renormalization group) to get
information about higher-loop terms 'for free'

Intuition: (1loop)An ~ n-loop
(for some part of the integrals domain)

P Method of regions (Beneke and Smirnov):
’ : - p>>q (or g<<p): Absorbed by (1loop)"2

- p~q: Intrinsic 2-loop




OFT101

Coupling constants evolve "flow" with the cutoff

Observables don't depend on the cutoff!
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Bias review: Desjacques, Jeong, Schmidt

Renormalizing the bias parameters

In a nutshell, it is an Operator Product Expansion (OPE)

ng(x,7)

dg(x,7) = A 1= Z 1bo(7) + ce,o(T)e(x, 7)| Oz, 7) + €(2, T)
J o)

First order: 9;
Second order: | 62, Go:

Third order: 53, 0Ga, I's, G3;

Contribution from arbitrarily

small scales!
s



Bias review: Desjacques, Jeong, Schmidt

Renormalizing the bias parameters

In a nutshell, it is an Operator Product Expansion (OPE)

Og(,7) = = —1= Z [b(/)\(T) + CAé,\()(T)é/}w,T)] O(x,7) + e/éa:,T)

+ counter-terms ()

First order: 9
Second order: 52, Go;

Third order: 53, 0Go, I's, G3;




McDonald 09

option 1: Renormalize bias Assassi, Baumann, Green, Zaldarriaga

D'amico+ 22, for 4th-order

Renormalized bias: [Oa] = 0,4+ ZupOp

RG conditions (to match n-pt functions):

(Oalbr(kr) - 1. (ka)) o = (Oadr (k1) -~ (kn))tree| o

We find:
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Option 1: Ren

Renormalized bias:

RG conditions (to ma

([Oa]dr (k1) -

We find:

[Od] 1

[Oa] 9L

McDonald 09

& b
a e[ e[ (e[ (ee[07) e (P[] e [ ()] e [ra ]
w1 0 0 0 0 0 0 0
1 [ ”|l[) ] 3 127 1312 70832 2028 228808 1322
A T b3z T TOnTS 2z 5520 TR rkyey
(“ [[1111 ) u 127 L2 70852 2028 28808 1322
3 ~
tr [111Y] = 0 E 34 a2 0 0
@) | 3 02 002 om0 w2 om 3
tr (“Ill) 1 29 47 3971 2224 l;é: -')
“_gmu“pj]] T ey ] 10 a0 st 19531
m ki m hosiad LzEPa TIT33875 i
" 3 B
(ir [n ) 0 0 2 = 0 0 0
wef(m) Jufu) | o 55 & rid k3 2
we[(11) u[ll”] 0 2 i i 28
(uuu L0 N LT S =
O I R T
e[ e [0V 0 2 9 162453 516
[ t LLU i ] el kel g b
v 0 b1 = e fred
12/ p1(2) BRI} 1084 iy iy
tr[ 1111 0 5 =TS baed T
(ue[min)’ 0 0 0 1 0 0 0
e[ ()] (e [])" 0 0 ] o : 5 0
tr [(1TM)7] (e [11M]) 0 0 0 o -] 0 0
e[ (1Y e[ (1) 0 0 0 0 i ok 0
e[ (ee[(m)?]) | 0 0 0 2 i 0 0
(er [0 [ [ 0 0 0 o= = 0 o
e[ uPl”lu[ 0 0 0 i g A1 L]
i s g il T
e (110 e [T 0 0 0 Ri6 o = =
tr [u il 0 0 0 ih oz L83 &
e[ e [ 0 0 0 0 T, f}'f 0 fr
e[ 0 0 0 e i Fois &
(1] er [l 0 0 0 i & s 4
u.t“m 1l 1j] 0 0 0 J61941 H8180 REA s
W TI3TH] ST ZRRTH
(B.3)

, Baumann, Green, Zaldarriaga
0+ 22, for 4th-order

Z(kn)>tree | k;—0"

soy (p/a)P"™ (p) P"™(q) .

<A

ikx, Garny, HR, Vlah

h-order bias and 2-loop



Option 2 (this talk): live well with the Lambda-dep

RENORMALIZATION AND EFFECTIVE LAGRANGIANS

Joseph POLCHINSKI*

Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuserts 02138 USA

Received 27 April 1983

1. Introduction

The understanding of renormalization has advanced greatly in the past two
decades. Originally it was just a means of removing infinities from perturbative
calculations. The question of why nature should be described by a renormalizable
theory was not addressed. These were simply the only theorics in which calculations
could be done.

A great improvement comes when onc takes seriously the idea of a physical cutoff
at a very large energy scale A. The theory at energies above A could be another field



How to relate the renormalization schemes?

Finite cutoff bias

N-point function renormalized bias (This work)

(McDonald and Assassi, Baumann,
Green, Zaldarriaga) How to connect both?

[O](K) = > O[3\ (k')




How to relate the renormalization schemes?

N-point function renormalized bias Finite cutoff bias

(McDonald and Assassi, Baumann, (This work)
Green, Zaldarriaga) How to connect both?
17 /1.7 ri<(1)
. o
Separate Universe [[O ]](k ) - O [5 ]( )
0.2
1072 1q-1

Solution: Run the bias
towards
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The equations



From A -independence to bias running

Then we expand...
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From A -independence to bias running

Then we expand...

db,
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From A -independence to bias running

Then we expand...
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Single-hard and double-hard limits

For the 1-loop: K§”+2)(k:1, 55 s D, 2O ng+2)K§n)(k1, 5 % 5,

an,

Bakx, Garny, HR, Vlah



Single-hard and double-hard limits

For the 1-Ioop: K{En+2) (kl k D _p)p—>oo - Cl()n+2)K('n) (kl k )
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Single-hard and double-hard limits

For the 1-loop:
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The (one-loop) solutions



Solutions (one-loop)

107!

Wilson-Polchinski RG-equations
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Why should you care?



What do the solutions of the RG tell us? 52 Gamy. HR. Viah

db;'® .
We can always = /\ib;hag
diagonalize the bias do

basis



What do the solutions of the RG tell us? 52 Gamy. HR. Viah
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What do the solutions of the RG tell us? 52 Gamy. HR. Viah

We can always :
diagonalize the bias do

basis

db;

ba(02) — Pai€

If we stop at second-order, we find:

{1, A2, A3} ~ {0,0,+3.69}

Marginal Relevant

Extending to third-order:
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We can always J - /\ib?iag
diagonalize the bias do
basis ba(az) = paze/\i(az_az)ci
If we stop at second-order, we find:
{)\1, A9, /\3} ~| {0, 0,/+3.69}
Marginal Relevant
Extending to third-order: Irrelevant

{0,0,0.|—12.6, —3.44, —2.01{{0.220}




What1+want-te-say vs. what | can say

from Skinner notes

diag
We can always 9, - \ibS e
diagonalize the bias do= " AN WL What
basis o M(o%—02) . | happens
ba(0”) = pai€ g when going
If we stop at second-order, we find: gorgé%?er
"y Sefre-parametersarerrore
{1, A2, A3} ~ {0,0,+3.69} . | |
Marginal Relevant _ _ ,
Reduce-dirmenstonatityof-the

Extending to third-order:

Irrelevant |
{0,0,0.—12.6, —3.44, —2.01{[0.220}  Some parameters are

supersensitive to the UV




Why should you care II?



Resumming terms with the RG equations Bakx Garny. HR. Viah

1Loop RG eq.
dba . __1Lb
do2  acle
Solution
ba(a2) =

1 1
Ik 2 2\ z1L 7% 2 212 ;1L Z1L g 2 213 1L 1L 1Lz %
= ba B (0 o 0*)80,0 bc u 5(0 o O’*) Sab Sbe bc T E(U o J*) Sab Sbd Sdc bc +...

1-loop (1-loop)r2 (1-loop)A3



Resumming terms with the RG equations Bakx Garny. HR. Viah

1Loop RG eq.
dba _ _—lLb
do?
Solution
RG resums the series!
ba(0?) = e~ ("D

1 A1
(| (02 = oB)siker 5 (0% — o2 sihsibor (0% — o2 stk shsiin |,

1-loop (1-loop)r2 (1-loop)A3



Resumming terms with the RG equations Bakx Garny. HR. Viah
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Pa rtial conclusion P _ Method of regions (Beneke, Smirnov):

p>>q (or q<<p): Absorbed by (1loop)”

p~q: Intrinsic 2-loop

1-loop RG resums part of higher-loop contributions (p>>q or g<<p regions)

...But is the other part ('intrinsic 2-loop', p~q region) small?

If YES: amaaaazing, 1-loop RG is doing something

If NO: out, | have to calculate the loops anyway to
get most of info




The (two-loop) solutions



Solutions (two-loop)
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'Intrinsic’

two-loop part is
small!




Not just small, it is PARAMETRICALLY small  Bakx Garny,

HR, Vlah

Good news: 1Loop RG takes care of most of the information

Ratio 2Loop over (1Loop)A2
Power law LCDM
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OFT101

Coupling constants evolve "flow" with the cutoff

Observables don't depend on the cutoff!

0
/ Callan-Symanzik eq:
dg
( —
o
02




OFT101

Coupling constants evolve "flow" with the cutoff

Observables don't depend on the cutoff!
0

Callan-Symanzik eq:
dg

— _ B(g)
PN
0

2

03
For the fine-structure constant (QED): BiL = 2/(37)
do

——— = 1o’ + Bore’ + O(a?) P = 1/(4n°)
dln p

Solution to the RG

()|, = -

1 — Bipaln(p/ )

= a1+ BiLaln(p/p) — BiLe? In®(u/ps) + ... ]




OFT101

Coupling constants evolve "flow" with the cutoff

Observables don't depend on the cutoff!

th
/ Callan-Symanzik eq:
dg
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For the fine-structure constant (QED): BiL = 2/(37)
o _ BiLa® + Bara® + O(at) Bor, = 1/(4n?)

dln p

Solution to the RG

()|, = -

1 — Bipaln(p/ )

= a1+ BiLaln(p/p) — BiLe? In®(u/ps) + ... ]

Suppose you have an amplitude
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OFT101

Coupling constants evolve "flow" with the cutoff

Observables don't depend on the cutoff!

01

03

For the fine-structure constant (QED):
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What for galaxies?

Where are the large logs?

1

1 ) —
n(p/ pix) 3

In(pa/ phs) + éln(A/ Fea)
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In High-Energy, RG is powerful: resumming information from integrating in
between different scales

We still have to better understand which scales can the RG for LSS help



Finally:
PNG and stochasticity



PNGS Free term
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Stochasticity s, =" 1 -3 o) +ccolrfeta, P

ng(7) 8

A

(e(k1) ... (k) O (k1)) = D (k1) O |O (ki)

Simple expression for how stochastic terms talk to each other
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Simple
diagrammatic
interpretation
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Conclusions

- Cross-check for EFT inference; First images of Rubin

- Systematic renormalization (+ stochastic +PNG);

- More information from resummation? TBD!

- Still to be understood:

1) RG stability when going to higher-order
2) scales in between which RG can operate






