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the promise

e this map is sensitive 1o the Universe’s
contents, initial eondrtrone and »
interactions - * g o

. standard svolution - ACDI\/I parameters
like'Q,, . Hy, and o3

* o put also many other etfeets WEAYE
drseuseed

2+ O =0bpwM, gravity T €0BsMm



\ the methOd | overdensity: 5(3‘;’) :
_summary statlstlcs _ hvad g U SO

- two point/ IOQWGF Spectrum thrge’ point/bispectrum




' the methOd overdensity: 5(;5’)

summary statistics

two point/power Spectrum

5%

0.05 0.10 0.15 0.20
longer length k ihmpc-t1Shorter length
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- argest k, smallest
\ -th e a Oﬁ - length at which we
S p y L. trust the theory. «++

® but LSS is three-dimensional
e many rmore available mddés'

next-gene;‘ation surveys.
(BESI, Euclid, MegaMapper,
PUMA, etc.) delivering data

. 5.
-
.-‘

1 .o' ' 1 L v :
| XAy = . in the'next 2-25years
error bars \/N \/ " BF N
fi,. . modes ' V:Q,urv max |
e mterestlng poINt from VieDonald and Roy 2009 R X ; g

L ewe pay apout $1, OOO per mode for the ~ 106 modes we have

e SO increasing k..

| max QY atactor of 1.3 1s essentla\ly worth a -
. hillion dollars:~* «-
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EFT of LSS
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Blumenthal
Faber
Primack
Rees
Feldman
Kaiser
Peacock

dark-matter clustering



dark-matter clustering

Max-Planck-Institute for Astrophysics,
Volker Springel

Zz=18.7

O

50 Mpc/h




Baumann, Nicolis,

effective field theory of LSS Senatore, Zaldarriaga 12

Carrasco, Hertzberg,
Senatore 12

® controlled, analytic, perturbative expansion
® how can small scales affect large scales??

Max-Planck-Institute for Astrophysics,
Volker Springel

Zz= 0.0+ S L LG
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Baumann, Nicolis,

effective field theory of LSS Senatore, Zaldarriaga 12

Carrasco, Hertzberg,
Senatore 12

expanding universe: a(t)
time scale: H = a/a
DM fluid variables: 4, v'

—1
LNL ™ kNL

nonlinear scale
v

alH
EFT expansion param.
k/knt S 1

1
kNL i

L/Lny, 21




Baumann, Nicolis,

effective field theory of LSS Senatore, Zaldatriaga 12
equations of motion for dark matter ggrgzig,gertzberg,

what do we actually solve?

continuity [0,V] =0

0,0; .
NL

oerfect fluid  EFT counterterms




Baumann, Nicolis,

effective field theory of LSS Senatore, Zaldarriaga 12

Carrasco, Hertzberg,

equations of motion for dark matter Senatore 12

l, =
what do we actually solve* over and momentum density

. S — &ﬂrz
FOM local for 7z and 7}, (o) = )/P(@) iy

(Za)'(@a) 5 o,
0° D = gﬂmq-ﬂ(; T @QWS ¢ azﬂv
aHo' - Wig =0,

0
AH 3 0;,0; (2 p 1 ) y
5 | 00, H?6 = o PO P i > ) 4 -7
Hrg TS T 5 P H . (SQmH2 (8 0, 253(8<I>) ) ; T ) ,

;. H Lk 2 P Tkt
Hrt + 4=, = 0;0 O, PO P =
Ty T ATy . JZ(BQmHQ kPO , T )




Nnon-local-in-time structure formation

non-local

the question

given two identical

localized dark-matter
configurations at a

given time, will the

same galaxies always

form, or do we need

to know the whole

history of that

configuration? time

lllustris simulations



Nnon-local-in-time structure formation

—

_ J
T4 ($7 t) — fverycomplicated {H7 Qma .+« s Mdm> Jews - - - 5 Pdm 0’ivdm7 . . }
past tube (Z,t) i

/ Carrasco, Foreman,
— Green, Senatore 13

Senatore 14

I Desjacques, Jeong,
Schmidt 16

‘ — Donath, ML, Senatore, 23
';(‘\ f[\\’(, \)\-\ o‘ e 't‘ Anastasiou, Favorito, ML,

— Senatore, Zheng 25




Nnon-local-in-time structure formation

- — J
Tz’j(mv t) — fverycomplicated {H, Qm; ce ey Mdm s Jews -+« s Pdm aivdmy . . }
past tube (Z,t)

() past tube (&, t) past tube (Z,t)

n— all subsets {O1,...,0,}C{O}
0" fvery complicated ({O}past tube)
{ 501 (1) . .. 000 () Or@r).-. O”(x”)} ’

]

]

0

572, fvery complicated ({O}past tube)

= Carrasco, Foreman,
001 (wl) ... 00 (xn) 0 Green, Senatore 13
0" fvery complicated({o}past tube) Senatore 14
( 501(1) .00, () )+ €1 (T, T) Donath, ML, Senatore, 23
. n\ Tn 0

Anastasiou, Favorito, ML,
Senatore, Zheng 25



Nnon-local-in-time structure formation

t,
dt
Tq(Z, t,t) =7 J(Zg(Z,t,t1),t
a(@,t,1') =2+ / S @@ ). )

T35 (Z Z / dt, .. / dt,, >

all subsets {O01,...,0, }C{O}

X { Kl (t tl,... t )‘|‘€1,,,,,n(t, (fﬂ(f,t,tl),tl),...,

X 01 (fﬂ(f7 t, tl)a tl) “ . On(fﬂ(fa tv tn)? tn)}Z]

Carrasco, Foreman,
Green, Senatore 13

Senatore 14

Donath, ML, Senatore, 23

Anastasiou, Favorito, ML,
Senatore, Zheng 25

| El,...,n,@(ta (fﬂ(fv t? tl)) tl)v SR (fﬂ(fa ta tn)? tn)) + .. )



Carrasco, Foreman,
Green, Senatore 13

NoN-local-in-time structure formation  seatre 14

Donath, ML, Senatore, 23

0. 25 t Anastasiou, Favorito, ML,
__ tm P Z/ dt’H(t’) (Cl,ol (t, t/)(f)l’l(fﬂ(f7 t t’), t,)ij‘l‘ Senatore, Zheng 25

t
_|_ / dt///H(t///) CS’OZ (t,t,,t//,t,//)og’l((fﬂ(f,t,t/),t/), (fﬂ(f,t,t//),t//), (fﬂ(f,t,t///),t/”))ij>> ,

2
0171 - {Tij,pij, 555, 556’, 5}(8—5}

() )
N
Oz, € {6,36%,6550°,67,60,7;6,0:56, 750, 0, rikThs, DikPhyj
1

5( ikPkj T Tjkpkz’)a Tr(r2)5f§, Tr(p2)5f§, TT(TP)(Sg}

OS,Z = {Tikrkmrmjv TI(T‘Z)TU', TI(TS)ég, FikTEj 0, Tr<r2)55’g’ Tij 527 5355

rij = 0;0;®,  pij = v’



Donath, ML, Senatore, 23

nOn—‘Oca‘—ln—tlme StrUCJ[U re fOrma-tIOn Anastasiou, Favorito, ML,

Senatore, Zheng 25
Ansari, Banerjee, Jain,
1] [ = 9 Padhyegurjar 24
T(n) (5‘77 t) —

Viah, Chisari, Schmidt 19
I'el’

18 total at 3rd order;

T C(g X T o +
17 for local-in-time 63(*' ) A

/

~

galaxy bias N\

@ 5th order % ; /
non-local:; 29 of
local; 26

the galaxy-clustering signal at fifth order
S sensitive to whether or not galaxies L ‘\ (0 ‘
form on time scales of order Hubble Kl R o €




Donath, ML, Senatore, 23

we can directly
measure galaxy
formation time at a
single redshift using
field theory.
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solution of DM EOM presesio, Favoro, M.
with 77, solve EOM for §

57 (a) =

D(@)°0:0; [, (905 9,60 93y 9,6
20 02  0? 92 92

5 3k5(2) .61 . 3k5(1) 0,.0(2)
2%( 22 2 +2 (a1l + Rl

i~ 50 Ly vorticity generated,

1
27Tct (1)7-‘”(71)5( 7-‘-(1)7-‘-(1) ct ! k12\ILTct,(3) ’

- contributes to DM at

lower-order counterterms 3rd order
must appear consistently Wiy ~ €°0; 07l
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tWO—‘OOp DM pO\Ner Spectrum Anastasiou, Favorito, ML,

Senatore, Zheng 25

Bakx, Rubira, Chisari,
Viah 25

<5(E)5(E’)> ( ) 5D(E E )P(k) Garny, Taule 23

Garny, Taule 22

Fasiello, Fujita,
Viah 22
0 = 5no-ct + 5ct

Konstandin, Porto,

5I10—ct — 5(1) + ..o+ 5(5) Rubira 19
5 o = 5(1) 1 5(2) 4 5(3) ggl;]eaTOElrrel,1P5errler,

Carrasco, Foreman,
Green, Senatore 13

P(k) — Pno—ct(k) —|— Pct(k)



two-loop DM power spectrum Sonatore, 7heng 25

73no—ct(k) — Plin. (k) Pl-loop(k) PQ—loop(k)

linear power spectrum/propagator

Prin (k) = Plin (k) L A — 9D, (1L _ PN arE
lin. (K) po2 (K, @) = 2 Piin. () Pk — @1) | Fa(d.k — @)
one-loop power spectrum  pi3(k,¢) = 6Piin. (k) Piin.(¢) F3(q, G, k).

Plin(‘—])

Plin(Q)
Pt QL TR T

k ) Pin (k) Pia(|E — 1)




two-loop DM power spectrum Sonatore, 7heng 25

two-loop power spectrum




two-loop DM power spectrum Sonatore, 7heng 25

two-loop power spectrum



two-loop DM power spectrum Sonatore, 7heng 25

counterterm diagrams

Pt (k,a) = 2D(a)* (55 (k)6 (K)) . in terms of 18
Pis(h.a) = 2D(a)" (L) B3V E) + R, @V E)y)  EFT coetricients
Pi(k,) = D@ (2 BEOFE) + EPRENEY) T WeToune
P (k,a) = 2D(a)* (55 (k)6 (K)) .

after contractions, 8 independent EFT coefficients



Ano—CT (k‘)

two-loop DM power spectrum
UV regulation and renormalization
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Senatore, Zheng 25

measure contribution
from UV

0 pno— ct
1. n-loo
A o 3 p

n-loop =™ 00 Lo-ct
f() pn—loop

not UV divergent, but
slightly UV dependent

7Dlin.(k; V) — 7)lim.(k) H(QUV — k)

+ Plin. (quv) (CIUTV) 0k —quv).

Anastasiou, Favorito, ML,



two-loop DM power spectrum Sonatore, 7heng 25
UV regulation and renormalization

ohe loop
Plin (Q) Plin (CI) Plin (q)
oo —({o
f ? — +
k Plin(k) k Plin(k)
(s),UV
kFg(S) Plin(k) Eq(s),UV—reg. F3 ’

UV regulated UV limit




A ou, F ito, ML,
two-loop DM power spectrum Senatore, Zheng 25
UV regulation and renormalization
e _ —2) single and double
two loops P toop = P18 +7’;_Vloo(§) +7>§J_Vloof) 9 ar
- hard limits
regulated, locally - . -
UV finite UV_reg. s ~

. k Piin(k) k =
Plin(lk - (ﬂ) Plin(|k - (T_ ﬂ)

| | Pin

UV limits ,_, in (P) Pin(a)
Piin(q)
5 . Plin(Q) Pﬁn(p) ( ) q - Puin(q) Piin(p)

V—(1 'ES —Goc CITA\V2 Uv—-(2) = >
PU ( ) — 2 —> + 1 le(p) 2’ : 2 - P2_1 — *—> + Qoo —Poo
2—loop k | k k e k Piin (k)
Piin (k) e (1) " k L Puin(k) O k
b —P o k Plill(k) k Poo —Poc tin
Pun(|k — 41)
Piin (P) Piin (p)

Anastasiou, Haindl, Sterman,
Herzog, Ruijl 17 Yang, Zeng 20 Anastasiou, Karlen,

Anastasiou, Sterman 18 Anastasiou, Sterman 22 Sterman, Venkata 24



two-loop DM power spectrum Sonatore, 7heng 25
UV regulation and renormalization

local UV subtractions in the integrand

pg}gogeg P2-loop — 721 UV[pQ loop] 7ZQ—UV [pQ—loop — Rl—UV[pZ—loopH

(/ Pin. () ))/ﬂlﬂ( Q) Piin. (b — @) (G k — @)
soreen . 169785¢2|k — {2

x (48096 (K - q)* + (16892k> — 48096¢°)(k - )+
- (—32879(k%)? 4 35744¢%k?) (k - ) — 25933¢% (k)2 + 6176(¢%)%k?)

fsereen(q?) = 0(q* — (0.6 h/Mpc)?)



Ano—CT (k‘)

two-loop DM power spectrum
UV sensitive
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Anastasiou, Favorito, ML,

Senatore, Zheng 25

UV regulated

3

=

A l‘Aljl

UV-reg. ¢y,
A1 loop (K)

AU V-reg. ( k)

2—loup

A lLAlll " l

10°t 0.
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two-loop DM power spectrum Senatore, 7heng 25
UV matching

every UV divergence should be
cancelled by an EFT counterterm

eg. UV limit of £, determines 4 EFT
coefficients in 56(,?)

—

20652 (k)5@ (k"))

Puin(|k — q1)



two-loop DM power spectrum Sonators, Shang 25
UV matching

every UV divergence should be
cancelled by an EFT counterterm

similarly for P determines 4 EFT
coefficients
Piin(9)
= = 2 (D ENVE) + G (RO )
Prin (k)
- all 8 EFT coefficients
Plin(p)

are necessary and
sufficient to cancel UV




two-loop DM power spectrum Sonators, Zheng 25
iImportance of EFT counterterms
how many of the 8 are needed for data?

)
0" = {C5 1,C65,2,C52.1,Cr5,15€5,35Cré 276?"52,17662571}

Fisher matrix,
Fij =5 892 = ZP YKy Ko )P (i) DESI-size covariance

6=0

previous works have

used only 3/4 EFT
D2 ~ {0.03,0.08,0.25, 14, 180, 590, 14000, 27000} | coefficients, tested

diagonalizing

UV sensitivity
numerically (but
Integrals are actually
convergent)

so a DESI-size survey would
determine 3 parameters well




two-loop DM power spectrum

EFT counterterms

dot|k,p] magM|k 2

Anastasiou, Favorito, ML,
Senatore, Zheng 25

3696 | 2dot "k,q] l'i:gM[k‘?0211'-:.15-.!'1[0'?'2 l'uu‘.[k_.q] nagl’d‘q]?: | ( 2dot[k,gq]+2 (-dot k,p° doL‘:J.L'."lnl:.tgH'k]?nnagH"J]? ZI'agfd[c]?tzllcot[k,q] dot[p,q] rla,gM'q]"::

t.lL)L'k,:)]3 rlm_gM'k];1

+

2772 rnagH'p]4 .'—ZLtoL[k,q]+nagr-1'k]7—2lra|.'.f-1[c' ] fuo;[k,q]—mag“'q]j: ' :—2 doL[k,g +2 (-dot[k,p]-dol p,qg | +magM[k’ ?ornagN'3]3+2nagM'q];—2

dot'k,o]2 nagH‘k]4

5544 ma_rzi-l'p]4 = cot[k,q]nmgM'k]z-i'rraﬁr-i[c'zr? (co?[k,q]-nagH'q]zz: :—de‘[k,c' +2 (-dot[k,n]-dot p,q ! fn‘agH[k'z'magH'3]212nagM'q]2—2

P,, diagram

‘1.‘5:«14:magl~1.p|2 (-2 dot | k,q ) +magh k]2—2n‘agr-1|r. 2,2 |'r.07[k,q]—r1agﬂ q|2:: :'—2dm'.|k:r.' +2 {~dot |k,p|-dot p,q :+magM|k “+magN p]

5544 magh p|2 [ 2ot (k,q)magn k]2 2magM[q 2.2 (dot[k,q) magN q)2! ' |

db?'k,:;]zr'na_:gl'ol'k]2
2 2,2magi q)2-2
4
dat |[k,p| magh| k

' | 2dat|k,q 12 { dot|k,p] dot p,q ;imagM|k ‘:"-m:sgN :112.:2nagf4 q12 -2

dot|k,p| ~det|k,q] magM|k 2

'dot "k,g” -dot[p,q] -magH q] ))

]
|

'dat "k,q’ -dat [p,q] -magH'q]z):
- 2 t
'dot k,q -dat|p,q|-magH q]“)

',

|
|

:'dm- k,q -dat|p,q| magM q|2')

~ 20x more terms

-

11 GBE magM ql? | 2dot|k,q] rangkl? 2magM|g “2 fuo‘.lk,ql magM ql?':: : 2dot|k,q]+2 {-dot k,p|-dot p,qg } irmagH|k ?lrmgH :JI? 2 magh ql?

duL'k.p'3du‘.'k.c] ma.gﬂ'k]?

- 577 +
2(('.0le,q dot|[p,q]-magN q]° |

5544 magH p] 2 magh[g ? (-2 dot[k,q] smagN k]2 -2mapM q]%-2 (dot[k,q -magH[q’

7"' f

col.[k,::]J dol[k,q l"d[.',M[K]L

. \—EdoL'k,u' -2 (-dot[k,pl+dot([p,q]! —rragM[k'?Hn.agH[p'7+2ma3_§N‘q]J+2 :dol.'k,u' -dot 'p,q’ —n'-agH[u'?'o)

l han cou n l erl erms ll-388ma_:;H'3]4m,agH[q'2 (-Zco:[k,q]+r1agf4‘k]2—2ragr-1[q]2—2 (cot[k,q]—magﬂ’q]z) :-Zdot'k,c'r?. -;-cot[k,:]+dot'p,q]:-n‘agk1[k‘2+magH[p'2*2r1agH'q]2-2 :dot'k,c'-dot's,c'-mragH[q‘z'l'

dof'k,p'zdof'k,c] magM'l-:]2

36‘.)v3magﬂ'p]2rragl'4[c'2 (-2 cor[k,q]+magN'k]2—?nagr-‘l'q]2—2 (dot[k.q’ —magH[q'Z'o: :—Qdot'k,c' -2 (~dot[k,n]+dot[p,q]; —rragr-1[k'2rmagH[p'2+2 magH'q]2+? 'dot 'k,q -dat 'p.q’ —n'ap_H[r.'z'o)

11@88magN p|2 magh|q 2(' 2 dot |k,q|+magh k|2 2magh|q] 2 2(-cor|k‘,q| magM qlz)v: : 2dat k,q +2 i dot|k,pn]+dot p,q]; magM| k “imagM|p

dat [ k,p. «dat [k,q] magh k “
z 2
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two-loop DM power spectrum Sentors, Zhong 25
IR limits

IR divergences cancel between diagrams
because of the equiv. principle and Galilean
Invariance

but this can be a problem when numerically
computing diagrams separately

particularly difficult when IR divergences are
located at different points in integration
domain



two-loop DM power spectrum Sonators, Zhong 25
IR limits
eg. 5, )
divergenceforg —» Oand k — g — 0
can use partition of unity

ok — [t [PRERE—T [ @ F) (a2
(k) /(j’p (5 k) /CT (¢2)2 + (|k — q]2)2 /q’(q2)2+(|k—cﬂ2)2

:2/1922(672 k) (|k — *)? now we have IR
7 (¢?)%+ (|k — %) and UV finite
now only divergence for é’ — (), which is Integrals at the

actually numerically finite because of the !evel of the
integration measure Integrands




two-loop DM power spectrum Senatore, 7heng 25
Integration strategy

- use Monte Carlo integration for a base 'y 0\

cosmology and do loops numerically \
- for a general cosmology, expand the 5|
difference in a convenient basis |

911y — Pl (1) _ Al plo |
APYHk) = Py (k) = NV Py (k) 107
500 |-
- E 10°
i O ':' :. 1 ul y 3 1 nul s 1 1l ESTEETIT "SRRI 1 3 1l L 1]
> i : 107° 107* 1072 1072 107t 10°
—500 : k [h/Mpc]
—1000 ‘

"W Ll 11l i LA Ll

107> 107* 1072 1072 107t 10°




Anastasiou, Braganca,
Senatore, Zheng, 22

tWO—lOOp DM pO\Ner SpeCtrum Anastasiou, Favorito, ML,

Senatore, Zheng 25

Integration strategy

decompose each linear power ool
spectrum difference ol

—500

—1000 F

T (1
0.010:- i — ﬂ T T T
cosmology fixed basis, 0.005 f
dependent ~20 functions 0000/ A
—~0.005 f —— (AP - AP /Pl
COBRA uses singular e OPIRR N
Bakx, Rubira, Chisari, 10 10 10 10

value decomposition  viah 25 k [h/Mpc]



tWO“OOp DM pO\Ner SpeCtrum Anastasiou, Favorito, ML,

Senatore, Zheng 25
Integration strategy

now plug into integrals, eg. /-

7)15(]{7) X 73lin. (k) / FS(Ea q_}a _q—; ﬁa _ﬁ)Plin. (Q) 7>1i1r1. (p)

—

D,q

= Piin. (k) / Fs(k,q, —q, P, —D) (Pia(q) + AP(q)) (P (p) + AP(p))

~ P (k) + 2P (k) | F5(k, @~ 5, —P) AP(q) Py (p) + - .



tWO—lOOp DM pO\Ner SpeCtrum Anastasiou, Favorito, ML,

Senatore, Zheng 25
Integration strategy

now plug into integrals, eg. /-

cosmology ~ 3500 precomputed integrals total
dependent



two-loop DM power spectrum

results

Anastasiou, Favorito, ML,
Senatore, Zheng 25

Mathematica code to
compute any
cosmology and any EFT
parameters in <1s
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exciting time for LSS

https://theory.cern/jobs



