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EFT of LSS

Study regime of small corrections

Characterize terms

Calculable vs non-calculable (counter terms)

How many terms to achieve a desired accuracy?

What is the relation between results for different statistics

Properties of the EFT

e Write all terms consistent with symmetries: Equivalence principle
¢ Non-locality in time



Agnostic about details

Error in Power Region of interest
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There are contributions whose size cannot be computed within the large scale
theory, they depend on the details of the small scale dynamics. However there k
dependence is known.



Examples:
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Corrections to power spectrum for scale-free initial conditions
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Linear theory and scales in our Universe

 Matter radiation equality
« BAO scale
e Neutrino free streaming
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Motions produced by modes of larger scale than k

Motions produced by modes of smaller scale than k

Tides produced by modes of larger scale than k

Does not appear.



Contributions to the displacement field loop power spectrum

We expect UV sensitivity to be more important as we go to higher loops

Arbitrary normalization Integrand relevant for P15
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EFT of LSS directly in Eulerian space
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Diagrams:
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FIG. 3. Effect of changing the cut-off from Ay, = 5 hMpc™* to A; = 1 hMpc™* for the one and two loop calculations normalized
by k*P. Left panel: Contributions from the low-high and high-high terms (single- and double-hard). The mixed term clearly
dominates the k?P part and also the deviations from this behavior. Right panel: Contributions from the separate diagrams.
At the one loop level P;3 leads to a K’pP contributions, whereas the k* contribution from Pss is suppressed. Pi5 dominates the
kP part but for the deviations from this scaling, there is a cancellation between P15, Ps33.11 and Pey. Like Pss in the one loop
case, the k* term arising from P33_; is suppressed.
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Example of
particle
trajectories
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We expect that the EFT parameters Lk i)
are mostly correcting the mistakes of P
PT, in full solution the halo is much

smaller than the halo in PT.

[h~*Mpc]

EFT parameters are not properties of
the fluid but depend on the
approximate solution.
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Comparison without cosmic variance

Transfer functions:
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FIG. 1. Diagrams for the tree level, one- and two-loop expressions of the SPT power spectrum.

55

bt (k) = a1 (k)W (k) + ... + an(k)d™ (k).

Cbl—loop EFT — (1 + ozkz) gb(l) + ¢(2) + ¢(3)

These can be measured without cosmic variance

drrrpT (k) = a1 (k)W (k) + ... + an(k)o'™ (k) + dstoch
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Figure 19. Left panel: Transfer function ai of the 1tLPT model. Adding P;5 modifies the value
of o, as expected, and improves the agreement. Right panel: Transfer function az of the 1tLPT
model. We clearly see a percent level deviation on the largest scales, that is accounted for by adding
Ps4/ P32 /2 to the model for this term. The latter however over predicts the enhancement in the mildly
non-linear regime, which is in turn fixed by the EFT counter terms E5 ;. As we pointed out before,
they lead to kY and k? corrections through Pj,/Pas.
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Stochastic term:

10°

107"

10-%F

1074F

/Pai

10-°F

1070 L

10 8L

107°F

-
=" .
- -
o

>
.
P
.2

—— 1tLPT (measured)
= 1tLPT (expected) |7
— 2tLPT(
== 2tLPT (expected) 1
—— 3tLPT (measured) |]
== 3tLPT (expected)

measured)

lo—ll]

1072

1071

k [h/Mpc]

ap | az | az | a4 | as

tree
1-loop
2-loop
3-loop
4-loop

11
13 | 22
15| 24 | 33
17126 | 35 | 44
19 | 28 | 37 | 46 | 55

dntrpr(k) = a1 (k)M (k) + ... + an(k)d™ (k)4 Pstocn

10°f

—_

I
I
&

d
o-s?toch.,h :/dmﬁm(2Rv1r ) //dm—m

10!
k [hAMpc ]

Baldauf, Schaan & MZ 1505.07098, 1507.02255



Eulerian results: \What happens if we use the

displacement to compute the density?
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Again the EFT tells you constraints the shape of the transfer
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Figure 9. Power spectrum of the non-linear one halo term Eq. (5.10) extracted from the simulations and
the one halo term of the profile difference between the simulation and 1LPT Eq. (5.12). The gray line shows
1% of the linear power spectrum. We can clearly see that the profile differences amount to percent level
corrections to the linear power spectrum at k =~ 0.3 hMpc~'. We also show the stochastic term in Lagrangian

space and Eulerian space. The Eulerian stochastic term is larger than the profile difference on large scales

but approaches it at k ~ 1 hMpc~ 1.

Stochastic contribution probably is at the percent level at
k=0.2 probably shape is not kN4,
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Transfer function try to fix the fact that the PT solution is too
smooth. The mistake is on scales larger than the virial radius but
smaller than the Lagrangian radius.



0.1

0.01

P err/ P NL

— =0 / — 0.02
7
- === 7z=1 / 7 z L
e 0.00
== z=2 , s I
/ '/

y g _ —0.02

/ I

’ ’ ~
; < —0.04

L A 4 &

/ '/
dov ~0.06
/l 'l
i , i
d oy ~0.08
0/‘
1 V4 4 1 1 1 _010 [
005 0.10 050 1.00 5.00
k [h Mpc™']

Y

-

=
LKLY
'

",

- LT
LR e Y Sem
L2RRY

’ r Vo0
\J

- s TE(142+43)  ==== 6(1) .
=== To(1+2) — To(T1+T2+T3)
----- o(1+2+3)
0.02 0.05 0.10 0.20 0.50
k [h Mpc™']

Figure 6. Left panel: Ratio of the best possible EFT power spectrum to the non-linear power spectrum as a
function of redshift. We indicate the 1% and 10% accuracy lines and mark the crossing of the 1%-threshold
by vertical lines, whose wavenumbers are given in Tab. 1. Right panel: Ratio of the perturbative model with
and without transfer functions and the non-linear power spectrum at z = 0.

Baldauf, Schaan & MZ 1505.07098, 1507.02255



Comparison with simulations

 Comparison can be made without cosmic
variance. Agreement is extremely good.

* |t can be used to test simulations on large
scales. Easy to spot errors in simulations.

* |Improve on linear growth factor without having
to do many time steps. Non conservation of
momentum.

e Errors in simulations can be characterized in
the same way. We should routinely report and
have a theory of the errors in simulations as a
function of sim parameters



Counter terms for two loops
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Equations of motion
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The time dependence of the counter term matters when including it into
the equations of motion to compute terms linear in the counter term but
higher order in perturbations.

If the divergence of stress tensor is the gradient of a scalar then counter
terms generated by the equations of motions are degenerate with higher
order counter terms for two additional orders.

For 2-loop counter terms this means that only one of the quadratic counter
terms need to be followed through the equation of motion. Even in this
case, at the level of the power spectrum these terms are degenerate with
cubic counter terms.

There are higher order counter terms associated with a given counter term
from the mapping between displacement and density. Those do not
depend on the time dependence of the source.

ij
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FIG. 1: Left: Two loop counter term contributions for [> = 1 (h~*Mpc)2. Right: Two loop counter term
contributions normalized so that they are 1% of the linear power spectrum at k = 0.15 hMpc 1. We also show a
representative power law that roughly captures the scaling of these terms.
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Theoretical errors & neutrino masses , | ..
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FIG. 2: Theoretical errors for the linear theory and one-loop
power spectrum (see Eq. (42)) as a function of k. The cosmic
variance is plotted for the redshift bin 1 < z < 2. Three solid
lines are relative suppression of the power spectrum for three
different M, .
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Theoretical errors & non-Gaussianity

loc. —08+5.0, [ =-4+43, (68% CL).

Improvement seems likely
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FIG. 7: One sigma error bar on fif" as a function of the maximal redshift zmax. Two horizontal lines correspond to fi¢ =5
(the current strongest bound from the CMB) and ¥ = 1 which is an interesting theoretical threshold. Each panel shows
the constraints with and without marginalization over the EFT and bias parameters. Different lines correspond to different
combinations of the tree-level and the one-loop bispectrum and corresponding errors. The effects of the marginalization are
minimal, given that the local shape is orthogonal to gravitational contributions. We also plot as a reference a line for the ideal
case of no theoretical error and no marginalization.
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FIG. 6: One sigma error bar on fy} as a function of the maximal redshift zmax. Two horizontal lines correspond to fyi = 40
(the current strongest bound from the CMB) and f{} = 10. Each panel shows the constraints with and without marginalization
over the EFT and bias parameters. Different lines correspond to different combinations of the tree-level and the one-loop power

spectrum and bispectrum. As a reference we also plot a line for the ideal case with no theoretical error and no marginalization. Bal d an, M | rbabay| : S | monOV| C & MZ 1 602 . 00674



Fast computations

In4;= FpowerFFT[bias_, kvec_, kpivot_, plin_ , cmout_] := Modulo[{nn, Pvec}, nn = Dimensions[kvec] [[1]];
Pvec = Table[plin[kvec[[i]]], {i, 1, nn}];

bias

cmout = Fourier[Pvec/ (kvec / kpivot) , FourierParameters -+ {-1, 1}];]

In(s:= powerrecFFT[b_, kvec_, kpivot_, cm_, powerout_ ] := Hodule[{bias, pk}, Dimensions[cm][[1]];
kvec \?
bias = [—) ’

kpivot

pk = Re[bias Fourier[cm, FourierParameters - {1, -1}]]; powerout = Transpose[{kvec, pk}] ;]

1000 -

Out[36]=

100
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k' (-2+9nl) Csc[ > (3+nl) 7]

Pl3feynfin[nl , k_] = -
224 Gamma [2 - 2] Gamma [4 + ==
2 2
P22feynfin[nl_, n2_ , k_] =
(k""""’ (1296 + 49 n1® (-3 +n2) + 1944 (-4 +nl +n2) +9 (1560 + 50l (-166 + 21 nl) - 830 n2 + 226 nl n2 + 105n27) +

7n1? (142 +n2 (-85 + 14n2)) - (-2 +n2) (808 +7n2 (-100+21n2)) +nl (-2208 + n2 (2000 + 7 n2 (-85 + 7n2))) +

1+n1]

3 (-2904 + 49 n1® + 7n1? (-101+ 29 n2) +n2 (2574 + 7n2 (-101+7n2)) +nl (2574 + 7 n2 (-206 + 29 n2)))) cma[ 3

1+n2
2

Gama[% (1-n1-n2)]6ama[ ]]/ (12544x3”oma[2- -‘;—I]Gamalz- :—2]Gama[§ (6+n1+n2)]];

pl3recFFT[b_, kvec_, kpivot_, cm_, ppcutvec_, pl3out_] :=
Hodulo[{dfreq, intfreq, freq, nn, prefactor, cmpl3, pl3k}, nn =Dimensions[cm][[1]];
dfreq=2rx /Log[kvec[[nn]] / kvec[[1]]] (nn-1) /nn; intfreq = Table[ (i -1 -UnitStep[i-nn/2-2]nn), {i, 1, nn}];

1
freq = intfreqdfreq; prefactor = ppcutveckved"b [—); cmpl3 = Table[cm[[i]] P13feynfin[b - I freq[[i]], 1], {i, 1, nn}] ;

kpivot®

pl3k = Re[prefactor Fourier[cmpl3, FourierParameters - {1, -1}]]; pl3out = Transpose[{kvec, pl3k}] ;]
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d’q
(@*)"[(ky — @*T*[(k, — 9)°1"

J(vi, vy, v3) =

Jvy,v,,v3) = G (v v —c—iF V3,V —c—i'1+v —c—i 1+v —C—l'x
Y20 V3) = RO T ) Tv)T(d — vy, 3 123 ~ 5 JFa{ V3 V123 — 5 23 7 5> 13755 Y

d d d d
X F<§ - V13> <— — V3 ) yH2 V3L (y, )r<2 V1>F4<V2: — v 1+ vy3 — E:l — Vi3 + 5 > X, y)

d d d d
X F<v13 > <2 > + x42 V230 (v, )I“<2 v2>F4<v1, — vy 1 — v, + 5,1 + V3 — 5% y)
d d d d d
<_ — V13> <V23 — E) + x¥27v23ydi2- vlsF(E — V3>F4<d — V123,§ — V331 —vy3 + 5’ 1 —v3+ 5 5 X, )’>
d
x I'(d — V123)r<"23 - §>F<V13 2>:| (A3)
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The End



