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Standard perturbation theory

Dark matter: non relativistic, non interacting, subject to gravitational

interaction
00(X,
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Standard perturbation theory

Observational effects

From dark matter to galaxies: bias, redshift space, small scale effects
ok, 7) — 5§S(k, 7) = F|0,0,0 gb (K, 7)

Perturbative solution
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Standard perturbation theory

Results

B Planck prior on wp
I BBN prior on wp
Il Planck 2018
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Standard perturbation theory

Results

B Planck prior on wp
Il BBN prior on wy
Il Planck 2018

Constraints on (some)
cosmological parameters

already comparable with Planck
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Role of symmetries in cosmology




Role of symmetries in cosmology

Equivalence principle

Model independent Constraints the perturbative
measurement using the kernels in a model
EP in the BAO range independent way: Large
Scale Structure Bootstrap!
e MM, Nishimichi T., Pietroni e D’Amico G., MM, Pietroni M.,
M., Phys. Rev. D100 (2019) Vernizzi F., JCAP 10 (2021)

e MM, Nishimichi T., Pietroni
M., JCAP 07 (2020)
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Long modes
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Short modes

Equivalence principle: Fall
in the same way
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Equivalence principle

Consistency relations

Exact equalities among correlation functions of different order

(Kehagias A., Riotto A., Nucl.Phys. 2013,
Peloso M., Pietroni M., JCAP 2013,

Creminelli P., Norefa J., Simonovié M., Vernizzi F., JCAP 2013)
(5x1,7))...80x,,7.) | @) = (5%, 7)...0% . %))

Effect of long modes on linear scales
— Equivalence Principle (or Galilean Invariance)
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LSS Bootstrap

e D’Amico G., MM, Pietroni M., Vernizzi F., JCAP 10 (2021)

Bootstrap



LSS Bootstrap

e D’Amico G., MM, Pietroni M., Vernizzi F., JCAP 10 (2021)
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LSS Bootstrap

e D’Amico G., MM, Pietroni M., Vernizzi F., JCAP 10 (2021)
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LSS Bootstrap

e D’Amico G., MM, Pietroni M., Vernizzi F., JCAP 10 (2021)
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LSS Bootstrap

e D’Amico G., MM, Pietroni M., Vernizzi F., JCAP 10 (2021)
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SYMMETRIES

Homogeneity and isotropy

Mass and momentum conservation (only
for dark matter)

Equivalence principle

Bootstrap



LSS Bootstrap

e D’Amico G., MM, Pietroni M., Vernizzi F., JCAP 10 (2021)
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Leading Order: single momentum
going — 0

Bootstrap



LSS Bootstrap

e D’Amico G., MM, Pietroni M., Vernizzi F., JCAP 10 (2021)
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LSS Bootstrap

e D’Amico G., MM, Pietroni M., Vernizzi F., JCAP 10 (2021)
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Pq, @ Equivalence principle

Leading Order: single momentum
going — 0

Next-to-Leading Order: sum of two
momenta going — 0

Bootstrap



LSS Bootstrap

e D’Amico G., MM, Pietroni M., Vernizzi F., JCAP 10 (2021)
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Pq, @ Equivalence principle

Leading Order: single momentum
going — 0

Next-to-Leading Order: sum of two
momenta going — 0

Next-to-Next-to-Leading Order: sum
of three momenta going — 0

Bootstrap



LSS Bootstrap

e D’Amico G., MM, Pietroni M., Vernizzi F., JCAP 10 (2021)

Equivalence principle

Leading Order: single momentum
going — ()

Next-to-Leading Order: sum of two
momenta going — 0

Next-to-Next-to-Leading Order: sum
of three momenta going — 0

Bootstrap



LSS Bootstrap

e D’Amico G., MM, Pietroni M., Vernizzi F., JCAP 10 (2021)

Equivalence principle

Leading Order: single momentum
going — 0
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LSS Bootstrap

e D’Amico G., MM, Pietroni M., Vernizzi F., JCAP 10 (2021)

Equivalence principle

Leading Order: single momentum
going — 0
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LSS Bootstrap

e D’Amico G., MM, Pietroni M., Vernizzi F., JCAP 10 (2021)

Equivalence principle

Next-to-Leading Order: sum of two
momenta going — 0

. k-qp e D)’ /
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Bootstrap



LSS Bootstrap

e D’Amico G., MM, Pietroni M., Vernizzi F., JCAP 10 (2021)

Equivalence principle

N.7Lto-Leading Order: sum of [
momenta going — 0

[
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LSS Bootstrap

Kernel at second order

lq,+q,1°q; - q,

K (qy) = ¢ pa;,qp) =
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LSS Bootstrap

Kernel at second order
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LSS Bootstrap

Kernel at second order

|q, +‘I2|2(h b
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Bootstrap



LSS Bootstrap

Kernel at second order

lq,+q,1°q; - q,

K (qy) = ¢ pa;,qp) =

29143
2
K>(Ay Gy) = ¢ + ¢5B(qy, @) + ¢,7(q;, @) @) = 1 — (“1 ' “2>
q1 92
49 99
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qi E)

{ C()? Cly/ﬁ, C}/} Leading Order

Only 3 parameters left!
(tracers)

Bootstrap



LSS Bootstrap

Kernel at second order

K,(qy) = ¢

Ky(q;. q3) = ¢ + ¢c3f(q;. q0) + ¢,7(q;, q))

(6.9,

Only 3 parameters left!
(tracers)
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Leading Order

Mass+momentum
conservation (matter)

Bootstrap



LSS Bootstrap

Kernel at second order

K,(qq) = ¢

Ky(q;. q3) = ¢ + ¢c3f(q;. q0) + ¢,7(q;, q))

(56,96,

Only 3 parameters left!
(tracers)

Bootstrap
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Leading Order

Mass+momentum
conservation (matter)

Only 1 parameter left!
(matter)




LSS Bootstrap

Kernel at third order

Ks3(4y, 43, 43) = ¢ + ¢,17(d;, Ap) + €,07(q 12, 3) + ¢5.0(dy, Ap) + c50(q12, q3)

+¢,7(d 1, )7 (@12, G3) + ¢4p(A 1 AP 12, A3) + €57 (A1 A2 12, G3)

+¢5,0(d1, 4)7(d2, q3) + (Ca + C,07(d), o) + ¢5,5(4;, CI2)> a,(q;2, q3)

Bootstrap



LSS Bootstrap

Kernel at third order

Ks3(4y, 43, 43) = ¢ + ¢,17(d;, Ap) + €,07(q 12, 3) + ¢5.0(dy, Ap) + c50(q12, q3)

+¢,,7(d1: )7 (d12- 43) + A1 D)1 G3) + €,57(d) 42)A(A12- G3)
+¢5,0(d1, 4)7(d2, q3) + (Ca + C,07(d), o) + ¢5,5(4;, CI2)> a,(q;2, q3)

1€25 €415 €23 Ca1> Cp2s Cp Cps Cypr Chys Cor Cyar Cn )

Bootstrap



LSS Bootstrap

Kernel at third order

Ks3(4y, 43, 43) = ¢ + ¢,17(d;, Ap) + €,07(q 12, 3) + ¢5.0(dy, Ap) + c50(q12, q3)

+¢,7(d 1, )7 (@12, G3) + ¢4p(A 1 AP 12, A3) + €57 (A1 A2 12, G3)

+¢5,0(d1, 4)7(d2, q3) + (Ca + C,07(d), o) + ¢5,5(4;, CI2)> a,(q;2, q3)
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Leading Order

Bootstrap



LSS Bootstrap

Kernel at third order

Ks3(4y, 43, 43) = ¢ + ¢,17(d;, Ap) + €,07(q 12, 3) + ¢5.0(dy, Ap) + c50(q12, q3)

+¢,,7(d1: )7 (d12- 43) + A1 D)1 G3) + €,57(d) 42)A(A12- G3)

+¢5,(d1, 42)7(d 2, Q3) + (ca + Gt (A1 Q) + Q. q2>) (412, 43)

{629 C}/l %29%9%29 C}/}/a %9/%9%/9%9 C}/(p %}

Leading Order Next-to-Leading Order

Bootstrap



LSS Bootstrap

Kernel at third order

Ks3(4y, 43, 43) = ¢ + ¢,17(d;, Ap) + €,07(q 12, 3) + ¢5.0(dy, Ap) + c50(q12, q3)

+¢,,7(d1: )7 (d12- 43) + A1 D)1 G3) + €,57(d) 42)A(A12- G3)

+¢5,(d1, 42)7(d 2, Q3) + (ca + Gt (A1 Q) + Q. q2>) (412, 43)
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Leading Order Next-to-Leading Order
Only 4 parameters left!
(tracers)

Bootstrap



LSS Bootstrap

Kernel at third order

Ks3(4y, 43, 43) = ¢ + ¢,17(d;, Ap) + €,07(q 12, 3) + ¢5.0(dy, Ap) + c50(q12, q3)

+¢,,7(d1: )7 (d12- 43) + A1 D)1 G3) + €,57(d) 42)A(A12- G3)

+¢5,(d1, 42)7(d 2, Q3) + (ca + Gt (A1 Q) + Q. q2>) (412, 43)
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Leading Order Next-to-Leading Order Mass+mom. conservation

Only 4 parameters left!
(tracers)

Bootstrap



LSS Bootstrap

Kernel at third order

Ks3(4y, 43, 43) = ¢ + ¢,17(d;, Ap) + €,07(q 12, 3) + ¢5.0(dy, Ap) + c50(q12, q3)

+¢,,7(d1: )7 (d12- 43) + A1 D)1 G3) + €,57(d) 42)A(A12- G3)

+¢5,(d1, 42)7(d 2, Q3) + (ca + Gt (A1 Q) + Q. q2>) (412, 43)

%9 %%29%9%29 C}/}/a %9/%9 ﬂ}/a%a C}/aa %}

Leading Order Next-to-Leading Order Mass+mom. conservation
Only 4 parameters left! Only 2 parameters left!
(tracers) (matter)

Bootstrap



LSS Bootstrap

General time dependence

Bootstrap expansion:
valid for every scale-
independent model

k2

3
o2 D) = =8, (mu(mak, i) + Sk, )

ACDM (exact time dep., Donath Y., Senatore L., 2020)
nDGP (Dvali et al. 2000, Schmidt F. 2009)

k-mouflage (Babichev et al. 2009, Brax and Valaegias 2014)
JBD (Brans C., Dicke R., 1961)

D’Amico G., MM, Piga L., Pietroni M., Vernizzi F., Wright B.,
2209 . XXXX

Bootstrap



LSS Bootstrap

Matter and velocity kernels

. Lowz In the 1-loop PS the
BN CMASS?2 .
only time dependent
functions are

a,, dy, dm = d},a — dy},/ 2

Constrain (possible)
deviations from ACDM
with a model-independent

© ol /;f;ff’"/ « Q | // appro ach

4 00 05 10 15

2

Bootstrap



LSS Bootstrap & PNG

Consistency relations

i Bs(k,q, | k+q]|;7,7,7") . q- k D (7)) — D,(7")
k-0 Ps(q;7,t")Ps(k; 7, 7) k2 D_ (1)

| 6fNLQm,OHg D+(TO)
KTk D.(7)

+0 (K° f3,)

Peloso M., Pietroni M., JCAP 05 (2013) 031
Goldstein S., et al., 2209.06228

Bootstrap



LSS Bootstrap & PNG

/

INITIAL OBSERVED
CONDITIONS: DENSITY FIELD
Gaussian,

non-Gaussian

Bootstrap



Conclusions

e Importance of Equivalence Principle in Cosmology
e Perturbative EP: LSS bootstrap

e Easily generalized to NG IC

e First step for a novel approach to Galaxy Clustering



Thanks for your attention
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Model independent
measurement using the

EP in the BAO range

e MM, Nishimichi T., Pietroni
M., Phys. Rev. D100 (2019)

e MM, Nishimichi T., Pietroni
M., JCAP 07 (2020)




CR and BAO

e MM, Nishimichi T., Pietroni M., Phys. Rev. D100 (2019)
e MM, Nishimichi T., Pietroni M., JCAP 07 (2020)

Squeezed limit of Bispectrum (real space)
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Kehagias A. and Riotto A., Nucl. Phys. (2013)
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In configuration space X =Kk-Q
g p H dlogr )2 q / \

'BAO

CR and BAO



CR and BAO
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CR and BAO

e MM, Nishimichi T., Pietroni M., Phys. Rev. D100 (2019)
e MM, Nishimichi T., Pietroni M., JCAP 07 (2020)

Squeezed limit of Bispectrum (real space)
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Equal-time squeezed limit
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nonlinearities!
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CR and BAO

e MM, Nishimichi T., Pietroni M., Phys. Rev. D100 (2019)
e MM, Nishimichi T., Pietroni M., JCAP 07 (2020)

Squeezed limit of Bispectrum (real space)

I ko k_ K 4 i | 24 p k. 7)
gy Do\ Ko Ko e e ) = =25 Banl @) | o SEp Kty t) = o S EmEaitp ) + O (¢

Peloso M. and Pietroni M., JCAP (2013)

Kehagias A. and Riotto A., Nucl. Phys. (2013)
,d log &(r) .

In configuration space X =Kk-Q
g p H dlogr )2 q / \

Equal-time squeezed limit

YBAO
. Baaa(q’ k+ : k—) /’lz log Paa(k) < q >O
lim = +o0!| (£
q/k—0 Paa(Q)Paa(k) ba(Q) d log k k
Unchanged by Baldauf T. et al Phys Rev D (2015) v
nonlinearities! S S - o

In presence of a scale hke the BAO the oscillating part of the {
derivative is enhanced by a ~ kry,, factor, we can isolate it }
‘ to Ver1fy CR and measure b1as

CR and BAO
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CR and BAO

e MM, Nishimichi T., Pietroni M., Phys. Rev. D100 (2019)
e MM, Nishimichi T., Pietroni M., JCAP 07 (2020)

Squeezed limit of Bispectrum (real space)

I ko k- K-9q N D) b of (4 :
q/ir_r)loBaﬂy(q’ K Sty tp 1) = 7 Pon(q:ty) D) sy (k_s 15, fy)—m 5Ky tg 1) |+ T

a

Peloso M. and Pietroni M., JCAP (2013)
Kehagias A. and Riotto A., Nucl. Phys. (2013)

n=k-q A

'BAO

Equal-time squeezed limit
. Baaa(q’ k+ * k—) /’lz log Paa(k) < q >0
lim = + O —
4lk=0  Poo(q)Pgo(k) b(q) ) dlogk k

Unchanged by Baldauf T. et al., Phys.Rev.D (2015) v
nonlinearities!

CR and BAO




n bréséﬁce of a scale like the BAO, the“o‘sAciHat.ng- ‘pAart of thé-

- derivative is enhanced by a ~ kry,,, factor, we can isolate it |
to verify CR and measure bias :

CR and BAO



CR and BAO

N-body simulations: real space w/ biased tracers, MM+ (2019)

B(q. k.. k) u? dlog P(k) N Halo Mpin = 10°Mg

lim = — .
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CR and BAO

N-body simulations: redshift space w/ biased tracers, MM+ (2020)

Multipoles + Kaiser
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CR and BAO

N-body simulations: redshift space w/ biased tracers, MM+ (2020)

CR and BAO
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CR and BAO

N-body simulations: redshift space w/ biased tracers, MM+ (2020)
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CR and BAO

N-body simulations: redshift space w/ biased tracers, MM+ (2020)
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