-/%&\ (arrneca

Department of Physics, Alma Felix University of Turin, Italy

Funded by
the European Union

NextGenerationEU

UNIVERSITY of the
WESTERN CAPE

UNIVERSITA ‘10 e € INFN
DI TORINO ‘@1 22

p:c'; meen"cte Istituto Nazionale di Fisica Nucleare
Sezione di Torino



Peculiar velocities

UNIVERSITA
DI TORINO

10 - vi - 2024

 Galaxies’ peculiar velocities can be estimated by combining measurements of their
observed redshift with a distance indicator that enables us to infer the cosmological
redshift independently

[Davis & Scrimgeour 2014; Watkins & Feldman 2015]

The peculiar velocity bispectrum
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 Galaxies’ peculiar velocities can be estimated by combining measurements of their
observed redshift with a distance indicator that enables us to infer the cosmological
redshift independently

[Davis & Scrimgeour 2014; Watkins & Feldman 2015]

* The power spectrum of peculiar velocities has been proposed as a powerful tool to
complement traditional galaxy clustering

[Burkey & Taylor 2004; Ir8i¢ & Slosar 2011; Koda et al. 2014;
Howlett et al. 2017a,b; Whitford et al. 2021]
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- velocities can be estimated by combining measurements of their

t with a distance indicator that enables us to infer the cosmological
redshift independently

[Davis & Scrimgeour 2014; Watkins & Feldman 2015]

The power spectrum of peculiar velocities has been proposed as a powerful tool to
complement traditional galaxy clustering

[Burkey & Taylor 2004; Ir8i¢ & Slosar 2011; Koda et al. 2014;
Howlett et al. 2017a,b; Whitford et al. 2021]

Surveys that directly measure peculiar velocities have demonstrated dramatic

improvement on constraints on the growth of structure relative to galaxy clustering
alone at low redshift

[Carrick et al. 2015; Qin et al. 2019; Adams & Blake 2020;

Said et al. 2020; Lai et al. 2022]
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[Said et al. 2020]
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Galaxies’ peculiar velocities can be estimated by combining measurements of their
observed redshift with a distance indicator that enables us to infer the cosmological
redshift independently

[Davis & Scrimgeour 2014; Watkins & Feldman 2015]

The power spectrum of peculiar velocities has been proposed as a powerful tool to
complement traditional galaxy clustering

[Burkey & Taylor 2004; Ir8i¢ & Slosar 2011; Koda et al. 2014;
Howlett et al. 2017a,b; Whitford et al. 2021]

Surveys that directly measure peculiar velocities have demonstrated dramatic
improvement on constraints on the growth of structure relative to galaxy clustering
alone at low redshift

[Carrick et al. 2015; Qin et al. 2019; Adams & Blake 2020;
Said et al. 2020; Lai et al. 2022]

What about the bispectrum, then?
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peculiar velocities, ...):




Polyspectra formalism

UNIVERSITA
DI TORINO

10 - vi - 2024

* Given an observable cosmological perturbation field X (e.g. galaxy number counts,
peculiar velocities, ...):

* Fourier-space summary statistics for N-point correlation functions [polyspectra]

* Auto-correlations only
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* Given an observable cosmological perturbation field X (e.g. galaxy number counts,
peculiar velocities, ...):

* Fourier-space summary statistics for N-point correlation functions [polyspectra]

* Auto-correlations only

* Power spectrum

(X (k1) X (k2)) = (27)° 6p(k12) Px (k1)
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* Given an observable cosmological perturbation field X (e.g. galaxy number counts,
peculiar velocities, ...):

* Fourier-space summary statistics for N-point correlation functions [polyspectra]

* Auto-correlations only

* Power spectrum

(X (k1) X (k2)) = (27)° 6p(k12) Px (k1)

* Bispectrum

(X (k1) X (k2) X (k3)) = (2m)° 6p(k123) Bx (K1, k2)
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shell crossing), gravitational instability can be fully described by the density
contrast ¢ and the velocity divergence @

* In the spherical collapse model (sensible for small perturbations), solutions at any
order remain separable in time and scale
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* Small perturbations can be treated perturbatively

* As long as the matter distribution can be described as an irrotational fluid (i.e. no
shell crossing), gravitational instability can be fully described by the density
contrast ¢ and the velocity divergence @

* In the spherical collapse model (sensible for small perturbations), solutions at any
order remain separable in time and scale

Z D™(z) 6™ (k)

(k,z) = Z D™(2) 0™ (k)




Standard perturbation theory primer

* From the continuity and

5 (k)

60" (k)
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-uler's equations in Fourier space
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Standard perturbation theory primer

* From the continuity and

5 (k)

60" (k)

| :/ql.../m(sﬂ)(ql) M (g)

(i, -
Gm(ql, “ .

* Hence the tree-level power spectrum and bispectrum

(X (k1) X (k2)) = (XW (k1) XV (ky))

-uler's equations in Fourier space

an)
,qm)

(2 77)3 5D(Q1...m

(X (1) X (k2) X (k3)) = (XD (k1) X (ko) X (K3)) + 20,

UNIVERSITA
DI TORINO




Galaxy clustering

UNIVERSITA
DI TORINO

* Galaxy clustering is the summary statistics of fluctuations in galaxy number counts

Og () = ng(w;g_ e




Galaxy clustering

UNIVERSITA
DI TORINO

10 - vi - 2024

* Galaxy clustering is the summary statistics of fluctuations in galaxy number counts

5g(33) . ng(wT)Lg_ ﬁg

» Redshift-space distortions (RSD) arise as we don’t know galaxies’ distances, but infer
them from their observed redshifts, which include radial peculiar velocities
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* Galaxy clustering is the summary statistics of fluctuations in galaxy number counts

Og () = ng(wT)Lg— e

» Redshift-space distortions (RSD) arise as we don’t know galaxies’ distances, but infer
them from their observed redshifts, which include radial peculiar velocities
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* Galaxy clustering is the summary statistics of fluctuations in galaxy number counts

5g(33) . ng(azg_ ﬁg

» Redshift-space distortions (RSD) arise as we don’t know galaxies’ distances, but infer
them from their observed redshifts, which include radial peculiar velocities

The peculiar velocity bispectrum

O
)
-
O
@)
O
(@
©
gy
O
14—
(@))




Galaxy clustering

* Galaxy clustering is the summary statistics of fluctuations in galaxy number counts

Og () = ng(wT)Lg— e

» Redshift-space distortions (RSD) arise as we don’t know galaxies’ distances, but infer
them from their observed redshifts, which include radial peculiar velocities
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* Galaxy clustering is the summary statistics of fluctuations in galaxy number counts

5g(33) . ng(azg_ ﬁg

» Redshift-space distortions (RSD) arise as we don’t know galaxies’ distances, but infer
them from their observed redshifts, which include radial peculiar velocities

The peculiar velocity bispectrum
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* Galaxy clustering is the summary statistics of fluctuations in galaxy number counts

5g(33) . ng(azg_ ﬁg

» Redshift-space distortions (RSD) arise as we don’t know galaxies’ distances, but infer
them from their observed redshifts, which include radial peculiar velocities
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* However, number density conservation dictates that

Bs[1+ As)] = e [L + b,(e)

» Knowing the real-to-redshift space mapping, we construct redshift-space kernels...

A () = / . / S (q1)...0W(gn) 2™ (qu, ..., qm) (27) (g1 .m — k)
qi m
» ...from which
Pa(ky) = Z2W (k) Z2ZW (—ky) P(ky)
Ba(ki, ko) =220 (k1) 20 (ko) 2P (K, ko) P(k1) P(ka) + 20k,
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* Galaxy clustering kernels in redshift space

ZW(ky) = by + f i

, _
2P (k1 k2) = - +b1 Fa(k, ka)+bg, Sa(ka, ka)+f 1 G2<k1,kz>+§mz k12 Z—iZm(kz) =

» ...from which
Pa(ky) = Z2W (k) Z2ZW (—ky) P(ky)
Ba(ki, ko) =220 (k1) 20 (ko) 2P (K, ko) P(k1) P(ka) + 20k,
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* Galaxy clustering kernels in redshift space

ZW(ky) = by + f i

b ]
Z(2) (kl, ]{12) — EQ_I_bl Fg(kl, kg)-l-ng Sg(kl, k2>—|—f ,U%Q Gg(kl, kg)—l—g 12 k12 it Z(l)(k’,g) |

» ...from which
Pa(ky) = Z2W (k) Z2ZW (—ky) P(ky)
Ba(ki, ko) =220 (k1) 20 (ko) 2P (K, ko) P(k1) P(ka) + 20k,
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* Galaxy clustering kernels in redshift space

» ...from which
Pa(ky) = Z2W (k) Z2ZW (—ky) P(ky)
Ba(ki, ko) =220 (k1) 20 (ko) 2P (K, ko) P(k1) P(ka) + 20k,
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» Galaxies’ (radial) peculiar velocities are inferred from various types of observations
(SNela luminosity-distance fluctuations, Tully-Fisher or Faber-Jackson relations, ...)
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» Galaxies’ (radial) peculiar velocities are inferred from various types of observations
(SNela luminosity-distance fluctuations, Tully-Fisher or Faber-Jackson relations, ...)

» RSD still arise, because in most cases the underlying peculiar velocity field of matter
(as traced by galaxies) is reconstructed by positioning galaxies in a 3D comoving
orid constructed from their redshift-space position—same as in galaxy clustering

velocity bispectrum
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» Galaxies’ (radial) peculiar velocities are inferred from various types of observations
(SNela luminosity-distance fluctuations, Tully-Fisher or Faber-Jackson relations, ...)

» RSD still arise, because in most cases the underlying peculiar velocity field of matter
(as traced by galaxies) is reconstructed by positioning galaxies in a 3D comoving
orid constructed from their redshift-space position—same as in galaxy clustering

* Analogously to what done before, | computed peculiar-velocity kernels...

W™ (k) = / / S (q)...6W(gm) U™ (qu,....qm) (27)20p(q1 m — k)
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* ..from which
Pu(k1) = UV (k) U (—ky) P(ky)

Bu(k1,ka) = 2UW (k1) UM (ko) U (K1, ko) P(k1) P(ka) + 20k,

The peculiar velocity bispectrum
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* The kernel for the power spectrum coincides with the literature
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* The kernel for the power spectrum coincides with the literature

* The kernel for the bispectrum is a novel result
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Pu(k1) = UV (k) U (—ky) P(ky)

Bu(ki, k2) = 2UW (k) U (ko) UP) (K, ko) P(ky) P(ks) + 2O,

* The kernel for the power spectrum coincides with the literature

* The kernel for the bispectrum is a novel result

I 3
U (kq, ko) =UD (k12) D |Ga(ky, ko) : J 1 o




Momentum density
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* Momentum density is the density-weighted peculiar velocity field

p=(1+24)u

 ...from which

PU (k1) =UW (k1)

' k12)2 (b k1o
PP (k1 k2) = U (k1 k2) + UM (k1) D gﬂl p2 (kli;) ICZQ (M I MQ) .
i |




Constructing bispectra

k)

UNIVERSITA
DI TORINO




Constructing bispectra

k)

UNIVERSITA
DI TORINO




Constructing bispectra

k)

UNIVERSITA
DI TORINO

o # of dof:

* 33Dk;=9




Constructing bispectra

UNIVERSITA

) DI TORINO
k|
* 1# of dof:
ko
* 33Dk;=9
* But cosmological principle:
* —3 rotations (isotropy) k,

* —3 translations (homogeneity)

Kol

k11




Constructing bispectra

UNIVERSITA

) DI TORINO
k|
* 1# of dof:
ko
* 33Dk;=9
* But cosmological principle:
* —3 rotations (isotropy) k, o

* —3 translations (homogeneity)

Kol

k11




Constructing bispectra |

) DI TORINO

10 - vi - 2024

* 1# of dof:
* 33Dk;=9
* But cosmological principle:

* —3rotations (isotropy)

* —3 translations (homogeneity)

The peculiar velocity bispectrum
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Comparing bispectra

[SC 2024 (in prep.)]
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----- equilateral

--------- folded

The peculiar velocity bispectrum
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Detectability

[SC 2024 (in prep.)]
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