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e Why?

o LCDM predicts an “Intrinsic Bispectrum due to nonlinearities ”
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Angular Bispectrum of Galaxy
Number Counts for Photometric
Surveys

e Why?
o LCDM predicts an “Intrinsic Bispectrum due to nonlinearities ”
o itis annoying for inflation

B(t, k1, ks, k3) = 2Ty (k1 )T1 (k2 )T (K1, k2, k3) Pr (k1) Pr(k2) 4+ 2 x perm.
+ 2T} (kl )T1 (kg)Tl (k3)B(k1, ks, k3)
/

Primordial non-Gaussianities / inflation

GR and Radiation effects are degenerate in time and in
momentum space with PNG!




Angular Bispectrum of Galaxy

Number Counts for Photometric .
Spectroscopic survey

Surveys o fsky=7"s
e ~30 millions of galaxies
o Why? e accurate redshifts

o LCDM predicts an “Intrinsic Bispectrum due to nonlinearities ”
o itis annoying for inflation
o Photometry

FFT based estimator:

Scoccimarro estimator (Scoccimaro 1506.02729)

; 20 I+ ;

By(ki, ko, k3) = Var E {/A d3q; /v (13.7:14(2*“1""1} 0p(q123)0g(x1)dg(x2)d4(x3)Le(q1 - X3)
Tri-polar estimator (Sugiyama et al 1803.02132)

0y b L
Buyr(Kk1,k2) = Neygor Hpoyr, Y <mll sz M)

mimaoM

d2121 (12122 dzﬁ mi* ({ ma* ({) M* (A A
i a Ye (k) (ke)yrt (8) Bk, ke, )

Wide-angle effect is hard to include!
Bardede, Di Dio and Castorina (2302.12789)




Angular Bispectrum of Galaxy

Number Counts for Photometric .
Spectroscopic survey

Surveys o fsky=7"s
e ~30 millions of galaxies
o Why? e accurate redshifts

o LCDM predicts an “Intrinsic Bispectrum due to nonlinearities ”
o itis annoying for inflation
o Photometry

Spherical harmonics based
estimator:

Tomographic Spherical Harmonic” (Assassi et al
1705.05022 and Bucher et al 1509.08107 (For CMB) )

[n ax

Too many bins
AZ L YTTl .
i g; m;“e’" . bad data compression!
Bk — A [dOQAT (A2 (Q)AZ(Q)

111213

Spherical Fourier-Bessel estimator (Peebles 1973,
Benabou et al 2312.15992)

Orm (k) = /(131“ {\/gka‘(k') om (7)

b i & 4
Biiiat, (k1 k2, ks) = Z (mll 7712~7 n;&) < b ‘(l‘l)bll s (k2)3is, “(A‘ )> ’

my,mg,ms

o(r).




Angular Bispectrum of Galaxy
Number Counts for Photometric Photometric survey

o fsky ="
Surveys e ~1.5 billion of galaxies
e ~6-10 redshift bins
o Why? e \Weak lensing
o LCDM predicts an “Intrinsic Bispectrum due to nonlinearities ” Matter 3D Galaxy number
o itis annoying for inflation tomography count

o Photometry

Spherical harmonics based
estimator:

Tomographic Spherical Harmonic” (Assassi et al
1705.05022 and Bucher et al 1509.08107 (For CMB) )

[max

AZ ﬁ' Z Z aﬁm}/fm

¢=gpin m=—{
Bi® = o [dOAT (@)AZ (A7 (9)

212213 112213

Spherical Fourier-Bessel estimator (Peebles 1973,
Benabou et al 2312.15992)

Orm (k) = /(131“ {\/gka‘(k') om (7)

b i & 4
Biiiat, (k1 k2, ks) = Z (mll 7712~7 n;&) < b ‘(l‘l)bll s (k2)3is, “(A‘ )> ’

my,mg,ms

Too few bins
o(r) .- not efficient!




Angular Bispectrum of Galaxy
Number Counts for Photometric Photometric survey

o fsky ="
Surveys e ~1.5 billion of galaxies
e ~6-10 redshift bins
Why? e Weak lensing
o LCDM predicts an “Intrinsic Bispectrum due to nonlinearities ” Matter 3D Galaxy number
o itis annoying for inflation tomography count

o Photometry

This is the main subject of this talk

Tomographic Spherical Harmonic” (Assassi et al \
1705.05022 and Bucher et al 1509.08107 (For CMB) )

[m’lx

Z Z aZm Y'lm

nm=—/
Bins = o [dOAT (DAZ (@)A7 Q)

2117213 111213

Enea di Dio Stefano Camera

Apply this estimator for
the photometric survey

‘ of Euclid /




Angular Bispectrum of Galaxy
Number Counts for Photometric

. How? Surveys

o Theory

m First order
Yoo 1009.3021, Challinor and Lewis 1105.5292, Bonvin and Durrer 1105.5280, Jeong et al 1107.5427

Ay =AY + PR+ D}

e Newtonian terms All\I = (51N — 7—[—18,;2?)1 4
e Relativistic projection PlR = —Rov1 — 201+ (R+ 1)1 + H_1QTD1

e GRdynamics D{{ = (5?R j



Angular Bispectrum of Galaxy
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How?
o Theory

[ ] First order voo 1009.3021, chaliinor and Lewis 1105.5292,

Bonvin and Durrer 1105.5280, Jeong et al 1107.5427

[ | Second order oi i 1207.0376, Yoo 1406.4140,

, Bertacca 1405.4403, Magi 2204.01751
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Angular Bispectrum of Galaxy
Number Counts for Photometric

Surveys
How?

o Theory

m First order
Yoo 1009.3021, Challinor and Lewis 1105.5292, Bonvin and Durrer 1105.5280, Jeong et al 1107.5427

m  Second order ibio 1407.0376, Yoo 1406.4140, Bertacca 1405.4403, Magi 2204.01751
o Simulation!

m gevolution GR or Newtonian adamek 1604.06065

m relativistic ray tracing




Inflation

Simulation pipeline

Primordial

Einstein/

IC Boltzmann )| N-P°dY IC | | gevolution Observed number count
Linear .
C(w) - Gaussian or NG - NL evolution
ﬁ
GaujrSIan light cone
PNG NG ray tracing
N\

e Second-order weak field GR
e Linear radiation effects

e Nonlinear relativistic ray tracing
Montandon 2212.06799



Simulation pipeline

Primordial Einstein/ N-body IC gevolution Observed number count
Boltzmann
c Linear
-..C:) C(w) i Gaussian or NG NL evolution
©
< Gaussian light cone
Pl?er NG ray tracing
= ke g . tpeeg
“Nyquist
Y
105 _
= e Second-order weak field GR
S 106 e Sy e e Linear radiation effects
=N\ e Nonlinear relativistic ray tracing
. 1 0 SRR 7 NN Montandon 2212.06799
4 2 =055, [L:
—i— z = [0.70, )00] —— z:[l.T')ZQ)]
1078 -




Simulation pipeline

Inflation

Primordial Einstein/ .
N-body IC gevolution Observed number count
IC Boltzmann
Linear :
C(il?) - GaUSSIAN OF NG NL evolution
Gau(;srsmn light cone
PNG NG ray tracing
N\
b=01=10;=1V; F1€[6,13 4 :
éx‘\'q“m;'zz’_‘\t\ ----- z =[0.55,0.65] N
4',’2,’_‘\ —— 2 =[0.55,0.65 R
—— 2=[0.7,0.9]
e _ —— = =1[0.95,1.23]
=t il i [ 2= [13;177]
—— =z =[1.75,2.25]
10! 102




Angular bispectrum calculation

e How?
o Theory
m Firstorder
m Second order
e no integrated term
e projection up to H/k
o Simulation! Done



Angular bispectrum calculation

How?
o Theory
m First order
m Second order
e no integrated term
° projection upto H/k
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Angular bispectrum calculation

e How?
o Theory
m First order
m Second order
e no integrated term
e projection up to H/k

GR/Radiation
dynamics

— RBT’UQ + H_l (1 + 3% + — Hr ) 0, v16 V1 — R@rvlél + 6?”151 + 27‘[_1’0?30(67-’01

— H 21030, + H 110,61 + H 20,0102 , (2.12)



Angular bispectrum calculation
b =5 fdz’ldz’ A2y W (21, 2, )W (22, 25 )W (23, 24) [ dky dkydksdx(ky kaksx)? B7%% (ky, ky, k)

2 (kir(24))3g (kar(24)) g (ksr(24)) e, (R1X)de, (kax)de (ks x)



Angular bispectrum calculation
bR = % [d2dzd Wz, 2)W (20, 25)W (23, 2) [ dkydkydksdx(kykaksx)® BA %% (ki ko, k)

38 (kyr ()5, (kar(2))3" (ksr(25))de, (k1x)des (kaX) e, (K3 x)
=IN'S. f dxx*?

[ drydky ki (W(rz,r;)D,,,_, (K + 87512 ) + 25 (W(ra,,) D £, )) Py, (ka)ie, (ko) (kzx)] C(n) (x)

J drlydksks™ (W("W"E;)Dva (K +3f,32 ) + L= (W(rs,m5)Dy f, )) Py, (ks)3e, (k3r3)_7[3(k3x)1 — ’”) (x)

I%D2 (r))W(r1,71) [8p (x — 1) + Dy, [ (v — X)) + D}, [6p (r} — x)]]

e Generalised Power spectra C," () =D(r)N* [dr'dk F(r'k*™™ P, (k)je(kr)je(kx)

\/



Angular bispectrum calculation
bie = 5 [d2ydzyd2y W (21, 2)W (22, 25)W (23, 23) [ dkydkadksdx(ky ko ksx)? B35 (ky, Ky, ks)

38 (kyr ()5, (kar(2))3" (ksr(25))de, (k1x)des (kaX) e, (K3 x)
=N Y f dxx*?

[fd?"gdkzk§+" (W(Tz,r'g)ng (ké + 3f14,7'l,212) + %(W(Nﬂ"z)sz fr;)) Py, (k2)je, (k215 e, (kzx)] — Cﬁ) ") (x)

[fdrgdkgkg“‘ (W(rg,rg)Dﬁ (k3 + 88,72, ) + 2 (W(ra,r) Dy fw)) P%(ka)jt;.(ksré)jes(kaxﬂ —— OV (x)

[ S DA )W rs, ) [3 (x — 1) + Da b (i~ 0] + D bn(rf ~ )]

e Generalised Power spectra C, " (x) 7) D(r)N* [dr'dk F(r'k*" Py (k)je(kr)je(kx)

e FFTLog: o b+in,
Assassi 1705.05022, Simonovic 1708.08130 P¢Q (k) o Z Cpk ik

= [ dkPy, (k)je(kr)je(kx) =




Angular bispectrum calculation

212223
b[, bty

38 (kyr ()5, (kar(2))3" (ksr(25))de, (k1x)de, (kax) e, (k3 x)

= SN [axx®

= 5 [d2dzydzy W (21, 2)W (22, )W (23, 24) [ dkydkydksdx(kykaksx)? B335 (ky o, k)

[ drdky ki (W(rg, ) Dy, (kg + 3£, HY, )

ﬁ (W (ry,7,) Dy, fr, )) Py, (k2)je, (kar}) e, (ko x)]

[ drydksks™ (W(Ts,TQ)DH, <k§ +3fy 'H,zxz) dd—(W(Ts, 3) Dy fr, )) Py, (k3)je, (ks )jes(ksx)}

dr} ' '
frTD2(7"1)W(7'1="'1) [5D(X — 1)) + Dy, [0p (7}

e Generalised Power spectra C/{ ") (x)

e FFTLog: P¢ (k)

Assassi 1705.05022, Simonovic 1708.08130

e Integration by part:

Assassi 1705.05022, Simonovic 1708.08130

= )] + Dy, [op (7} — x)]]

2D(r)N? [dr'dk F(r

- Z Cple—inp
= [ dkPy, (k)je(kr)je(kx) =
[ dr F(r)D}[6p(r — x)]

=Dy |F (Xﬂ

Nk Py (K)o (kr)je (kx)

[}J[/( par X)



Angular bispectrum calculation

e Generalised Power spectra

e FFTLog:

Assassi 1705.05022, Simonovic 1708.08130

e Integration by part:
Assassi 1705.05022, Simonovic 1708.08130

b2

e, =23, [ CEV 0005000
by aot, = /drlwncgg(n)c,g(m +5x O,

(fé?,i(x)DzW + Do, [fR00DIW] +DE, [0 x )D‘;WXD +2x O,

8%v,y n, m, dr d
i, = =23 [axc00c 000 (¥ [ 5 7 [P 190 A0 a0

mn

& i . .
s [R00D3] + 21, [ [0 03]|) + 2x




ang_bispec v0.1: Python code for galaxy number count
angular bispectrum

° Complete theoretical model
Based on first- and second-order number count expressions from the literature, covering:

1. Newtonian terms (density, RSD, quadratic terms)
2. Non-integrated projection effects
3. Radiative and dynamical GR effects

° Efficient hypergeometric evaluation
Translated the Mathematica expressions from Assassi et al. (2017) into numba-accelerated Python for fast computation of the -F:
hypergeometric function.

° Pipeline overview

1. Linear cosmology module
u Solves growth functions D(z), f(z), v(z), w(z)
[ ] Interfaces with CLASS to extract potential transfer functions and power spectra

2. FFTLog module

] Computes Hankel transforms of the potential power spectrum and transfer function
3. Generalized power spectra (C_£(x))

[ ] Precomputes 7 spectra across { and x values—this is the main bottleneck

4. Precomputation of radial integrals
] Integrals over (r_1) for all (f_{n,m}) coefficients
5. Main bispectrum loop

n Computes contributions for all ({1, &, &) triplets, including:
[ ] Density, RSD, projection, quadratic, and cross terms



Theoretical results Partial computation in
Assassi 1705.05022

oy —— Total GR — Py —— DSR (H/k)? PSR (H[k)*
(A)zu_} ..... Total Newton P}{ (’H/A)l DJy‘.I(I (7‘{/]1')2 P!Lul l'H/}\'):;

T

Inefficient computation in
di Dio et al 1510.04202

L0

0.6 £0.0




Theory vs. simulation

—_— ()_,\ (");‘?l‘? —— Total o P_;\' ¢ Simulation

1(]—1[! 1 1 1 1 1 1




Apply the formalism to Euclid
(on going work)

e Linear order

Al = b1(51 — H_I(??.vl = (2 = 58)!‘61 .

~. _—



Apply the formalism to Euclid
(on going work)

e Linear order

Al = b1(51 —H_l('??.vl 2—59

\./




Apply the formalism to Euclid
(on going work)

e Linear order

Al = b151 182’01 2 — 59

, n . 2 [ a D, W, (r)(2—5s,)E(£+1 ) .
Ci(x) = [ drdkk’ [bl(r)w,.D,-kz + £ (W,D, f,) + 22 ’] Py, (k) je(kr)je (kx)




Apply the formalism to Euclid
(on going work)

e Second order \

AY = bidy + 56 + b, (N'D2(0,0,00)* + 567 — SN D Adn) —H " 6Py

+H2 | (BR0n)" + 181 | — HT [0,010,61 + BRuréy]



Apply the formalism to Euclid
(on going work)

e Second order \

AY = bidy + 56 + b, (N'D2(0,0,00)* + 567 — SN D Adn) —H " 6Py
+H | (@00)” + 0,010 | — H [B010,6, + O]

AL - —9 (l — 25 (/‘\'.-2 -} Vbh',lvb(f‘)l) _— 2(51/‘\?1 -+ 5((58)(1)#‘{-1 -+ V(1(51V"(£)1

25 .

: | =
gl =1 [_2 (1 - Os) (“)?T'lrlff.l + Vaa;‘)il,vlvrzq'n] + 2 <l — 5s + 4 o2 gf> h%
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Apply the formalism to Euclid
(on going work)

e Second order \

AY = bidy + 56 + b, (N'D2(0,0,00)* + 567 — SN D Adn) —H " 6Py

+H2 | (BR0n)" + 181 | — HT [0,010,61 + BRuréy]

AL =_9 ( Vbhtlvbgbl) — 201K1 + 5(65)(1)h‘..1 + V.0, Vi

o |l PN o s s BX o
+H -2 1—55 O:v1k1 + Va0:u01Vi%1| +2 (1 —5s+ 45 _5t K1




Apply the formalism to Euclid
(on going work)

Pure second-order lensing term

b;ffgf — 261 (Kl + 1 Zmn fd C )CIE‘:n) (X) [X2 fd%WO(rl )Df (rl)ffi(v))z(rl)Afl (TI’X)

FWo () D3 (0) famn (%) + Dy [W () D3 (x) £, ()]

other lensing terms are quadratic: bpl[,zéz = /an,.l Céf(rl)Cg;(-rl) + 5% O,




Apply the formalism to Euclid
(on going work)




Apply the formalism to Euclid
(on going work)

Soon: ang_bispec v1.0

Design for efficient and parallelize computation of
the angular bispectrum for Euclid-like photometric
surveys including bias and lensing terms.



Why? Conclusion

o LCDM predicts an

“Intrinsic Bispectrum due to nonlinearities ”
o itis annoying for inflation
o Photometry

How?

o Theory
m First order
m Second order

o  Simulation - o
m  N-body/ray tracing T B L

m Binned bispectrum estimator ' : SR
Results
o  Newtonian part agrees well with
simulation!

o Relativistic effects are hard

Euclid (ongoing)
o Including bias
o Lensing
o Photometric WiNdOW  cupean resesen councr

Established by the European Commission

Funded by the European Union. Views and opinions expressed are
however those of the author(s) only and do not necessarily reflect
those of the European Union or ERCEA. Neither the European Union
nor the ERCEA can be held responsible for them




Voila!



Inflation

Simulation pipeline

Primordial Einstein/ N-body IC gevolution Observed number count
IC Boltzmann
C(w) Gaussian or NG NL evolution a7
e 4
Gaussian . 212923
or NG beedy 0oty
PNG y tracing

MonofonIC+2LPT gevolution
2nd-order relativistic relativistic
perturbation theory N-body o [0 2] Rii%
) 2]
e [0, 2] relati.vistic ‘binned 292
) nonlinear bispectrum
Light cone ray tracer estimator N, 212023
Number INA

MonofonIC+2LPT gevolution count

2nd-order Newtonian Newtonian
perturbation theory N-body




Inflation

Simulation pipeline

Primordial Einstein/ N-body IC gevolution Observed number count
IC Boltzmann
Linear .
C(il?) i Gaussian or NG NL evolution a7
ﬁ el
Gaussian . 212923
light cone

N NG ray tracing L4y l3

PNG

Z 10!
Q
=
Q z € [0.55,0.65]
T b IMPORTANT:
/~
R z € [1.30, 1.70] . .
Bl el Gauge invariance!
X
% 10t 107

l
Can we now compute what we measure?



Angular bispectrum calculation

e How?
o Theory
m First order
m Second order
e no integrated term
e projection up to H/k

GR/Radiation

dynamics
up to (H/k)*4
Ay = 8y — H 102w,

+H [(8301)2 - 8rv133v1] — H [0,v10,61 + 020164

— Rar’vz + H_l (1 + 3% + %) 61-‘1)163’01 — Rarvlél + 61"015'1 + 27‘[_1’0?6001-’01

— H 210301 + H1410,61 + H 20,1109, (2.12)



Angular bispectrum calculation

e How?
o Theory
m First order
m Second order
e no integrated term
e projection up to H/k

GR/Radiation
dynamics
up to (H/k)*4

Ag =6y — H 1020,

+ H_2 I:(a'f?v rU1813-U1-| — H_l [81"1]'1 ar(SI . 372.'1)1(51]
1 "4 " , L
B RaT’UQ +H 1+ 3W + W 61-'1)10,,. U1 — Rar’l)151 iy 67‘”151 F+2H Uy aoﬁrvl

= H_zwlafvl T H_1¢13r51 B H_Zarvlafv,bl 3




