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Why cross-correlations between different datasets?

Schmittfull, Selijak (2017)
Yu, Knight, Sherwin+ (2018)



Total Sum of Neutrino Mass

Neutrino oscillation measurements implies
m2 —m? ~ 7.6 x 107°eV?

Ima —m?| ~ 2.5 x 1073 eV~

Normal Hierarchy Inverted Hierarchy
ms > Mo > My Mo > M7 > M3
Zmi 2 60 meV Zmi 2 100 meV

Planck 2018 sets an 95% upper bound of Zmz S 120 meV

Planck (2018)



Primordial Non-Gaussianity

We focus on the local non-Gaussianity

d(x) = dg(x) + frr(¢y(x) — (¢)))
O'(fNL) ~ 1

4

Insights into many physically motivated inflationary scenarios

Planck 2018 sets an 68% CL of o(fn) = —0.9£5.1

Planck (2018)
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Matter Density Field

Some corrections needed in the presense of massive neutrinos

 Amplitude of the total matter density

Q, 1 M,

5= (1— f,)6cb + fu0, =~ Q. h20314ev

* Scale-dependent growth function

1
Ml/ 2 Qmo 2 —1
ke ~ 0.023 hM
f <O.1eV> <1—|—z0.23) bt

Lesgourgues, Pastor (2006)



Galaxy Number Density

We consider the EFTofLSS

0g = Z bo Q(P)
Q

At one-loop power spectrum, we need up to third-order terms as

- bg25g2[ ] cb T bg3gg[ ] T bF3F3 T O((I)4)

McDonald (2006)
Chan, Scoccimarro, Sheth (2012)

Assassi, Baumann, Green+ (2014)
Senatore (2014)



Galaxy Power Spectrum and Bispectrum

* Power Spectrum (Up to one-loop)

PO = bs (P + Pig™ + Py ™) + bee I3 ™ +bg, Ig,™ + (bg, + 3br,) Fg,™

2

P99 = b2 (P + Py + Psy™) + 2bges(k /i) 2 Pry + 2b5bs2 Ten® + 2bsbg, Ig

+ (2b5bg2 + gb5bp3)f§2’6b + b52 gzb;;b + b ICb cb —|— 2bs2 ngIggb’gzb

e Bispectrum (Only tree-level)
B™MM = 2P P Fy (kg, k3) + 2 perms
B™™9 = 2P PSP (bs Fy(ka, k) + (1 4 2) + 2P Py»™ (bsz 4 bg, La(ka, k3) + bs Fa(ka, k3))
B™99 = 2b5 P{"™ Ps" (b2 + bg, La(k1, ko) 4 bsFa(k1, ko)) + (2 ¢ 3) + 23 P5"™ PP By (ko, k3)
B999 = 202 P Ps" " (bsz + bg, La(k1, k) + bsFa(k1, ka)) + 2 perms

Assassi, Baumann, Green+ (2014)



Primordial Local Non-Gaussianity

Two kinds of contributions to the galaxy spectra

* Direct relation to the primordial potential
BERE" ({2 ki}) = M (21, k1) M (22, k2) M (23, k3) B®?? (ky, ka, k3)

* Scale-dependent galaxy bias

2fNL (b5 (Z) — 1)50

Abs(z, k) = Mz F)

Dalal, Dore, Huterer+ (2007)
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Projected Observables

O(n) = /OOO dx Wo(x)O(x, x7) = Y OpmYim(R)

ey Advantages:
* Direct Observables
* Combination with weak lensing

Wo

* Line of sight integral is time consuming

— (w/o Limber)
X XCMB

/ Disadvantages:

* We may lose some information



Line of Sight Integral

The spherical harmonic coefficient of the projected field is

~

O — At / " dy Wo ) /k Je (kX)) Yo ()0 (2, k)

Then we can write correlation function as

010,
G,

<O£1m1 T Oenmn> — (27.‘.2)n A dr r2]é11) (T) T Ié:) <T)

19(r) = 4 / “dx Wolx) / " Ak Ko (kx)dekr)gs (o b)



Problems with Limber Approximation

* Fails at large scale, or small £’s

* Fails for non-overlapping tomographic bins

* Wide tomographic bin

Limber (1954)



FFTLog Algorithm

Fast Fourier Transformation in Log k

N, /2 9
—b4in, . o ™
gi(x, k) = Z Cn(X)E™PTn with n, =
1Og(kmax/kmin)
n=—N, /2
- o — Pk
Lotk N, =200 |
% r
~
()
Q.
§i1@
= N, /2
g Pky= ) cyk ttim
102:_ n=—N,/2 .
107 1073 102 101 100
k [h/Mpc]

Hamilton (2000)

15



FFTLog Algorithm

1 =an [ " dx Wolx) / " Ak Ko (k) ek gs (o b)

0

mn

Assassi, Simonovic, Zaldarriaga (2017)
Gebhardt, Jeong (2018)

!

l Involves growth function and matter power spectrum

Z/ dx crn(X) Wo (x)x™ " le(vn, %) , with v, =3 - b+ in,
0

wz} (Jwl < 1)

16



FFTLog Algorithm: Take a closer look

1,7 (r) = 4r /Ooodx WO(X)/OOO dk k25 (kx)je(kr)gi(x, k)

If g:(x,k) = f(x)h(k), we can have
[(> Z/ dx e, Ws(x)x™ " le(vn, %)

Independent of the comoving distance!



Incorparating Scale-Dependent Growth Function

Npoly
gi( k) ~ > wp(k)x?
p=0

(XlOiS) D+(Z,k) - 1 (X5'1072) wﬁ
g 5t
)
=
2
S
<
z=3 — Numerical
— z2=29 -=- Polynomial
1 0 0.2 0.4 0.6 0.8
X/ X

Chen, Lee, Dvorkin (2021)



Angular Power Spectra and Bispectra
Chen, Lee, Dvorkin (2021)

* Power Spectra

00
CE — Z 60102/ dTQ'rzlflOQ (T;Oaplap2>1§92 (r$0;p17p2)
0

P1P2

* Bispectra
0,050 0,020
61162;3 S = Z C""lllrnﬂ?nf‘s3

P1P2pP3P4 niMnansg

@)
x/ dr? r2 17 9% (i, pr, pa) 1,2 O (750, pa, pa) I (13 3, p3, pa) + 2 perms
0

199 (rin,p,q) = 4x / dx x” Wo (x) / dk K2 5o (kr)jo(kx)w, (k)wq (k) PO (k)
0 0

19(rim, p.q) = dr / dx ¥ Wo (x) / Qb K2y (k) o (k)
0 0

19



Can we make it even faster? Take C, for example

1
Cre 5 Y c
o2 L TP
n,p,q

() X 3Fo(--)

We only need to evaluate the generalized hypergeometric function!

Chen, Lee, Dvorkin (2021)

20



Can we make it even faster? Take C, for example

Method M, N, N, DNpoay Ny Time
Numerical — 100 80 e 30 1 min
Analytical — 100 — 3 30 10s
Numerical Vv 100 80 3 30 10min
Analytical Vv 100 — 3 30 10s

M, : whether including the scale-dependent growth function
N, : number of sampling points in the integral

N, : number of modes for the FFTLog tramsformation
Nyo1y : degree of the polynomial expansion

Chen, Lee, Dvorkin (2021)



Comparison between Limber and FFTLog
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Chen, Lee, Dvorkin (2021)



Comparison between Limber and FFTLog
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Experimental Specifications

We consider cross-correlated power spectra and bispectra
* Power spectra: Tree + One-loop with k. = 0.3hMpc™*
* Bispectra: Tree with k.. = 0.1 AMpc™*

* Both set /,in = 20
We split it into 16 tomographic binsuptoz=7

We consider the following cosmological parameters

A= {Ho,we,wn, Asins, 7} U {My,fNL}uU{b b§2>,b<>b<35}

i=1
ACDM non- mlnlmal nuisance




Results of Fisher Forecast

|| T O O LSST
A

X 5S4 Lensing X S4 Lensing

—|—S4T&P. B PS +S4T&Pm B PS
PS+B PS+B
0 100 200 300 0 1 2 3
o(M,) [meV] o(/nL)

Chen, Lee, Dvorkin (2021)



Discussions on results of Fisher Forecast

* CMB lensing
* Bispectrum
* One-Loop power spectrum

e Limber v.s. FFTLog
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Limber v.s. FFTLog

The width of the constraints are similar between Limber and FFTLog
But there are biases for the best-fit parameters!

How do we estimate the bias?

X

I~y a
_ 2pt S ‘ S ‘ 5 ‘ XYy XY 1 XY,xX'Yy ¢, Limber
A)\a o leber a,B [ (C Cé L1mber> (Cleber)£ O\

5 XY X'y ¢ B

Bernal, Bellomo, Raccanelli+ (2020)
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fNL and M,, show 1 to 20 shifts on the best-fit
parameters!

* fNL contributes to large scale in power spectrum

* The free-streaming scale for neutrino is roughly 0.02
h Mpc~1, but Limber works well above 0.05 h Mpc ™1
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‘ ‘ L ) Chen, Lee, Dvorkin (2021)
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Conclusions

* FFTLog algorithm provides a good way for precise computation

* Limber approximation can induce systematic biases on the best-fit

parameters

* Adding one-loop corrections, CMB lensing and bispectrum can each

improve the overall parameter constraints by a factor of 1-2

e Significant detection of neutrino mass is possible



