L)
""""""
° °

o o
. o .

No Mode Left Behind:
combining experiments |
to measure inflation .....

o °
L °
oooooooo

Sofia Chiarenza - October 13 2026 2y



OVERVIEW

Outline

01

02

03

o4

05

Motivation

Blast

PNG constraints from DESIXCMB lensing

Future Directions

Conclusions



SSSSSSS

Ol

Motivation



MOTIVATION

Inflation

History of the Universe -4 Why inflation?

» Horizon problem: causally
disconnected regions with
the same CMB
temperature
?  Flatness problem: why
Q. ~ 02
2 Initial conditions: what
seeded structure

3 minutes 380,000 years 200 million years 400 million years 10 billion years 13.8 billion years

- - e - e s e - e e e e .
Inflation First Particles First Nuclei First Light First Stars Galaxies & Dark Energy Today Fo rmad |'| on g

Neutrons, protons, Helium and The first Gas and dust Dark Matter Expansion Humans observe
and electrons form  hydrogen form atoms form condense into stars Galaxies form in accelerates the universe
dark matter cradles




MOTIVATION

Inflation

Quantum fluctuations generated during inflation are stretched to
cosmological scales

Simplest model: an almost scale-
invariant spectrum

n—I1
2 — 13 ~ k
M%) = KPR ~ A |+

*

Planck 2018
o A, = (2.101 £0.034) x 10~
i ny, = 0.9649 + 0.0042

Ramirez




MOTIVATION

Inflation

The power spectrum completely describe a Gaussian field

But is there more?

Dy 1= Dg + (PG — (D))

Different inflation models
leave different non-Gaussian
signatures
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MOTIVATION

How to measure inflation?

The current best measurement is from Planck bispectrum

single-field multi-field models
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Planck bispectrum :
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The goaliso;, <1

But CMB measurements are cosmic variance limited
7




MOTIVATION

Measure PNG from galaxies

Dalal et al. (2008): Primordial non-Gaussianities, parametrized by fy, leave a
signature on the clustering of galaxies

(DNG = (I)G +fNL((Dé - <q)G>2) long-wa\:(l)zr;gfﬁlz /\/—\/
ong = 01 + 2fn.96)

e . _______. ______________________________________
Gaussian '

AL=0

be(2) InL 1

X
Tm(k, Z) k2 local fa. >0

D5~ s (1 +2fnr1)

Ab(k,z7) =




MOTIVATION

The strategy: multi-probe cosmology

P

Parameter 2
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systematics
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Reeves

?  Access genuinely new

information
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MOTIVATION

Why angular clustering?
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Golmua\ C\usminc} Cosmic Shear Galony Golo%\d,lmsm%
position - position shope - shape shope -posihon

All these fields naturally live on the sphere!
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Ct!.imber/chLAST -1

MOTIVATION

Large scales needs the full calculation!

1075- \C§B(f) =[ dn W} ()(1>J dpW;’ (Zz)[ dk kP (k. 201, 20) J (K1) de (k)

: 0 0 !
“ . 1

[ aacr \ jAx) ~6p | €+ o X | = Inner k integral « 6,(x; — 1)
) Limber LRG 04<z<1.1 \

0.00

-0.251

2 10 o0 300
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BLAST

The algorithm

Decomposition of the power spectrum on the basis of the Chebyshev
polynomials to solve the inner k integral

? Close to optimal polynomial approximant

N,

max

P (ka)(p)@g) ~ 2 Cn (%p)(z; 9) T, (k)
n=0

2  The hardest part of the integral can be precomputed

W e [ W e R
W) = ) ¢, (11223 0) [ dk KT, (k)i (k) e (k) = D e (1002:0) T, 10)
n=0 il n=0

Chiarenza 2024, Chiarenza 2026a 13



BLAST

Blast 3 x 2pt

Computes 3x2pt angular power
spectra: clustering, galaxy-galaxy
lensing, shear

10x faster than the existing non-
Limber algorithms

Runtime independent on the number
of tomographic bins

Accuracy within LSST Y10
requirements

Chiarenza 2024
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BLAST

Blast 6 x 2pt: all the physics, with gradients

gg, density + fnr, = 20
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gg, density + RSD
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BLAST
— SwiftCy
= CCL
=== pylevin

CAMB

CLASS

gg, density only

ss, shear only

gg, density + RSD

gg, density + s =1

gg, density + fxr, = 20
ss, shear + Ay = 0.3
kg, density + RSD + s
ISW-g, density only

V* 4% 6o D> Ho

15

Full physics: add RSD, mag bias,
, A, and ISW

Same trick, but extended: there are
just more precomputed
cosmology independent integrals

Fully differentiable with custom
reverse-mode AD: the gradient cost
independent on the number of
parameters

Validated: sub-percent agreement
with brute force integration and
other codes
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BLAST

Sampling performance in numbers

emcee
NUTS ~5-33 days
£
= 1 week
= v Ve,
0
0
x 24 h
T 1day; 16 h 20 h 17 h
=
10 h-
3h
3 h
1h - '
5 parameters 35 parameters
(cosmology only) (cosmology + 30 nuisance)

Inference takes hours instead of weeks

Chiarenza 2026a 17
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PNG constraints from DESIxCMB lensing
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PNG & DESI

The Dark Energy Spectroscopic Instrument
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PNG & DESI

The Dark Energy Spectroscopic Instrument

Y

20



PNG & DESI

The Dark Energy Spectroscopic Instrument




Normalised n(z)

PNG & DESI

The

atasets

QSO 0.8 < z< 2.1
1757 —— QS021<2<35
150 — LRG04<z<1.1
' —==CMB lensing kernel
1.25 1
1.00 1 T
0.75 7
0.50 1
0.25 1
O-OO 1 I I 1 1 1 I I
0.0 0.5 1.0 1.5 2.0 2.5 3.0 B> 4.0

Redshift z

DESI DR2 LRG and QSO

22

Planck PR4 CMB Lensing



PNG & DESI

The signal

= =50 fai, = =50 = +25
InL = —25 fan = —25 Sy = +50

faL =0 far =0 DESI DR2 (prelim.)
Sy =+25

JxL = +50

DESI DR2 (prelim.)

99
4
Rg
l

T~

imaging \

systematics \

101 102 10 102

PNG and imaging systematics are very degenerate!

23
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wesois Defining systematic weights

raw: x2/v = 349/10 raw: x2/v = 209/10 raw: x%/v = 127/10
2 1.024 ¢ weighted: x*/v =16/10 - ¢ weighted: x?/v =10/10 - ¢ weighted: x%/v = 21/10
= 4
)
ge 1. 0. .q.8.. S ++ .............. d. oo TR SR U O B R TP PSR T ¢
o L S PR + ¢ OE +++ PO I A
@)
=
= 0.98 . .
g
S
= 0.96 . .
-
2 0.94 | |
I I ] I I I I
0.05 0.10 10000 20000 23.0 23.5 24.0
Galactic dust, F(B — V') [mag] Stellar density [deg 2] Imaging depth, z band [mag]

Without correction, the quasar density drops by up to 5% where there is more dust or more stars;
the imaging weights remove this unwanted trend.



PNG & DESI

Angular Mode

By correcting for the
weights, some real signal
is lost

We quantify this using
uncontaminated mocks

99

galaxy—galaxy

Removal

® o
1075 1 s °
°
°
°
°
S}
°
unweighted
¢  imaging weights
| |
10 N . ........ @00 900000000 O
°
/‘\Of)'
=
.8
0.7 - ¢
| |
10! 102
14

10—6_

galaxy—CMB lensing

N
. .
1.0 Jon 4008 S OE0NNSS.
.

0.9-

0.8- N

0.7 -

10! 102



PNG & DESI

DR1 QSO x Planck PR4

Constraining f; via the cross-correlation of DESI quasar targets and Plank
2018 CMB lensing (Krolewski 2024)

? DESI Legacy Survey Imaging — DESI Y1 spectroscopic quasars sample

Smaller areq, but higher density

Cleaner sample with fewer imaging systematics

Apply optimal f; weights
? Constraints for fy;, A, and n instead of Planck 2018 Flat ACDM values

Better error propagation

Chiarenza 2025 27



PNG & DESI

DR1 QSO x Planck PR4

The auto power spectrum, where systematic power usually shows up, looks clean!

88 wi . Kg
<106 C28 with AMR correction <107 C,
51 T —— Theory 5 TF + —— Theory
_ ¢ catalog 1 ® catalog
44 + ) regressis 4 ) regressis
3 .. F T T 3 -
0 0
O 2 ® ./:" QO 2 1
o/'/ 1
1 / 1 T 17
4 - ol
O .
—1-
0 50 100 150 200 250 300 0 50 100 150 200 250 300
14 14

Chiarenza 2025 28



PNG & DESI

DR1 QSO x Planck PR4

regressis linear weights (default)

— New catalog-based pipeline, now default in DESI

B p=1.6
/\ - DR2

— =~ 35 % tighter than Legacy Survey QSOs
= | § (Krolewski+23), comparable to Quaia
1.0} \ s | (Fabbian+25)
10} ! 1 Q ' — Optimal fy; weights, chains with free A, n,
Lol i } T } } T } } ]
S ‘\ | — N+28
0.5 9 T 9> T ‘ T f NL — 2—32
0 100 L0 L2 1.0 L4 05 10
S bi b b

Chiarenza 2025 29



PNG & DESI

DR1 QSO x Planck PR4

Results with free Ay and ns

Impact of the primordial power spectrum /\
—~ : ]
;.:3.06' ______
Planck 2018 priors on A, an and n, Z 300}

A, = (2.101 £ 0.034) x 1077 < .06

n, = 0.9649 + 0.0042 REFNE N /\
1.0f T T .

Free As, ng
Baseline

Prior

1@ /\

bj
8
Ry 2T

= 173 Y
o5l - -
0 306 006 10 12 08 14 05 1.0
fxn o log(10M°A)  ng b b by

Chiarenza 2025 30




PNG & DESI

DR1 QSO x Planck PR4

Constraint is robust to analysis variations
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PNG & DESI

From DR1 to DR2

.
,,,.-,/ %

- pa .‘7

. ’ﬁn «ra

¥4 .

1.22M QSOs

150 165

2.06M QSOs

DO DRI oo

180 195 210 995 240
QSO density [deg™?]
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PNG & DESI

galaxy-galaxy

/_\\\\

\

+ QSO 21<2<35

99

10! 102
4
Chiarenza 2026b, in prep

kg

Measurements

galaxy—CMB lensing

best fit: x? = 84.8 / 95

DR2 setup

2 2 tracers, 3 bins

2 Both C;ﬁ'gand C:,fg are
fitted

2  Covariance from
1440 LogNormal
Mocks

B Scale cut:

ng(f > 10)



PNG & DESI NUII II'esllls

Checking for extra residuals systematics: split the data so the signal is identical
but the potential systematics differ

QSO gg

QSO kg

NGC vs SGC o QSO; gg
O QS0, kg

O LRG gg

O LRG kg

0.013 QSO, g9

QS0 Ky

o QS0; gg

- O QS0, xyg
A (@) LRG gg
O LRG kg

North vs South

QS0 gg

DES vs non-DES QSO kg
(o] QSO3 gg

O QSO0; kg

QSO; gg

QSO; kg

all vs GAL040 o QS0, gg
O QSO;, kg

(@) LRG gg

O LRG kg

T
0.01 0.05 0.1 0.5 1

Chiarenza 2026b, in prep 34PTE



PNG & DESI NU" '|'ES'|'S

QSO 0.8 < z < 2.1, gg: North vs South

North
South
D
Do
| |
( PTE 1
2 -
<
Q)
5 () e e g
<]
—9 -
T T
10! 102
14

Chiarenza 2026b, in prep 35

s the difference between the two
regions consistent with what we expect?

(ACK) — (Ra _ Rb) . C;nodel
Cov[C? — C"] = from mocks

x°=(A - (A)'CF(A —(A))



o s NUll tests

We also test different lensing reconstructions: this tests possible
foregrounds in the lensing map (CIB, tSZ)

QS0
MV O QSO,

O LRG

QSO,
TTt O QSO,

O LRG

0.007 QS0,
Polt 1 | 0.035 QSO,
bt 1 O LRG

0.01 0.05 0.1 0.5 1
Chiarenza 2026b, in prep PTE



o s NUll tests

QSO 0.8 < z < 2.1, kg: Poll

PR4
2018-like Pol
The different lensing
m °
s reconstructions are strongly
CA — CPR4,PR4 + CX,X 9. CPR4,X
I I
x%/v = 34.5/17, PTE = 0.007 5 - {
2- ¥ = —-(A)Cy (A-(A))
S
S O_ .........................................................................................................................................................................................................................
<
—9) -
I I
10! 10

Chiarenza 2026b, in prep / 37



PNG & DESI

Results!!!

DR2 QSO+LRG x Planck PR4
C;’g(f > 10) + C:,fg(f > 2)

op,. = 10

Chiarenza 2026b, in prep

A21<2<35
QSO

Arrc

1.03

1.00

0.97

1.00

0.95

0.90

1.02

1.00

am» \NUTS - MCLMC - = KEmcee
I I I l
j ] j 1
I l l l l
] 1 1 ] ] ]
I I I 1 I I I I I
0.97 1.00 1.03 0.90 0.95 1.00 1.00 1.02
38 JNL Aéé<02<3‘5 Arra



PNG & DESI

Results!!!

P(k) + CS5(£ > 2)
Opy =3

Chiarenza 2026b, in prep

2 Fried

2 Sunny side up
2 Over easy

2 Over medium

AQSO. 08-21

AQSO, 21-35

Alrc

" 1 1
50 10 11 12

fuL Aqgso, 08-21 Aqgso, 21-35 ALrG

39
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PNG & DESI A“dIYSis le"iCl'l'iOnS

o QSO
Most constraining
power comes from QSO - o =126
ot Constraining power
autocorrelation increases by 20% from o =25
DR1 to DR2 0
LRG
o =25
® o =149
o= 22
QSO + LRG
Adding the LRGs gives
o =113
an extra oy =1
NL
o =22
Cy + C,* o=10.2
1 I I | I |
—380 —60 —40 —20 40 60

Chiarenza 2026b, in prep 40



PNG & DESI RObUStness

QSO + LRG

+ analytic cross terms

fully analytic

QSO, + cross-z term

one A for both QSO bins

C/Y from £ = 10
C? from £ = 2

Chiarenza 2026b, in prep

cfo + Cpf

BASELINE

COVARIANCE

B1AS MODEL

o=10.2

Afnt = 0.0 (0.00)
AfNL = —4.0 (—0.40')

Afxr = 40.4 (0.00)

® Afn, = =79 (—0.40)
SCALE CUTS
A fxt, = 40.6 (+0.10)
—e— AfnL = +22.3 (+2.20)
| I I | | |
—40 —20 20 40 60 80
loc
41 NL



w~noaoes PNG constraint overview

CURRENT LSS CONSTRAINTS

DESI DR1 x Planck PR4 o | & o =31
Chiarenza et al. 2025 ¢
THIS WORK
DESI DR2 x Planck PR4 o9 4 O . o= 109
Chiarenza et al., this work
P(k) + C/* =0 o =5.0
CMB BENCHMARK
Planck 2018 —— —
Planck Collab. 2020 7 =5l
| | | | | |
—60 —40 —20 0 20 40
loc
NL
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Future Directions



FUTURE DIRECTIONS

QML estimator

: NaMaster is not optimal, especially on large scales.

: the QML estimator (Tegmark, 1997) is an inverse-
covariance-weighted quadratic estimator: unbiased and minimum-variance,
it reaches the Fisher limit.

0C
=x'E,x - b,, =—C_ —C!
Ve £ £ aCf
) 90 oC
_ z: —1 _ 1 —~1 —1
£ | B
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QML estimator

. it work in pixel space, scales as
O(N_pix3). That's only feasible at low
resolution.

: many optimized codes are being
developed (Kvasiuk 2026, Galloni 2026)

: Same dataq, tighter fy; : the gain
comes for free from the largest scales.

45

Planck 1o
DESI DR2 FORECAST

QSO+LRG x Planck PR4
ng + C;Q

NaMaster
(pseudo-CY)
O'(fNL) ~ 8.5

QML
O-(fNL) ~ 6.5
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FUTURE DIRECTIONS New da'l'a, GHGIYZEd fOQE'l'her

Eesa

1L N IWan¥.ils NI

DESI DR3 Euclid Simons Observatory
> 14,000 d992 > Leading CMBX paper & Lower-noise and cleaner
» DR3 x CMB lensing, 2 Euclid spec sample x CMB lensing maps will

final year PNG (ACT, Planck) sharpen every CMBX
analysis > Measure wy — W, 64(2) measurement

~N V7

( A lot of joint analysis to be J

done!
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FUTURE DIRECTIONS

Further Blast Expansions

TODAY NEXT VALIDATE

Mock
multi-probe Real data
datasets

Full physics Non-linear
+ gradients modelling

non-linear galaxy bias

TATT + EFT-based

RSD - PNG - IA IA models

K- ISW

LSST - SO DESI DR3 x CMB
Roman - Euclid lensing - Euclid

+ your input!

0 https://github.com/sofiachiarenza/Blast.jl 47
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Conclusions



CONCLUSIONS In summary...

BUILD: Blast.jl

 Exact and full effect non-Limber C,, 10% faster than existing algorithms and fully differentiable
* Gradient-based samplers bring a 35-parameter inference down to hours instead of weeks

APPLY: PNG from DESI DR2 x Planck PR4
¢ fir = —2.2%10 from 2D QSO + LRG

* Multi-tracer, multi-probe analysis, validated with null tests and 10+ robustness variants

COMING SOON

* Optimal large scales: NaMaster vs QML vs field level
« DESI DR3 x CMB lensing

 Euclid spec-z x CMB lensing for oy4(z) and wy, — w,
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