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Why the Lyman-a forest?
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Probes ionization state, temperature, density of IGM
Traces large-scale structure: great forz>2 cosmology!
DESI is measuring spectra of ~ one million Lya forest quasars



Lya forest two-point
correlations

200
1.5

175

150
_ 125 _ Y
5 S,
§- 100 & '5
= Pood <
' o

75 s

50

L € (0.0,0.5)
25

0 28 50 75 100 125 150 15 200
ri [Mpc/h]

Credit: Andrei Cuceu and the DESI Collaboration

0.50 A

0.25 A

0.00 -

—0.25 1

—0.50 A

—0.75

—1.00 -

Lya(A)xLya(A)

¢ 0.00<u<0.50
4 050<u<0.80
0.80< u<0.95
095<u<1.00

25

50

150

175

200




* More to be gained from the Alcock-Paczynski (AP) effect:

CosmOlogy beyond factor of ~2 improvement
BAO * Arises from anisotropy introduced by incorrect fiducial
cosmology
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Relative Flux

Challenges in Lya forest cosmology

Requires estimates of the quasar continuum
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Covariance estimation: ad-hoc smoothing procedure
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Current continuum fitting
method

* Forest continuum cannot be measured
directly in DESI data

* Current method estimates the expected
flux F(1)C,(4) for each quasar

« Mean continuum C(Agg) is measured
from data

* Removes some information on large scales

e Distorts correlation function on all
scales

* Notrecovering all the information in
the two-point correlation functions
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Current continuum fitting
method

* Forest continuum cannot be measured
directly in DESI data

* Current method estimates the expected
flux F(1)C,(4) for each quasar

« Mean continuum C(Agg) is measured

from data
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e Distorts correlation function on all
scales
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LyCAN DESI QSO at z=2.57

Lya Continuum Analysis Network I

* CNN that predicts unabsorbed continuum from 1040- ‘
1600 A based only onred side (1216-1600 A)

* Trained on low-z COS spectra + DESI Y5 mock

* Measured optical depth evolution with DESI DR1

Relative Flux
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Can we

measure
undistorted
correlation
functions?
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Can we

measure
undistorted
correlation
functions?
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Question: how much better can we measure cosmological parameters with
knowledge of the true continuum?

I m paCt On * Method: full-shape forecasts using DESI DR2 mocks (idealized case without

CosmOlogy contaminants)

* Covariance matrices from mocks with the true continuum vs continuum fitting
* Also explored different scale cuts

g - DESI mock QSO at z=2.59
=== true continuum
6 —— LyCAN prediction (AFFE=0.019)

—— picea FC,
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Forecast results

* ~10-15% improved AP constraints with the true continuum

e = ~40% extension in area

* More information available at larger scales, but dominant
effect is the true continuum
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Covariance denoising

Construct initial
Step 1: project noisy denoised matrix
matrix onto eigenbasis of >
mock-based reference

Step 2: project noisy
residual onto mock suite-
weighted residual
Classify relative eigenbasis

to mock suites
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Count

Effect on cosmological parameters

Isotropic BAO Full-shape AP scale parameter
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* Accessto the unabsorbed continuum could enable ~10-15% tighter
constraints on the AP parameter

Su m ma ry * May be feasible with a method like LyCAN and improved covariance estimation

* Will help the Lya forest distinguish between different cosmological
models at high redshift
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Extra Slides



DESI tracers

3 million quasars +
Ly-aforest (1 <z <
3.5)

16 million Emission
Line Galaxies

(0.6 <z<1.6)

8 million Luminous
Red Galaxies

0.4<z<1.1)

13 million Bright
Galaxies

(0.0 <z<0.4)

7 r=1,0 Gpc/h
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LyCAN training

Relative Flux

Cosmic Origins Spectrograph (COS) spectrum

ﬂ —— RBS1666, z=0.08
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LyCAN architecture

Layer type Size Activation function
ConvlD (input) 64 ReLU
MaxPoolinglD 2
« Convolutional Neural Network (CNN): ConvlD 32 ReLLU
layers convolve the input pixels with MaxPooling1D 2
learned filters ConvlD 48 ReL.U
* Hyperparameters optimized with MaxPoolinglD 2
pseudo-random search ConvlD 16 ReLLU
* LyCAN: 6 hidden layers (3 MaxPooling1D 2
convolutional, 3 fully-connected) Flatten
Dense 96 ReLU
Dense 64 ReLU
Dense 128 ReLU

Dense (output) 699 Linear
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Bias

LyCAN tends to over-predict
the continuum at high-z
(~1% in FFE)
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Optical depth: measurement and corrections

LiES] ¥ miack, 1
¢ truth

* Measured transmitted flux fraction o ¢ DESI Y5 mack 3
for each QSO in redshift bins of Az = predicted : .
0.1 0.4

* Covariance matrix computed with
10,000 bootstrap realizations 0.3 i

T|_|-|

* Bias correction calibrated with '
results on mocks 0.2 s

* Corrected for absorption due to
metals and optically thick
absorbers

4 +8

L1t
.o #

=10 l'-|l+I

SOF o ZAn 2Aal ETh 100 F25% ALl

residual

T = —In(F)

7. Turner et al. (2024)
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Optical depth evolution

* Probes the evolution of ¢ DESIYI (this work)
the IGM, including — Tt = 0.00246(1 + 2)*

I Y LHng+a2a

possible signatures of O L Galownd+21
He Il reionization ¥ Liu & Bordoloi (2021)

Karmbla+4 20

* Largest sample to date 08 - § Bocker+13
for measurement Of Teff Faucher-Giguere+03
(~84,000 QSOs, SNR > 5
only)

* Error bars dominated by
metal correction scheme .4
(Schaye+03)

* Bestagreement with low-z
measurements based on &
high-resolution spectra
(e.g. Faucher-Giguere+08;
Gaikwad+21) 0.0

Turner et al. (2024) 24



Full shape parameters

Fiducial cosmology

Angles and redshifts (A@, Az)
Model: Template P(k) at fiducial cosmology

Rescale coordinates: rf = qyryandr, = q,1,

Parameterize anisotropy: ¢ = Z—l and a = ./q,q,
I

Measurements of ¢ and a correspond to:

> Comoving distances (ry, 1)

Dy (2)Dy (z)/rj

d):

Dy (z)H(2) B
[Dy(2)H(2)]54q T |

Dy (2)Dy(2)/7§]15ia
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Covariance estimation

Error on the Hartlap correction

.10
. . X

* Measured covariance matrices from \

mocks with the true continuum vs . ‘.‘

continuum fitting . !

* Applied and validated the Hartlap = ‘l{
correction to ensure robustness of the £ 0.06 v
covariance matrix E‘ \
%

* Hartlap correction: accounts for bias * o0a "

of inverse covariance when C is B LY

. . . e
estimated from a limited number of ) ‘u,
samples 0.02 1 ‘~r¢1
« Multiplicative factor on C ™1 ""1._._‘_
. . . . -0

* Also investigated impact of extending 0.00 4 . M

analysis to larger scales 2 H 6 8 10 12

. N

* Forecasts assuming Planck 2018 P

fiducial model N: number of samples used for covariance measurement

p: length of data vector
Turner et al. (2026)
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distorted analysis, unsmoothed covariance (fna, =180 h~! Mpc)
O h /\! undistorted analysis, unsmoothed covariance (s, = 180 h~1Mpc)
parameters
w100
* Improvement seen in ¢y, ¢, (not
shown) |
g 0.30 f
* fog and bias parameters degrade 02s
* Caveats: A
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forest s / \_
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-- distorted analysis, smoothed covariance (rmax = 180 A~ Mpc)
distorted analysis, unsmoothed covariance (Fua = 180 h~Mpc)
—— undistorted analysis, unsmoothed covariance (fmax = 240 h~! Mpc)

Direct cosmological
Inference

0.04
« Direct fit to full power spectrum g 003
instead of template fitting approach 0.02b i
* Improvement on AP translates to .
improvement on (), Coos)
* Parameters with degradation are not 090
well-constrained by the forest o8
Ix107*
rf 2x10°%F
10~}
a0t
80
T ;
TOF ;
Turner et al. (2026) 60
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Impact of larger scales

(Along the line of sight)
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Some additional information available, but minimal

Turneret al. (2026)
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Covariance denoising: pseudo-eigenvalues

—— LyaColLoRe mocks
., Saclay mocks
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Mean Squared Error (MSE)
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Factor of ~30 (1000) improvement in median Frobenius norm (MSE) Turner (2026)
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