zELLDA : fitting Lyman — alpha line profiles using deep learning .

redshift Estimator using Line profiles
of Distant Lyman-Alpha emitters

S . Gurung — Lopez, C . Byrohl and M . Gronke

VN IVE RSITAT Financiado por | [t 6 GENERALITAT 1
ID VALENCH\ - la Unién Europea o e . \% VALENCIANA GVANE)T /\ S |:/ F e

NextGenerationEU

Github: github.com/sidgurun/Lya._zelda Docs: zelda.readthedocs.io/en/latest/ Page 1 /41




_,____IL-——

ASFAE o Lya as an astrophysical tool

© Detect Galaxies at high redshift (LAEs)
HETDEX (Hill et al. 2008 ) @ 1.9 < z < 3.5 (spectroscopy)
SILVERRUSH (Ouchietal. 2018 )~2kLAEs @ 5<z<7 (photometry)
J-PLUS (Spinoso et al. 2020) ~14k LAEs @ 2 <z < 2.3 (photometry)

© Galaxy formation and evolution
Lya as a star formation rate indicator (similar to Ha) : (Sobral et al. 2019)

Tracer of Lyman continuum photons emitters :
(Steidel et al. +18, Izotov et al.+21)

© Galaxy kinematics (ISM)
Outflows : Bresolin et al. 2017, Tumlinson et al 2017

Lyman — «
© Galaxy environment (CGM) ~ 1215.67A
Lya halos : Leclercq et al. 2017, Erb et al. 2018

» Lya emitted

» Lya not emitted

©Large scale structure (IGM)

Visibility coupled with HI : Zheng et al 2011
Angular momentum (¥)

©Cosmology (clustering)
HETDEX (Hill et al. 2008 )
J-PAS (Bonoli et al. 2022)
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© Detect Galaxies at high redshift (LAEs)
HERRDEX (Hill et al. 2008 ) @ 1.9 < z < 3.5 (spectroscopy)
SILVERRUSH (Ouchi etal. 2018 )~2kLAEs @ 5<z<7 (photometry)
J-PLUS (Spinoso et al. 2020) ~14k LAEs @ 2 <z < 2.3 (photometry)

© Galaxy formation and evolution
Lya as a star formation rate indicator (similar to Ha) : (Sobral et al. 2019)
Tracer of Lyman continuum photons emitters :
(Steidel et al. +18, Izotov et al.+21)

© Galaxy kinematics (ISM)
Outflows : Bresolin et al. 2017, Tumlinson et al 2017

© Galaxy environment (CGM)
Lya halos : Leclercq et al. 2017, Erb et al. 2018

©Large scale structure (IGM)
Visibility coupled with HI : Zheng et al 2011

©Cosmology (clustering)
HETDEX (Hill et al. 2008 )
J-PAS (Bonoli et al. 2022)
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Emitted Observed

© Detect Galaxies at high redshift (LAEs)
HERRDEX (Hill et al. 2008 ) @ 1.9 < z < 3.5 (spectroscopy)
SILVERRUSH (Ouchi etal. 2018 )~2kLAEs @ 5<z<7 (photometry)
J-PLUS (Spinoso et al. 2020) ~14k LAEs @ 2 <z < 2.3 (photometry)

© Galaxy formation and evolution
Lya as a star formation rate indicator (similar to Ha) : (Sobral et al. 2019)

Tracer of Lyman continuum photons emitters :
(Steidel et al. +18, Izotov et al.+21)

© Galaxy kinematics (ISM)

. | & Dust interaction
Outflows : Bresolin et al. 2017, Tumlinson et al 2017

® Hydrogen interaction

© Galaxy environment (CGM)
Lya halos : Leclercq et al. 2017, Erb et al. 2018

©Large scale structure (IGM)
Visibility coupled with HI : Zheng et al 2011

©Cosmology (clustering)
HETDEX (Hill et al. 2008 )
J-PAS (Bonoli et al. 2022)

10° -10°
A — ALya [A]
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ASFAE o Lya as an astrophysical tool

© Detect Galaxies at high redshift (LAEs)
HETDEX (Hill et al. 2008 ) @ 1.9 < z < 3.5 (spectroscopy)
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© Galaxy formation and evolution
Lya as a star formation rate indicator (similar to Ha) : (Sobral et al. 2019)

Tracer of Lyman continuum photons emitters :
(Steidel et al. +18, Izotov et al.+21)

© Galaxy kinematics (ISM)
Outflows : Bresolin et al. 2017, Tumlinson et al 2017

© Galaxy environment (CGM)
Lya halos : Leclercq et al. 2017, Erb et al. 2018

©Large scale structure (IGM)
Visibility coupled with HI : Zheng et al 2011
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HETDEX (Hill et al. 2008
J-PAS (Bonoli et al. 2022)
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ASFAE o Lya as an astrophysical tool

LYMAN ALPHA
SPECTRAL DATABASE

http://lasd.lyman-alpha.com

Runnholm et al.+20

97 Lya line profiles obtained by the

Cosmic Origins Spectrograph on HST :
GallIE2Z2und 2ol PliGreehiiSaze et a0 0 : o v 1 T .
GO 11727 and 13017 (PI: Heckman et al. 2011,2015) 0 55 0 5-=5 0 5-5 0 5-5 0 5-5 0 5

GO 12269 (PI: Scarlata, Songaila et al. 2018) . Y Y 0 0 0
GO 12583 (Pl:Hayes, Hayes et al. 2014) A/IPeak [A] A/ﬂtPeak [A] A/lPeak [A] A/lPeak [A] A/IPeak [A] A/lPeak [A]
GO 12928 (Pl:Henry, Henry et al. 2015),

GO 13293 and 14080 (PI: Jaskot, Jaskot &Oey 2014)

GO 14201 (PI: Malhotra, Yang et al.2017)
GO 13744 (Pl: Thuan Izotov et al. 2016, 2018)
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© Detect Galaxies at high redshift (LAEs) — Observed
HETDEX (Hill et al. 2008 ) @ 1.9 < z < 3.5 (spectroscopy)
SILVERRUSH (Ouchi etal. 2018 )~2kLAEs @ 5<z<7 (photometry)
J-PLUS (Spinoso et al. 2020) ~14k LAEs @ 2 <z < 2.3 (photometry)

© Galaxy formation and evolution
Lya as a star formation rate indicator (similar to Ha) : (Sobral et al. 2019)
Tracer of Lyman continuum photons emitters :
(Steidel et al. +18, Izotov et al.+21)

© Galaxy kinematics (ISM)
Outflows : Bresolin et al. 2017, Tumlinson et al 2017

© Galaxy environment (CGM)
Lya halos : Leclercq et al. 2017, Erb et al. 2018

©Large scale structure (IGM)
Visibility coupled with HI : Zheng et al 2011

©Cosmology (clustering)
HETDEX (Hill et al. 2008 )
J-PAS (Bonoli et al. 2022)
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©Detect Galaxies at high redshift (LAEs) —— Observed
HETDEX (Hill et al. 2008 ) @ 1.9 < z < 3.5 (spectroscopy) No IGM
SILVERRUSH (Ouchi etal. 2018 )~2kLAEs @ 5<z<7 (photometry) '
J-PLUS (Spinoso et al. 2020) ~14k LAEs @ 2 <z < 2.3 (photometry)

© Galaxy formation and evolution
Lya as a star formation rate indicator (similar to Ha) : (Sobral et al. 2019)
Tracer of Lyman continuum photons emitters :
(Steidel et al. +18, Izotov et al.+21)

© Galaxy kinematics (ISM)
Outflows : Bresolin et al. 2017, Tumlinson et al 2017

© Galaxy environment (CGM)
Lya halos : Leclercq et al. 2017, Erb et al. 2018

©Large scale structure (IGM)
Visibility coupled with HI : Zheng et al 2011

©Cosmology (clustering)
HETDEX (Hill et al. 2008 )
J-PAS (Bonoli et al. 2022)
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ASFAE s Lya as an astrophysical tool
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©Detect Galaxies at high redshift (LAEs) —— Observed
HETDEX (Hill et al. 2008 ) @ 1.9 < z < 3.5 (spectroscopy) No IGM
SILVERRUSH (Ouchietal. 2018 )~2kLAEs @ 5<z<7 (photometry) 1O~ Intrinsic
J-PLUS (Spinoso et al. 2020) ~14k LAEs @ 2 <z < 2.3 (photometry) IGM T

0.8 1

© Galaxy formation and evolution
Lya as a star formation rate indicator (similar to Ha) : (Sobral et al. 2019) 0.6 -

Tracer of Lyman continuum photons emitters :

(Steidel et al. +18 , Izotov et al.+21) 0.4 -

© Galaxy kinematics (ISM)
Outflows : Bresolin et al. 2017, Tumlinson et al 2017

Ll
© Galaxy environment (CGM) 0.0 Tl T 'T F
Lya halos : Leclercq et al. 2017, Erb et al. 2018

0.2 -

—0.2 1

©Large scale structure (IGM) .
Visibility coupled with HI : Zheng et al 2011 7290

©Cosmology (clustering)
HETDEX (Hill et al. 2008 )
J-PAS (Bonoli et al. 2022)
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Lya as an astrophysical tool

ASTROFISICA Y FISICA
ALTAS ENERGIAS

©Detect Galaxies at high redshift (LAEs) Observed
HETDEX (Hill et al. 2008 ) @ 1.9 < z < 3.5 (spectroscopy) No IGM
SILVERRUSH (Ouchi etal. 2018 )~2kLAEs @ 5<z<7 (photometry) ' Intrinsic

J-PLUS (Spinoso et al. 2020) ~14k LAEs @ 2 <z < 2.3 (photometry) IGM'T
IGM+z

© Galaxy formation and evolution
Lya as a star formation rate indicator (similar to Ha) : (Sobral et al. 2019)
Tracer of Lyman continuum photons emitters :
(Steidel et al. +18, Izotov et al.+21)

© Galaxy kinematics (ISM)
Outflows : Bresolin et al. 2017, Tumlinson et al 2017

H ‘/
© Galaxy environment (CGM) : rlw\l\\l"l[’llhl‘

Lya halos : Leclercq et al. 2017, Erb et al. 2018

x
I
I
I
I
y:
5
I
y

©Large scale structure (IGM) . !
Visibility coupled with HI : Zheng et al 2011 7300 7310

Aobs[A]

©Cosmology (clustering)
HETDEX (Hill et al. 2008 )
J-PAS (Bonoli et al. 2022)
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Y Modeling Interestelar medium radiative transfer

© Gas properties
Monte Carlo

Radiative Transfer

© Gas Geometry Cod
ode

© Column Density
©Expansion Velocity
©Dust content

OLya line profile

O©lnjected Spectrum

O Line width
©Equivalent width . MOdel

parameters IyaRT
Orsi et al. +12
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ASTROFISICA Y FISICA
E ALTAS ENERGIAS
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Modeling Interestelar medium radiative transfer
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IGM transmission curves from
C.Byrohl & M. Gronke 2020
(arXiv:2006.10041):

[ustrisTNG100 simulation : tracing the optical depth in the IGM between
the Lya emitting galaxies and the observer for chosen lines of sight.

do1:10.5281/zenodo.3832098, https://doi.org/10.5281/zenodo.3832098

IGM Transmission

0.2 -

O
-

Github: github.com/sidgurun/Liya. zelda
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Artificial neural network architecture

100 PCA
: 20 e

DENX (O G

Hidden layers
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Artificial neural network architecture

E ASTROFISICA Y FISICA
E ALTAS ENERGIAS

Training

1077 Mock line profiles

log |Vexp|[kms™!] € [1.0,3.0],
log Ngg[cm™2] € [17.0,21.5],
log ., € [-4.0,0.0],

log EWi, [A] € [0.7,2.3],

log Wi, [A] € [-2.0,0.7],

0.0001 <z <6.5
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NSFA

E ASTROFISICA Y FISICA
E ALTAS ENERGIAS

Artificial neural network architecture

S NN models

IGM+z: NoIGM:

- Input includes
redshift.
- Trained with redshift
accurate IGM
transmission curves.

- Input includes
redshift.
- Trained without IGM
transmission curves.
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True intrinsic

spectrum
S
e
=
Prediction: IGM-z 1" L3 “ )
K3 = 0.06.0.08. Observed spectrum
Prediction: IGM+z 5550 5560 5570

/1()bs [1&]
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ASTROFISICA Y FISICA
ALTAS ENERGIAS

NN results in mock Lyman-alpha lines

Successful reconstruction
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Observed
Intrinsic

No IGM
IGM+47

IGM—7
IGMT

KS =0.04,0.03,
4690 4700 4710

Aobs[A]
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NN results in mock Lyman-alpha lines

Successful reconstruction
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ASFAE sy LLASD: a data base of Lyman-alpha line profiles

LYMAN ALPHA

SPECTRAL DATABASE Explore About Documentation Upload data Download data

OUR MISSION
We are now live!

N

We want to promote the understanding of the physics and impact of the HEEEDE G IS

Lyman alpha line by collecting spectra from as many samples as possible L REIC BT

and analyzing them in a homogeneous way. feedback: send us an email,
join our slack channel, ping us

More about LASD >»> on twitter or file a bugreport
on our issue tracker

(e]

FWHMI[A]

LASD AT A GLANCE

Number of Spectra Spectra with zg Measurements Downloadable spectra

352 126 14818 351

4
FWHMIA]
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NN results in observed Lyman-alpha lines

E ALTAS ENERGIAS
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NN results in observed Lyman-alpha lines

z€[0.0,7.0]
log Vexp log Ny logz, log EW;, log Wi, Z fs‘é
10g Vexp 0.077905 | 0.13%504 | 0.0119%2 | 0.15%303 | —0.2350; | 0.11%5¢°
logNu | 02443 00756} | 00735 | 02378 | 01973 | 03254
log 7, 0.1210:03 | —0.0275:93 —0.281093 [ —0.0110:% | —0.224003 | 0.03+0:93
log EWin | 0.0175; | —0.05557 | —0.4%5¢3 0.18%005 | 0.14%30% | —0.03%303
logWin | —0.061000 | 0.157331 | —0.16100% | 0.23+)0% —0.2610:9% [ 0.1810:93
z —0.1%50, | —0.15%501 | =0.35%50; | 0.13%551 | —0.02%50;
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Measuring the escape fraction z evolution: Mocks
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IGM+7 IGM—7
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Observed

1.0 4 == z&[0.0,0.5]
7€ (3.0, 3.5]
7€[3.5,4.0]

7€[4.0,4.5]

7€[4.5,5.0]

z€1[5.0,6.0]
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Reconstructing the stack line profile: Observations

Observed

1.0 == 7€[0.0,0.5]
s 7€ (3.0, 3.5]
z€[3.5,4.0]
0.8 _ z€1[4.0,4.5]
z€1[4.5,5.0]
w7 [5.0,6.0]
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Reconstructing the stack line profile: Observations
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z€1[0.75,1.25]
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z€1[0.75,1.25]
m— 7€ [1.75,2.25]
e 7€ [2.75,3.25]
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z€[3.75,4.25]
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Reconstructing the stack line profile: Observations

Observed IGM+z IGM-z

1.0q === z€1[0.0,0.5]
e 7€ (3.0, 3.5]
Zz€[3.5,4.0]
0.8 - z€1[4.0,4.5]
z€[4.5,5.0]
w7 & [5.0,6.0]

AAo[A] AAo[A] AAo[A]
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Lyman-alpha spectrum exhibits a large variety of features.

1 = IGM+z:z>0
| — IGM-z:z>0
=== IGM+z:z>3
{ === IGM—-z:2z>3
= Mean T IGM (Theory)

Lyman-alpha lines are shaped by the interestelar, the circumgalactic and intergalactic medium.

0 1

zELDA is an open source code to mock and fit Lyman-alpha spectrum.

zELDA is able to disentangle between the IGM / CGM and ISM contributions to the spectral features.

Observed

U q e 7e[0.0,0.5]

zELDA is able to compute IGM escape fractions for individual line profiles — ensso
S50
7 €[5.0,6.0]

The new zELDA version will be available soon

Thanks!
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