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1at are the baryons of the Universe up to?

'he Baryon Cycle

how gas flows into, through
and out of galaxies

Key to understand:

Galaxy formation and evolution
Star formation
Missing satellites problem

Dark matter distr. &
cosmological parameter
estimation

Circumgalactic Medium

Tumlinson, Peeples & Werk 2017



Observing Cool Gas as Quasar Absorbers
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normalized quasar flux
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The Baryon Cycle Project /-

n Extragalactic Community 4AMOST Survey
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Aim: characterise how the CGM gas
changes phase and moves into, through
and out of galaxies

of thousands of QSO spectra



Science made possible by ByCycle /-

CGM Metal
Enrichment

X Extent of the CGM
around galaxies?

* Scale of metal mixing?

* Comparing to
simulations?

Baryon Budget
* |s the gas photoionised
or collisionally ionised?

* Dynamical state of the
CGM?

* Total baryonic content
of haloes?

Impact of Galaxy
Properties on CGM

* Is the CGM of AGN or
galaxies in denser
environments more
highly enriched?



The Baryon Cycle Project /-

n Extragalactic Community 4AMOST Survey

Mgll absorbers trace CGM gas at T~104K
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The Baryon Cycle Project /-

Conte

What does our model learn?

What a non-absorbed
(“normal”) spectrum looks

Normal Anomaly

Then what?

It won't be able to reproduce
the absorbers =>
Reconstruction error will

Pointanomaly

Contextual Anomaly

Credit: Einer Partners

« No need for explicit quasar fitting

) advantages: |
- No quasar z prior needed
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The COOLCAD Pipeline

VAE: QSO Mgll Finder: Random Forest: Mgll Absorber

Probability Prediction Candidates

ByCycle Spectrum Continuum g Contextual Anomaly
Reconstruction Detection




The COOLCAD Pipeline

VAE: QSO Mgll Finder:

Continuum 'S Contextual Anomaly Random Forest: Mgll Absorber

Probability Prediction Candidates

Reconstruction Detection




Quasar Continua
with no absorbers
from simgso

Quasar Spectra
with realistic

AMOST noise

Mock ByCycle Spectra
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Mock ByCycle Spectra
Metal Absorbers

Quasar Spectra from TNG50

Quasar Continua
with no absorbers
from simqso

l

Quasar Spectra
with realistic
AMOST noise

SALSA (Nelson et al. 2025)
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The COOLCAD Pipeline

VAE: QSO Mgll Finder:

ByCycle Spectrum Continuum a2 Contextual Anomaly seirelonn e Mgll Absorber

Probability Prediction Candidates

Reconstruction Detection




T h e BYCYC I e VA E S S

volutional VAE

Trained on similar data: z and wavelength estimation

xnse VAE

ConvlD
Output:

Trained on SDSS spectra | Classification

(0,1]
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Connected =
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18&2 ‘/f 5

ConvlD ConvlD . AvgPooling

Output:
Localization

[AMin.ZT%]

.
Q
v

Y—

u—

@
+
X

=

L

©
Q

N

'©
=
—
O

=

Szakacs et al. 2023

4 243x224 224%224

5000 6000
Wavelength (A)

Portillo et al. 2020

Unpooling

T—

— Unpooling
~—

~npooling
\

16 Noh et al. 2015



The ByCycle VAEs - -

solutional VAE

Trained on similar data: z and wavelength estimation

nse VAE

ConvlD
Output:

Trained on SDSS spectra | Classification

(0,1]
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Connected =

Layers
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ByCycle VAEs Architecture

Layer == Out Hyper-parameter

o bpwt optimisation with
FC 5971 — 1453 . .
Dropout 1453 — 1453 weights & biases:
FC 1453 — 194
Dropout 194 — 194
FC u 194 — 15
FC log o 194 — 15
Latent Space 15 - 15
FC 15— 194
Dropout 194 — 194
FC 194 — 1453
Dropout 1453 — 1453
FC (output) 1453 — [

batch_size clipnorm dropout_rate latent_size final_val_loss
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The ByCycle VAES '

One fully-connected VAE per
spectral arm

Reconstructions
« are ~2x less noisy

 closely follow the true continua

19



The COOLCAD Pipeline

VAE: QSO Mgll Finder:

ByCycle Spectrum Continuum ma Contextual Anomaly Random Forest: Mgll Absorber

Probability Prediction Candidates

Reconstruction ’_ Detection




Data - Reconstruction [Norm. Flux]

Locating Mgll Absorbers

4150
Wavelength [A]
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Locating Mgll Absorbers

struction [Norm. Flux]
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Data

1. Look for local minima (scipy.signal. find_peaks)

3950 4000 4050 4100 4150 4200
Wavelength [A]
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Locating Mgll Absorbers

Data - Reconstruction [Norm. Flux]

All peaks
Mgll doublet peaks

3950 4150
Wavelength [A]

We are able1

yAC



The COOLCAD Pipeline

VAE: QSO Mgll Finder:

ByCycle Spectrum Continuum "2 Contextual Anomaly Random Forest: 3 Mgll Absorber

Probability Prediction [ Candidates

Reconstruction Detection




Random Forest: Real vs. False Detections

scipy.signal.find _peaks — all parameters illustrated

height - minimum absolute peak value

prominence - how much the peak stands out from its contour base
Il width - peak width measured at rel_height x prominence
Bl threshold - minimum drop from peak to adjacent samples
Bl distance - minimum sample separation between peaks

We train and optimise RFs
on the measurements of

widkh (At rel height = 0.5)

the peaks (from
scipy.signal.find_peaks)




Random Forest: Real vs. False Detections

Blue Arm

True Detections
L h=27163)

False Detections
 (n=135101)

== = Threshold = 0.355

ght rat
prominen

wid
doublet

0.2 0.4 0.6 0.8
Random Forest Probability

promine
ght

prominen
prominen
width hei

peak heig
peak heig
width_hei

width_hei

separate true absorbers

from false detections Shape (width vs. height) of false

detections do not follow a Voigt profile




Completeness vs. Purity: blue arm

Completeness Purity

3% 6% 11% 100% 100% 84%
(39) ) (28) (12) (12) (292)

4% 3% 11% 96% 93% 86%
(148)  (184)  (110) (49) (30) (909)

4% 2% 6% 97%  95% 84%
(259)  (283)  (162) (75) (42) (1392)

1% 6% 9% 95% 95% 85%
(598)  (734)  (476) (188)  (124) (3589)

2% 6% 12% 88% 92% 84%
(146)  (168) (81) (89) (37) (919)

0% 3% 8% 66% 19% 79% 81%
(1155)  (1363)  (979) (1718) (438)  (235) |[MEbiH) (5973)
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SNR > 30 SNR > 30

Detected Absorber, EW 2796 = 3.96 A Detected Absorber, EW 2796 = 0.11 A
z_true -z found = 0.00017 z_true - z_found = -0.00003
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Good detections:

strong & weak absorbers in good SNR



4.0<SNR<5.0 20<SNR<3.0

Detected Absorber, EW 2796 = 3.79 A Detected Absorber, EW 2796 = 0.20 A
Z true - z found = -0.00031 z true - z found = 0.00004
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Good detections:

strong & weak absorbers in low SNR



4.0 <SNR<5.0 SNR > 30.0 SNR <5.0

Missed Absorber, EW 2796 = 5.60 A Missed Absorber, EW 2796 = 0.06 A
Z true = 0.550 Zz true = 0.516
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Missed strong absorber  Missed weak absorber in False Positive
in low SNR high SNR

Wrong detections



The COOLCAD Pipeline

VAE: QSO Mgll Finder:
ByCycle Spectrum Continuum g Contextual Anomaly
Reconstruction Detection

Random Forest: Mgll Absorber

Probability Prediction Candidates

Absorber catalogue + Completeness corrections



The COOLCAD Pipeline

Absorber catalogue + Completeness corrections

VAE: QSO Mgll Finder:
ByCycle Spectrum Continuum g Contextual Anomaly

Random Forest: Mgll Absorber
Probability Prediction Candidates

Reconstruction Detection

* Testing on SPV in progress! (will we need transfer learning?)

* Latent spaces to be explored in more detail



[E—
-
o0

-
2

Take-Home Message

[WE—,
-
o)

—_—
-
o

-
=

with good completeness and purity
by using machine learning

S
Mgll column density [cm-2]

[%)
Q.
=<,
—
O
-+
| -
O
o
-
O
p -
Y
O
O
C
4y
-+
Rz
©

distance from center [kpcC]

1.0 Wi, | mmww,},
| w “

normalized quasar flux
-
o)

o
o

2795 2800 2805 2810
wavelength [Angstrom]

Credit: Péroux et al.
34



4AMOST Public Data Release Plan

SPV T+l +2  +3 #4445 46 year

Q3 Q4/Ql Q@2 Q3 Q4|Q1 @2 Q3 Q4|Ql @ Q3 Q4|Q @ @3 Q@4|Q @ @ Q@ Q Q@2 Q@ Q4 Q Q@2 Q3 Q4

\ \ \
| ‘ ‘ | - New survey (279 5-year)
\ | \

DRO
To +/ months




Take-Home Message

with good completeness and purity
by using machine learning
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Training Set Sizes

4MOST Spectral Arm  Original Balanced
Blue 108,756 65,609

Green 220,975 03,102
Red 257,609 98,507

Balanced in redshift and SNR

log blue Arm Mean SNR
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Random Forest: Real vs. False Detections

Blue Arm Green Arm Red Arm

True Detections True Detections True Detections
L =27163) 3 n=18556) 3 n=15451)

False Detections
— (n=135101)

== = Threshold = 0.355

False Detections False Detections

CJ (n=43522) 1 (1=38564)
== = Threshold = 0.375 == = Threshold = 0.415

g

0.0 0.2 0.4 0.6 0.8 1.0 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Random Forest Probability Random Forest Probability Random Forest Probability

Our RF can effectively separate true absorbers
from false detections



Completeness vs. Purity: green arm

Completeness Purity

3% 1% 2% 5% 87%
(172)  (221)  (165)  (107) (1037)

3% 2% 5% 11% 87%
(281)  (403)  (238)  (201) (1887)

4% 1% 1% 9% 87%
(306)  (361)  (246)  (190) (1927)

3% 6% 10% 7% 88%
(257)  (296)  (196)  (125) (1605)

1% 4% 16% 87%
(616)  (722) (3527)

0% 2% 86%
(525)  (662) (3164)
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0% 2% 82%
(639)  (733) (2153)

0% 0% VO 29% 80%
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Minimum EW vs SNR: green arm
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Completeness vs. Purity:

Red Arm Mean SNR

5%
(166)

4%
(293)

2%
(256)

3%
(221)

1%
(534)

0%
(364)
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(328)
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In a spectrum with a resolution FWHM, the minimum de-
tectable equivalent width with a no significance is:

W.. =nXFWHMX(S/N)". (1)

Ménard & Péroux 2003



Will the models need to be re-trained once real data arrives?
Maybe

Domain Adaptation

Source Domain Target Domain Domain Alighment

Credit: Aleksandra Ciprijanovi¢



