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In this talk...

 Background: how do we constrain reionization using Ly-a emitters??
* |ntroduce persistent homology and the Betti-O curve
 Compare Betti-O curve and existing methods:

 simulate reionization and Ly-a emitters

* create mock observations possible with Roman

« compare constraining power of methods
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How (and why) we use LAEs to
constrain reionization
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lonized “bubble” morphology reveals
Information about sources

more neutral ~ fully ionized
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Reionization Enhances Clustering of LAEs

 LAEs visible only inside large ionized bubbles

neutral
fraction

RV |/\csinger+08
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Reionization Enhances Clustering of LAEs

 LAEs visible only inside large ionized bubbles

neutral

more neutral ~ fully ionized || [E Sy
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How do we quantify this clustering?

* There exist many methods...
e 2 point correlation function (or angular correlation function; ACF)

e count number of pairs at a given separation
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* fraction of circles of some radius which are empty
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How do we quantify this clustering?

* There exist many methods...
e 2 point correlation function (or angular correlation function; ACF)
e count number of pairs at a given separation

» Void probability function (VPF) D U, 4

* fraction of circles of some radius which are empty

 Persistent homology

* has been used in cosmology

e not for LAES
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Persistent Homology for
Constraining Reionization
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Persistent Homology
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Persistent Homology

e = 0.0 e = 0.25
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Persistent Homology

e = 0.0 e = (.25 e = 0.5
o ® o/.\’

10 components 9 components 3 components
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Persistent Homology
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Persistent Homology
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Simulating Reionization and
Mock Observations
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Simulations of LAEs

e 21cmFAST
2,000 slices of the Universe, 300 x 300 cMpc?2, ~4 deg2atz = 7.2

» Locations and observed fluxes of LAES f, .
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Mock Observations

- Simple, uniform selection of LAEs with fluxes above limit f, ;vc > fiim

« We will focus on a global neutral fraction of <xHI> =04atz="7.2

e Az =0.250or ~ 80 cMpc thick
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Mock Observations

- Simple, uniform selection of LAEs with fluxes above limit f, ;vc > fiim

« We will focus on a global neutral fraction of <xHI> =04atz="7.2

e Az =0.250or ~ 80 cMpc thick

e Three observations: total survey total fnm

description survey
time

area (50% completeness)

Wold et al., 2024 small area, deep 8.2 x 107" ergs—!cm2

Roman Shifting Landscapes Conference Michael M. Wyatt 07/13/26




Mock Observations

- Simple, uniform selection of LAEs with fluxes above limit f, ;vc > fiim

« We will focus on a global neutral fraction of <xHI> =04atz="7.2

e Az =0.250or ~ 80 cMpc thick

* Three observations: total 1
. total survey lim
description survey
area . (50% completeness)
time
y fi o tll_ltl/z
Wold et al., 2024 small area, deep 1 deg? 12 days | 8.2x 107 ergs~lcm—2

large area, shallow 16.4x 10~ % ergs—!cm~2
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Mock Observations

- Simple, uniform selection of LAEs with fluxes above limit f, ;vc > fiim

« We will focus on a global neutral fraction of <xHI> =04atz="7.2

e Az =0.250or ~ 80 cMpc thick

* Three observations: total 1
. total survey lim
description survey
area . (50% completeness)
time
—18 jiim X l‘ll_l'[l/2
Wold et al., 2024 small area, deep 1 deg? 12 days | 8.2x 107 °ergs~lcm~—
large area, shallow 4 deg? 12 days |16.4x 10" ¥ ergs-tcm—2
Wold et al., 2024 large area, medium 10.2 x 10~ % ergs—! cm~2
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Results
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Betti-0

Small area, deep survey
1 deg?, 12 days 20f

ACF

10 20 30 40 50 60
scale [cMpc|
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Betti-0

Small area, deep survey
1 deg?, 12 days QQO%
» To compare quantitatively: o
* Fisher information: ':
op' 0 <05} _
F = £ y-1 |
dxHI dxHI :
0.0, A A I

10 20 30 40 50 60
scale [cMpc]
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Betti-0

Small area, deep survey
1 deg?, 12 days 20f
» To compare quantitatively: oL

e Fisher information:

o’ 0 <05] 1
L F=— 3y 2 | -
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Results

small area,
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Results

small area, large,
deep shallow
observing time: 12 days 12 days
0.25 NLAE53 00 38
x
0.20 x
E
o
0.15 |
Betti-0
VPF
ACF
0.10 Al

1 4 4
approximate area [deg?]

Roman Shifting Landscapes Conference Michael M. Wyatt 07/13/26




Results
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observing time: 12 days 12 days
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2D vs 3D statistics

» All statistics can be defined in 3 dimensions
* |nclude position along redshift dimension and recalculate statistics

* ignore redshift uncertainty
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2D vs 3D statistics
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2D vs 3D statistics

small area, large area,
deep medium
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Conclusions

* Persistent homology a promising new category of methods for constraining
reionization using LAEs, and should be considered for upcoming observations

* |n this work, we consider only the simplest statistic (Betti-0)

* |n observations possible with Roman, the Betti-0 curve performs as well as, or
slightly better than, commonly used summary statistics

* The Betti-O curve is not redundant with the ACF and VPF — fitting the
statistics simultaneously provides more information and constraining power

« At the number of LAEs expected in the observations explored here, we find

marginal iImprovements in Xiy; constraints when using 3D statistics,
particularly at lower number densities
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backups



Ly-a emitters as a tracer of bubble morphology

neutral IGM Bl

\
L)

Images adapted from
aasnova.org/2022/09/27/bright-galaxies-blowing-bubbles/
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Ly-a emitters as a tracer of bubble morphology

neutral IGM Bl

\
L)

Ly-a absorbed
by neutral IGM

Images adapted from
aasnova.org/2022/09/27/bright-galaxies-blowing-bubbles/
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Ly-a emitters as a tracer of bubble morphology

neutral IGM Bl

Ly-a absorbed ”
by neutral IGM
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Images adapted from
aasnova.org/2022/09/27/bright-galaxies-blowing-bubbles/
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Void probability function

 Draw many circles of a
given radius

* Count fraction of empty
(void) circles

* Can repeat for multiple
scales
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Uv luminosities

* Relationship from G. Sun and S.R. Furlanetto, Constraints on the star

formation efficiency of galaxies during the epoch of reionization, MNRAS 460
(2016) 417

* assume that the star formation rate of a galaxy Iis proportional to its rest-frame
UV continuum luminosity density at 1500 A:

* Li500,,(P%) = Pi/Kyy
. Kyy = 1.15 X 107**M_ yr-1/ erg s—1 Hz™!

e assumes a continuous mode star formation with a Salpeter IMF



Persistent Homology
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What does it look like for LAESs?

LHI — 0.0 LHI — 0.25 LHI — 0.0
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Persistent Homology

 From topological data analysis

* Allows us to define topological features for a discrete distribution

 Has been used in some cosmological contexts
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Why persistent homology?

o established technique in topological data analysis

* backed by a rich mathematical formalism

e existing resources, studies
* uniquely defined on a given data set, no free parameters
 computation is straightforward

e existing packages in Python (Ripser)
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Simulations of LAEs

e 21cmFAST
e 2,000 lightcones

e |onized bubbles, halos



Simulations of LAEs

e 21cmFAST

e 2,000 lightcones

e |onized bubbles, halos

e assign halos intrinsic Ly-a luminosities

» account for absorption from IGM



Model of reionization

e Suite of simulations using 21cmFAST

« 2,000 lightcones created with identical cosmological/astrophysical parameters —
different initial conditions

e 300 x 300 cMpc2(~ 4 deg?2at z = 7.2); 1.5 cMpc / pixel
e produces ionized bubble morphologies

e discrete halo locations

o star formation rates for each halo — UV luminosities

* Assign Ly-a luminosity and velocity offset probabilistically based on UV magnitude:
P({L,, Av}| My ); emperical fit to data from Gagnon-Hartman et al., 2026
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IGM attenuation

 Draw lines of sight from halos

e |n each pixel, sum contribution to optical depth 7
based on density, neutral fraction, and redshift

» Attenuated Ly-a luminosity is:

e L

_ —7T
a,att Lae

«— toward observer
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Roman observations

 using WFI’s grism at 1.00-1.93 um, we can detect LAEs at z 2 7.2 in a FOV
of 0.281 deg?

* oObervation strategies from Wold et al., 2024

* Uses multiple exposures with rotated position angles in a single FOV

* [wo basic strategies:
number of exposures | total time per FOV [50% completeness limit

25 70 hours 8.2x 1078 ergs-1cm-2

10 42 hours 10.2x 1078 ergs—! cm~2

Roman Shifting Landscapes Conference Michael M. Wyatt 07/13/26




LAE selection

« Convert 50% flux limits to luminosity limits L;; . p———7—7— ]
I L N
- Select all LAEs with L, . > Ly;p, 750k 04
: | i i 1 045 -
 Take appropriate survey area (1 or 4 deg?) B '-
= 1250F i i i .
* undersample LAEs so that all slices have the - ] __
same number = | ] '
750F IR R .
e 3 cases (1 deg?, 12 day survey): N _.
* ‘mean:’ 66 / deg? 2505_ S :
+ ‘optimistic:’ 96 / deg? NP | A L N oy BV SN
o 0 50 10 150 200

° ‘peSS|m|St|C’ 36 / degQ number of LAEs per slice
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