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UNDERSTANDING REIONIZATION

N = .
- What sort of objects dominate/lead reionization? ion = PSFR 510“ fesc,LyC

- Bright galaxies or faint SF dwarfs? Both? / f \ \ Fraction of
- Role of QSO/AGNSs? Total . photons that
photons Number of lonizing escape eluding
_ galaxies photons/galaxy dust+H]
- How do they do it?
- What are their LyC escape fractions?
- Which galaxy properties favor LyC escape? lonizing bubbles Castellano+16
- Can we use Lya as a proxy for reionization galaxies? LAE-Pair 1
Bouwens+21

- Other indirect methods tracing LyC emitters?

At z>4, the strong drop-down of the IGM transmission
makes impossible the direct detection of the LyC photons
responsible for reionization, even for JWST or ELTs

distance from plane [pMpc]
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At z<4, LyC is directly observable with HST. Probing well-
characterized analogs of reionization galaxies (LAEs,
LBGs) may help to provide new insight on these questions




SIMPLE MODELS FOR LEAKING HIl REGIONS

e.qg. Zackrisson+13; Nakajima & Quchi 13, Jaskot & Oey 13, Ramambason+20

Non-Leakers LyC Leakers Ramambason et al. (2020)
Stromgren Radius Stromgren radius
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o/ Absorption line ratios for low LyC leakage

Giant Hll regions approaching density Picket fence model: ISM with holes, channels, filaments
bounded conditions ¢



LYMAN ALPHA EMITTERS PLAY A KEY ROLE IN REIONIZATION

Synchronicity and escape of ionizing photons Naidu & Matthee et al. 2021

High Escape (foc1ve »= 20% Low Escape (few 1vC °

LAEs play a key role in reionization Matthee & Naidu et al. 2021
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All SFGs at 2~2

LAEs: ~15% of SFGs at 2~2
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LyC phase: 50% of LAEs
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Dense Cloud Breakout LyC Quenching Stabilisation
Stars form in dense gas Feedback from first stars Foedback weakens Dust & gas assembly
Lya photons trapped Gas disperses / Holes created Dust created, gas thickens continues
LyC photons absorbed Lya and LyC photons escape Some Lya photons scatter out LyC production drops
LyC photons absorbed Few Lya pholons stil escape
0321, lscivo~0%, Eon 2259 03258, losciya~50%, Eon ~25.9 0323, lesctya~10%, En ~25.5 0O32~1, laciyo 8N, Eou ~25.4

LyC phase: 50% of LAEs

ﬁ
LAEs: ~100% of SFGs at z~-8

All SFGs at z~-8




GREEN PEAS: LOCAL ANALOGS OF IONIZATION GALAXIES

Starbursting dwart galaxies at 0.11<z<0.36

Selected by compactness and high emission-line EWs
(Cardamone+09; Amorin+10,12,15; Jaskot & Oey 13; Henry+15;
Yang+17/,18)

[O1ll}

1219+1526 70.2% 1514+3852 69.8% 1503+3644 43.1% 1442-0209 43.0% 1133+6514

LyC | LyC
| T . I, O . [ [T | S—]

e Massive star formation and feedback
* Physical mechanisms favoring the production
and escape of ionizing photfons

Under similar conditions to high-z galaxies!!

Compact rsp(UV) < 1 kpc
UV luminous. High SFR/area
and sSFR=SFR/M+

Low metallicity (~20% solar)
and low extinction

Lyman alpha emitters and
LyC emitters
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Most GP at 20.3—0.4 observed so far with HST/CQOS

show strong Lya and LyC emission with Fesc ~ 5-75%
lzotov+16,18,21;, Verhamme+16; Schaerer+1/
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WHAT PROPERTIES FAVOR LYMAN [ . - ®
|:) H OTO N E S C A P E 2 The Low-redshift Lyman Continuum \l;rr::;t\h:‘ New, Diverse Local Lyman Continuum

Azne B Jaakot Hanty C. Ferpason Cabor Woreck Kirill Makas" Jotinn Chadolm
0. Dansel Schasser’ Stephan McCandliss g Wang N M Fod Fumothy Heckman
' ' n Alek ', Jeremy Bl Sanchaveets Borthah ur
ephane e Haros Mark Dckmson
i ( Mathew Haves

e Large HST/CQOS Program (160 orbits; Pl: A. Jaskot)

e LyC observations for 66 diverse SFGs at z~0.2-0.4 with SDSS
spectra + GALEX photometry

e 35 newly confirmed LCEs, several have Fesc>5% !!

e Consistent reanalysis of 12 previous detections (lzotov+21)

LAl Somple selection
Flury ef al. 2022a

LzLCS sample imaged by HST/COS




WHAT PROPERTIES FAVOR LYMAN
PHOTON ESCAPE®?

e Large HST/CQOS Program (160 orbits; Pl: A. Jaskot)

e LyC observations for 66 diverse SFGs at z~0.2-0.4 with SDSS
spectra + GALEX photometry

e 35 newly confirmed LCEs, several have Fesc>5% !

e Consistent reanalysis of previous detections (e.g. lzotov+21)
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WHAT PROPERTIES FAVOR LYMAN
PHOTON ESCAPE®?

i ) The Abhuring: BNdedeod by e Amrw e Ashvememess ol Sewet

The Low-redshift Lyman Continuum Survey. II. New Insights into LyC Diagnostics' |

Sophia R. Flury' @, Amne E. Jaskot® ©, Harry C. Ferguson’ ', Gébor Worseck™ ', Kirill Makan™ @, John Chisholm®
Alberto Saldana-Lopez”, Daniel Schaerer” | Stephan R. McCandhiss' © |, Xinfeng Xu" 7, Bingpe Wang™ &, M. S. Ocy’

N. M. Ford" ', Timothy Heckman" ', Zhiyuan Ji' @, Mauro Giavalisco' @, Ricardo Amorin'™"'’ Hakim Atk '”,
Jeremy Blaizot ', Sanchayeeta Borthakur' ™ @, Cody Carr'” @, Marco Castellano'® %, Stephane De Bamos” ©, Mark Dickinson'
Steven L. Finkelstein” | Brian Fleming' " ©, Fabio Fontanot”” @, Thibault Garel”, Andrea Grazian™ O, Matthew Hayes”'
Alaina Henry ', Valentin Maverhofer™™, Genoveva Micheva™ @, Goran Ostlin®' O, Casey Papov ich”' @, Laura Pentericci'®
Swara Ravindranath”, Joakim Rosdahl'’, Michael Rutkowski™ ', Paola Santini'® | Claudia Scarlata’” © |, Harry Teplitz™

Trinh Thuan®’, Maxime Trebitsch™ @, Eros Vanzella®™ @, and Anne Verhamme ™

* Probe key LyC indicators which are testable with JWST at z>6

* Diverse sample help to discriminate ditferent diagnostics,

provide stafistics and study scaling relations+scatter Three LyC escape estimators

Wang+21 lzotov+18 Saldana-Lopez+22

e Combine with state-of-the-art models and simulations

(COS UV
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Diagnostic

Fxryc /Fxi100
p

- 4C (HB)
P

Lve v
P

esc

EW(Lya)

Usep

5.186 x 107°
8.687 x 10~©
3.103 x 10~4

1.942 x 10~©
1.141 x 1073
2.033 x 1073

6.774 x 10~°
2.011 x 106
1.055 x 104

log1p O31
10510 O I|/Hp

0.039
0.041

0.045
0.044

0.036
0.044

log1 O32
EW (Hp)

5.678 x 1072
1.953 x 1073

6.024 x 103
0.132

1.438 x 1076
8.366 x 10~°

N 1500,0bs
Mi1500.int

B1200
log1n M%

0.533
1.591 x 10~3
2.200 x 1073

0.216

0.857
0.029
2.966 x 10~4
0.307

0.174
8.978 x 10~°
8.366 x 10~°

0.021

COS NUV 50
log1o XsFR, HB

7.179 x 1078
3.884 x 10~ 7

2.938 x 107°
2.650 x 104

1.193 x 1077
7.099 x 10~

log,, ZSFR,FAII()()
loglo SSFR

1Oglo EsSFR,H,B

0.334
0.128
6.320 x 107°
9.484 x 1073

0.347
0.554
4.167 x 1073
0.070

0.632
0.012
1.859 x 10~
3.420 x 1073




WHAT PROPERTIES FAVOR LYMAN s

') The A Padeded My e Arwms o Aivvew e 8l Vet

OPEN ACCESS

P H OTO N ES CA P E 2 The Low-redshift Lyman Continuum Survey. II. New Insights into LyC Diagnos.tic; |

Sophia R. Flury' @, Amne E. Jaskot® ©, Harry C. Ferguson’ ', Gébor Worseck™ ', Kirill Makan™ @, John Chisholm®

Alberto Saldana-Lopez”, Daniel Schaerer” | Stephan R. McCandhiss' © |, Xinfeng Xu" 7, Bingpe Wang™ @, M. S. Ocy’
N, M. Ford" ¢, Timothy Heckman® ', Zhiyuan Ji' ©, Mauro Giavalisco’ @, Ricardo Amorin'™"’ Hakim Atek'”,
. . . . Jeremy Blaizot' ', Sanchayeeta Borthakur' ™ © , Cody Carr'” 0, Marco Castellano'® ™, Stephane De Bamros” ¢, Mark Dickinson'’
° PrObe kev LVC IndICOTorS WhICh are TeSTOble WITh JWST OT Z>6 Steven L. l'gnkcl.\lcm. . Bnan l'lcmu?g"" , Fabio l~unl..-.m.'l. 0, Thibault (i.upl". Andrea (imn.m"'_ , Matthew Hu}'cx':
Alaina Henry” O, Valentin Maverhofer ™, Genoveva Micheva '@, Goran Ostlin”' @, Casey Papovich’ '@, Laura Pentericci'
Swara Ravindranath”, Joakim Rosdahl'’, Michael Rutkowski™ @, Paola Santini'® 0| Clandia Scarlata’” © |, Harry Teplitz™

e Diverse sample help to discriminate different diggnos’rics, Trinh Thuan®’, Maxime Trebitsch™ @, Eros Vanzella” @, and Anne Verbamme™=*
provide statistics and study scaling relations+scatter

e Combine with state-of-the-art models and simulations

fLYC (COS UV)
fLYC (COS UV)
fLYC (COS UV)

(Flury+22Db)
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PHOTON ESCAPE®?




WHAT PROPERTIES FAVOR LYMAN
PHOTON ESCAPE®?

(Flury+22a,b)
e Compact, UV-faint, low-mass galaxies are far more likely to be
significant LCEs

e Concentrated SF is a significant indicator LyC escape but we don't find
an increase at higher masses, as simulations predict

e vais the best LyC Fesc predictor at z~0.3, similarly to the population of
leakers found at z~2-4

o LCEs cannot be described by a simple density-bounded HIl region with
Isofropic photon escape

BCD/HII/GP galaxy types !!

Regardless of mechanism, locally intense SF is
needed - SSCs - Strong feedback expected

PROBLEMI! Lya is strongly suppressed at z>6

Challenge for models!l More work TBD

Holistic interpretation of other LyC indicators: A compact blue galaxy with high Lya EW and fesc, high
O32 and EW(Hbeta), low beta slope, faint NUV and small R50(UV) and high SFR/Area is likely a LCE —

ldeal targets for JWST
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CONNECTING IONIZED GAS KINEMATICS WITH LYMAN
PHOTON ESCAPE

Simulations show strong stellar feedback (mechanical and/or radiative) Evidence of unresolved outflows with velocities of several
leading to winds/outflows from massive stars and SNe are responsible for hundred km/s are found in absorption and emission in
clearing channels in the ISM from which ionizing photons can escape local analogs (e.g. Amorin+12, Bosch+20, Hogarth+20).

St 1l A1260
Cll 21334
St 1 A1206

Si 1l A1190

St 1 A1193
e Ha narrows

”u ‘!'lll.l’.;.
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Flux (10

Hogarth+20

— 1000 — 500 () H500) 1OO0)

Av) (km s7)

Wise & Cen 2009; Kimm+19; Trebisch+17, among others...
Cosmological zoom-in simulations with FIRE @ z>5 Ma et al. (2020)

0?2
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CONNECTING IONIZED GAS KINEMATICS
WITH LYMAN PHOTON ESCAPE

B Questions:

® s the ionized gas kinematics an indirect diagnostic
for LyC emissione

® |s strong turbulence in the warm ionized gas of GPs
causally connected to Lya and LyC escapee

= Can we constrain theory from what we learn from
the physical properties (extinction, ionization,
densities, temperatures..) of different kinematic
componentse

m Some specific goals:

= Detailed multi-component modeling of emission
ines using Gaussian and non-gaussian profiles

= Non-parametric analysis of line profiles.
Quantification of outflow velocities and line
asymmetries from inter percentile analysis

= Extent the analysis from echelle 1D spectra to
spatially-resolved IFU data

HST/ACS F150LP (unsharped)
HST/ACS F606W (contours)

Amorin et al. (2012)

200

0 W{‘.’M 7. A I i O N ™ ol A
Bosch et al. (2019)  spss — L S S

Wavelength | A)

Single Gauss fit | Mid-width | Namrow

........ ) , . Disturbed
ool e ] ‘ ‘ i rotaghon?e

Velocity 8

Turbulent
channels?
Velocity

dispersion 15



Hogarth+20

METHODOLOGY

e Sample: 23 targets: 5 non-LCEs; 11 weak and 8 sfrong /1N

_C ES s ":‘7'\\.,--;:;_‘.._._”&__

e Data: VLT/XShooter (R~8000); WHT/ISIS (R~10000) and |

L CO/MIKE (R~20000). ~1-3h on-source =120 km/s

» Methodology: Inspired in our previous work (Firpo+10; T R 2040 km/s.
Amorin+12, Bosch+19; Hogarth+20) | G

on=45 km/s,

[[Model]]
((Model(linear, prefix='lin') + Model(gaussian, prefix='cl_')) + Model(gaussian, prefix='c2_"))
[[Fit Statistics]]

# fittiqg method : leastsq . .
¢ dnta points = 28 FitELP code for fitting echelle spectra
chi-square = 254.904483

| DA L (Firpo+, in prep) using the LMFIT
package (Newvillet+14)

Bayesian info crit = 37.9857610

LLmMogeL ) )
[ (((Model(linear, prefix='lin') + Model(gaussian, prefix='cl_')) + Model(gaussian, prefix='c2_')) + Model(gaussian, prefix='c3_"'))
[[Fit Statistics]]

# fitting method = leastsqg

# function evals = 81

# data points = 250

# variables =9 M M

hicsquire. = 91692029 Extremely complex line profiles

reduced chi-square = 0.37798424 . .

Akaike info crit = -234.391687

require very demanding voxel-by-voxel
[[variables]] (:j |.

linintercept: 3.914282e-17 (fixed)

linslope: -4.0367 x mo e Ing

cl_sigma: 1.1661
cl_center: 6513.

— L

cl_amplitude: 4.683200 - % Gaussian it . .
SR B9 We use a new versatile code LiMe:
c2_sigma: 9.8559 <

c2_center: 515 SR developed by ULS postdoc

Sl o | oo | Vital Fernandez
it ol FRLAY i Pt
c3_height: 5.9287 : N? 6548A wl

[ eyt ' LiMe: A Line Measuring library for the chemical

and kinematic analysis of the ionized gas .

See Vital's talk for details!!
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EVIDENCE OF IONIZED GAS OUTFLOWS IN LYC LEAKERS

Matias Rodriguez ;")JL‘;”(?)S ,f174¢23 Rodriguez et al, in prep WHT/ISIS data
MSc thesis (in prep) — _ — -
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Improving FitELP capabilities . A
B
Full kinematic modelling of bright and faint lines (a) J1152+3400

fesc(LyC) ad 13%

e

First clear evidence for broad emission heavy line ok _ o e ¢ % |

wings in strong LCEs, which contribute ~20-50% of
the total line flux
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kinematics! No AGN behavior (see Hogarth+21) '



FIRST RESULTS

Strong LCEs appear to have broader and

more asymmetric line profiles Rodriguez et al. (in prep)

* Most LCEs are compact and
appear in face-on
configuration in UV images

Y

e Broad emission Is ot so
different in BPTs

. ' “.-_
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2 éompohen’rs stk 87 -3 componén’rs Five LCEs from lzotov+16b




FIRST RESULTS

Weak LCEs show lighter broad wings and
narrower/less asymmetric profiles

e Broad emission tend to be blu

e-shifted in strong

leakers: Classic signpost of unresolved outflows

e Most LCEs them appear in face-on

configuration in UV images

*Infriguing: non-LCEs UV morphologies are more

clumpy/distorted but emission
symmetric and Gaussian

e Conversely, stronger leakers @
and small in size but they sow

ines are more

‘e more compact
more distortfed

and broader profiles apparently coming from
unresolved regions (i.e. <250 pc)
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FIRST RESULTS

= |nter-percentile range
measurements (e.g. Vellleux+20)

m Qutflow kinematics from
W80=V90-V10,

Vinax = ANY + 2Gbroad

'
—_ p—
—_
~
—_ -
-
- -
—~
-
— '-/
-
- ——
-
re— —
r——

B Asymmetry and shape
parameter (Liu+13) emission

(Ugo _ vmcd) T (vmcd _ UIO) W90

i

K= ——
Wso 1.397 x FWHM

Flux {(ergem

*Infriguing: non-LCEs UV ‘ _
morphologles dare more clumpy/ -~ S0 0 2 0 7 1000 1000 =750
distorted but emission lines are wolorsty (ki)
more symmetric and Gaussian

Velocity (Kmy/'s)

Rodriguez et al. (in prep)
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FIRST RESULTS

Strong LCEs are defined by:
- significance of LyC
detection (o > 5)

Mean-weighted stacking of: : Fesc>5%

Strong leakers
Weak leakers
Non-Leakers

Weak LCEs are defined by:
- significance of LyC

detection (2 < ¢ < 5)
Fesc<5%

Strong LCE
Vieak LCE

Non-LCE

o
-
™
L
.'
n
i_
-
¥

Rodriguez et al. (in prep)

--------
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FIRST RESULTS

* We find a fendency showing
broader gaussian components
at larger Fesc

eSimilar trend is found for FW/ZI

eLarge scatter as in other indirect
diagnostics

-

- -
o) By
- - _ ~ - v‘

-t T g
i F

Rodriguez et al. (in prep)




FIRST RESULTS Rodriguez et al. (in prep)

Broad emission is a manifestation of feedback
effects, which include:

e Radiative feedback
* Mechanical/Adiabatic feedback (MS winds
and SNe)

Irespective the source of feedback our results
show first evidence of the significant role
turbulence and outflows may have in the
escape of LyC photons

Promising results for high-z studies:
Cosmological relevant leakers (Fesc>5-10%) at

low-z show broad emission with ¢ > 200 kms™

Detectable with JWST spectra at z>6
A new indirect diagnostic?




e Complex emission lines are ubiquitous in GPs - highly asymmetric, no single gaussian
e Broad emission is prominent and likely originated in strong stellar feedback.
o Stfrong leakers show more complex and broader profiles than weak or non-leakers
Another indirect diagnostic for reionization studies?
Broad component appears mostly gaussian and often blue-shiffed —unresolved outflow
Broad emission is in all Balmer and CELs of low and high ionization
First steps for a thorough characterization in LCEs
o Similar analysis using IFU is desirable but challenging
s Non-parametric analysis and other functional forms for the broae

Sunset Ln La Serena
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ONGOING WORK: SPATIALLY RESOLVED Har KINEMATICS OF GREEN PEAS

. 44°27'39

A small representative e o _
Sy o sample of local analogs with | FUFev ' "
e 4 HST/COS dato k" o

WM GMOS-s and GMOS-N IFU

bet: reveals complex kinematics | . = _ 3

SDSS DR16
14

26700.600.5 ry 3 00.
9*2¢™00.4 ) P‘;:oa 00 HST/COS

Extremely complex line profiles
require very demanding voxel-
by-voxel modeling

A
" Central voxel
/ | l We use a new versatile code
1) LiMe; developed by ULS postdoc

f‘/ W S G ———— \'i{C| Fernandez
WW | \-’J-\“:‘qw,.vww-'fb#ﬂ;,«xw -,

Work in progress

'| LiMe: A Line Measuring library for the chemical p
and kinematic analysis of the ionized gas . T

Vu' See Vital's talk for details!!
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SPATIALLY RESOLVED Ha KINEMATICS OF GREEN PEAS

Bosch et al. (2019

( ) Single Gauss fit Mid-width Narrow
g"ﬁ w : . . Disturbed
. .....,'\;:..-J. - . .

Q.:_.

:.A » - B .
. aals & s et o]
85/ - e

Multiple kinematic components
rotatione

TARGET:
1083843
Velocity

l/"' ! ;
. / y.
f -y A
/ /
- \\ ‘/

GMQOS FOV 3"x 5" Turbulent .
(z=0.147, 2.5 kpc/arcsec) uroulen Uniform
channelse
Requires high-quality data velocity |
dispersion e

R831 (R=5100 at A~7250)
Nobs=6500-8200A

Oinst = 25 km/s

0.2" pixel size ~ 500pc

High S/N  Texp~3h

Excellent weather |Q20 (aver.
seeing ~0.5"")

JWST will provide similar data for compact EELGs at high-z



BROAD EMISSION IN REIONIZATION ANALOGS AT £Z~2-3

Complex line profiles in bright LAEs in deep X-shooter and MOSFIRE specira

Blue and red-shiffed wings and multiple components in bright LAES
. B/Tot~20-50%
VUDS 5101421970 Matthee+21

SRR (011114959

malized f,

Nor

2 e ——————— - “"’—’—‘T-‘—"_‘-—’Y_‘

~400 —200 0 200 400 -400 —200 0 200 400 + (i
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