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GREEN PEAS: LOCAL ANALOGS OF REIONIZATION GALAXIES

Starbursting dwarf galaxies at 0.11<z<0.36 (a.k.a. Extreme emission-line galaxies)

Selected by compactness and high emission-line EWs
(Cardamone+09; Amorin+10,12,14,15; Jaskot & Oey 13; Henry+15;
Yang+17,18)

GP004054 10m GTC-OSIRIS (1h) ™ 40 LIGHT fraction 3
long slit R1000 | S35 3
» . . » » STARLIGHT & PEGASE-2
POPSTAR & BCO3 SSPs
NEBULAR CONTINUUM INCLUDED
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e Massive star formation and feedback aft low

metallicity , ,
’Ph)/SiCO/ mechanisms fOVOI’iﬂQ the Amorin et al. 2012a, Fernandez et al. 2021
production and escape of ionizing photons GPs are rapidly forming between 4-30% of their

total mass (~107 Myg)) IN an infense starburst
Under similar conditions to high-z galaxies!! | sl | | ,



GREEN PEAS: LOCAL ANALOGS OF REIONIZATION GALAXIES

Starbursting dwarf galaxies at 0.11<z<0.36 (a.k.a. Extreme emission-line galaxies)
Selected by compactness and high emission-line EWs

(Cardamone+09; Amorin+10,12,14,15; Jaskot & Oey 13; Henry+15;
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How LyC escape from galaxies? ) s
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. ' e . . What physical properties and

Flux (10" erg s' cm

mechanisms favor Lyman

photon production and escape?
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e Massive star formation and feedback at low
meftallicity st rame wavelengi 4

-PhySIcol.mechomsms fovor/.ng.fhe Most GPs at z~0.3-0.4 observed so far with HST/COS
production and escape of ionizing photons show strong Lya and LyC emission with Fesc ~ 5-75%
Under similar conditions to high-z galaxies!! lzotov+16,18,21; Verhamme+Io,; schaerer+l/

| MJ.LIIL. .
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lonizing photon escape: Simulations and models

Strong stellar feedback leading to winds/outflows from massive stars and
SNe are responsible for clearing channels in the ISM from which ionizing
photons can escape

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

z = 5.186 . " w¥ - ) -_.: a _l,;_:d._l.;;'..g'_...._-St.ars".?»—lO Myrsbld,

Simple models: Nakajima & Ouchi 13, Zackrisson+13;
Jaskot & Oey 13, Ramambason+20
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0.25 0.50 0.75 . : 0.1 0.2 0.3 0.4
Stellar Age [Myr] Individual-star fesc

Scenario (1) Scenario (2)

Density-bounded Density-bounded
channels/filaments galaxy

Best-fit to observed
line ratios for low LyC leakage

Galaxies are far more complex than single HIl regions

» 01 02 03 Picket fence models with holes, channels, flaments...
Stellar Age [Myr] Individual-star fesc




GPs HAVE COMPLEX GAS KINEMATICS

HST/ACS F150LP (unsharped) .
HST/ACS FS06W (contours) a + [NIl] profiles

SDSS J1439

Amorin et al. (2012b)

High S/N, high-res (R~2000) WHT/ISIS spectra

¥ > [NII] 6584
[NII] 6584

zp [INII] 6548

Av~50-500 km/s and oint =40-120 km/s

8380 8400 7960 o
Wavelength (A)

SDSS 11540

Turbulent ISM in thick/clumpy disks? SEYC g
Coalescence/accretion of SF clumps? Minor .. - P |
mergerse

Oint =100-250 km/s FWIZI| ~ 650-1750 km/s
Lha~1041-1042 erg/s (up to 40% of the total Ha)

Signature of outflows: strong winds and SNe
Fast shockse Turbulent mixing layerse

i [NII] 6548
[NIT] 6548

8500 8500
Wavelength (A) Wavelength ( A )




GPs HAVE COMPLEX GAS KINEMATICS

Hogarth et al. (2020, incl.RA)
High S/N, high-res (R~2000) WHT/ISIS spectra

71 |OIT} A5007

- Blue-shifted broad optical emission
- Oint ~240 km/s
- FWIZI~1500 km/s
- Av~-65km/s Consistent kinematics for all lines!

A6717 + |SII| A6731

J1429+0643 ¢

J1429+0643: a LyC iy ) il oo /\
leaking candidate e aon P w
(Alexandroff+2015) : /] /
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IMPACT ON EMISSION LINE DIAGNOSTICS

e E— ) _ i _ _ __

Broad emission show slightly lower excitation/ | Broad is 2-3 fimes denser (~500 cm-3) and it has
lonization j | 20% lower Te than narrower components
| | : —

/

3-comp model /

Narrow

Broad
Composite

. : . —0.5 0.0 X ) —1.5 —1. —0.5
INII] (A 6583) [SIT](AX 6716,6731) [OI](A 6300)
Hao 0g Ha 0g Ha

Hogarth+20



EVIDENCE OF OUTFLOWS IN GPs

—1000

UV and opftical kinematics

—500 (:)
Av) (km s™1)

Hogarth et al. (2020)

500

Si I1] A1260
CII] 1334
Si I11] A1206
Si II] A1190
SiI1) A1193
Ha narrows

Ha broad
Lya
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Comparison HST/COS high-res UV
and ISIS optical spectro

- UV Interstellar abs. lines trace lower-
density gas

(Heckman & Borthakur+15,Chisholm+15)
- Viax~660 km/s

- Opftical emission lines may frace
denser gas

Assuming a simple model:

vou’r~550 km/s
N~0.25-0.7 ; Vout/Vesc~9.5
=2 some gas could escape
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E M ‘TT E RS AT Z ~O . 3 The Low-redshift Lyman Continuum Slg;'lel{tcls New, Diverse Local Lyman Continuum
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i LO I’ge HST/C OS PI’OQI’Om (] 60 OI’bITS, Pl A JOSKOT) Harry Tcplitz"'_* , Trinh Thuan®*, Maxime Trebitsch™ ¢, Eros Vanzella®® ", Anne Verhamme®'", and Xinfeng Xu’

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) ATRCERTE B2 o B < S B By e e

High [O 111]/[O II] Blue UV Color 8

Sample selection

"y

v Flury et al. 2022a . ilwl vl a!|® | ¢! %% | %

LzLCS sample imaged by HST/COS
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WHAT PROPERTIES FAVOR LYMAN ®
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* Probe key LyC indicators which are testable with JWST at z>6

-9
16

* Diverse sample help to discriminate ditferent diagnostics,
provide statistics and study scaling relations+scatter

 Combine with state-of-the-art models and simulations zotov+18 SaldaRa-Lépez+22
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5.186 x 107°
8.687 x 106
3.103 x 1074

0.343 1.942 x 106
0.234 1.141 x 1073
—0.422 2.033 x 1073
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log19 O31
10510 O I]/HB

0.039
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—0.013

0.157
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0.029
2.966 x 104
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0.000
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log1g XssFR,HB
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0.334
0.128
6.320 x 107°
9.484 x 1073
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0.043
0.208
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0.394
0.000
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0.012
1.859 x 1076
3.420 x 1073




Linking Ionized gas kinematics with Lyman photon escape

Main questions

 What can we learn from the emission-line kinematics of LyC emitters?
* |s ionized gas kinematics causally connected to Lya and LyC escape?
 Can we use emission line kinematics to constrain models/simulations?

* Could ionized gas kinematics be an additional indirect diagnostic for LyC
emission?



Linking Ionized gas kinematics with Lyman photon escape

Our main goals

* |onized gas kinematics characterization from emission line profiles
* High-resolution deep optical spectra (long-slit and |FU)
* Representative sample of LyC emitters and non-emitters at low-z

* Detection of high-velocity gas flows and characterize their properties
(energetics, density, temperature, ionization and other diagnostics..)



Sample and data

o Sample: Subsample of 17 GPs from LzLCS (Flury+22) + 5
GPs from lzotov+16,18.
In total: 4 non-LCEs; 11 weak and 7 strong LCEs

e Data: Long-slit spectra from VLT/XShooter (R~8800) and gpem— T
WHT/ISIS (R~2000) ~1-3h on-source (allows continuum -,
detection)

e Methodology: Multi-component Gaussian fitfing inspired
in our previous work (Amorin+12, Bosch+19; Hogarth+20)

. p i
wumw Sl




Methods

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

We use a new versatile code LiMe; developed
by Vital Ferndndez. (Ferndndez et al. 2023)

E LiMe measurements

A Line Measurin 9 ibrary for astrononical spectra Doeumentation g w
Continuum level

o o o . , Line fluxes : . Amplitude Line Fluxes
LiMe: A Line Measuring library for the chemical | e Continuum gradient | Eqw | Profile center ~ Radial velocity
Peak wavelength Continuum intercept Profile sigma Velocity dispersion
Line redshift Continuum noise FWHM

and kinematic analysis of the ionized gas . . Veloxity pescenties

| —— Observed spectrum: 6563AH]

—
o
w

: Gaussian fit

] === H1_6563A_cont_
H1 6563A_

: H1 6563A wl_
] ==- H1_6563A w2_
] ——- N2_6584A_

| ==- N2_6584A wil_

e N

Transition ion Transition wavelength | S/N line AIC
Transition label latex blended /merged group S/N continuum BIC

mask (rest frame) 2 i S e e
Y observations (errors)
N2_6584A w2_

=) | .
5 _ ) ) “ﬂdﬁﬂﬂ]ﬂﬁ,ﬂﬁﬁvwfﬁ,% | X comments (user)
| ——- N2.6548A_
N2 6548A_wl_ lentit \ Diagnos’(y

- N2_6548A_w2_

7650 7700 7750 7800 7850
Wavelength (A) e The measurements physical/mathematical description can be found in the online documentation 24

[
o
N
|
|
|

—
o
—

Flux (ergcm~2s~ A1)

github.com/Vital-Fernandez/lime

Direct method e Direct method + photoionization grids | Chemical + kinematics |
space Sampling space Sampling space sampling

https.//lime-stable.readthedocs.i0/ | ————, Fernandez et al (2019) Fernandez et al (2021)




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

= Qutflow kinematics
Wgo=V90-V10 V,,,, = Av + 20broad

= Asymmetry and shape
parameter (Liu+13) emission

(V90 — Vmed) — (Vmed — V10) Woo

K

Wso 1.397 x FWHM

Non-parametric analysis

A few example

=500

=500

—250 0 250
Velocity (Km/s)

—250 0 250
Velocity (Km/s)

s of observ

5007A [OI11]

Urth

wsp = — 218.9 Km /s
FWZI=1256.6 Km/s
Umned = 02.1 Km /s

i‘,-, !!"‘

5007A [OI11]

Unth

wgp = — 205.6 Km/s
FWZI=1314.6 Km/s
Umned = (1.0 Km /s

l‘J'l ,__,'J‘-

ed [OIll}5007 profiles from strong LCEs

) /L X1U *

s "A

Flux (ergcm

L

—750

[
—— 5007A[OI11]

Unth

wgo = — 241.7TKm /s
FWZI =982.0 Km/s
Umed = — 4.4 Km/s

FJ" '.l}v‘

—200 200

5007A [OI11]

Unth

wgp = — 2184 Km/s
FWZI=13734Km/s
Umned = — 12.0 Km /s

l‘,’l l,l}n'

—500 —250 0
Velocity (Km/s)

Rodriguez et al. (in prep)
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Full kinematic modelling of bright and faint lines

First clear evidence for broad emission heavy line
wings in strong LCEs, which contribute ~20-50% of
the total line flux

IMPORTANT: Bright Balmer AND CELs show similar
kinematics! No AGN behavior (see Hogarth+20)

Evidence of ionized gas outflows in LyC leakers

(b) J0925+1403

fre(LyC) ~7% Rodriguez et al, in prep WHT/ISIS data

B T T S —

- ——

1578 1580 1582 1584 1586
observe d wave length [A]

(a) J1152+3400 |- .
fesc(LYC) ~13% E 0.6 4

'a 8 VU
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observe d wave length [A]



Evidence of ionized gas outflows in LyC leakers
Izotov+16 sample

[OIII]5007

* All emission components are
photoionized by massive stars but
broad emission show larger [NIl]/Ha

» Broad emission in SLCEs is highly
excited and fainter in [Sll]/Ha and
% Weak.LCE [Ol]/Ha, as expected from density-
% Strong-LCE l bounded regime (cf. Wang et al.,
—2 -1 2021; Ramambason et al., 2020)
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log([O1II15007A/HB)
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2 components avkms?) 3 components
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Evidence of ionized gas outflows in LyC leakers

LzLCS Flury+22 subsample e 1O

|
T .

* All emission components are
photoionized by massive stars but
broad emission show larger [NIl]/Ha

A/HB)

* Broad emission in WLCEs and

ook L cE NLCEs appear larger in [Sll}/Ha and

Non-LCE [Ol}/Ha, in contrast to SLCEs which
0 ' also show higher excitation

M~
(-]
-
f @)
@)
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Normalized Flux

log([Ol1115007A/HB)

\
\
\
\
|
1
|
i

) B o 500 ~500 0 500

log(([SI116717A + [S1116731A)/Ha) log([0116300A/Ha) 2 components Av,(km s71) 3 components




Evidence of ionized gas outflows in LyC leakers
LzLCS Flury+22 subsample

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

» Broad emission tend to be blue-shifted in strong leakers:
Classic signpost of unresolved outflows

- Most LCEs appear in nearly face-on configuration in UV
images

<
=
(W
e
)
N
©
&
—
o
=

* Intriguing: the few non-LCEs show more clumpy/distorted
UV morphologies but emission lines are more symmetric
and less extended

- Conversely, stronger leakers are more compact and small
In size but they show more distorted and broader profiles

apparently coming from unresolved regions (i.e. <250 pc)
0 500 0

2 components a.ums) 3 components




What is the nature of the line components?

L-sigma relation (Terlevich & Melnick 1981, Terlevich+2015)

High-z HIl Galaxies

Local HIl Galaxies I AGNS

Giant HIl Regions

. Profile Component Il. Stellar feedback (winds + radiation)

Wing Component

lll. Expansion of SNe remnants
IV. SNe-driven superbubble blow-up
V. Turbulent mixing layers

Traces virial motions through the ,
gravitational potential of a star-forming (See Amorin+12b, Hogarth+20)
galaxy or giants star-forming regions



What is the nature of the line components?

L-sigma relation (Terlevich & Melnick 1981)
] * Narrow components follow the relation for local HIl
regions/galaxies and high-z HIl galaxies (Terlevich+15).
No additional input needed to describe virial motions.

* Broad components show velocity dispersion higher
than those expected for its luminosity. Additional
broadening mechanism is required to contribute to
the gas turbulence

High-z HIl Galaxies

Local HIl Galaxies I AGNS

Giant Hll Regions

- Profile Component Il. |Stellar feedback (winds + radiation)
Wing Component -
lll. Expansion of SNe remnants
IV. SNe-driven superbubble blow-up
V. Turbulent mixing layers

104

Oint,Hp (km s71)

Traces virial motions through the ,
gravitational potential of a star-forming (See Amorin+12b, Hogarth+20)

galaxy or giants star-forming regions



Does broad emission scale with LyC detection?

The significance of LyC
detection appears strongly
correlated with the extent of
of emission line wings
Kendall-7 (Akritas & Siebert 1996)

7. strength of the correlation . significance of LyC

detection > 56 and f,,.>5%

€

» p: probability of no correlation

significance

Weak LCEs: significance of LyC
detection ~20 — Soand f, . <5%

(AYS

Significant correlation (20):
7] > 0.261,p < 2.275x 1072

Non-emitter: significance of LyC

Weak correlation (10): detection <20

7] > 0.162, p < 1.587 x 107!

150 200 250
Oint. Ha Broad (km s=1)

Oint. Hox—Broad Tint .[()ll l] — Broad

T p T p SIGNIFICANT
CORRELATION!

significance  0.60572Y%2 1907 x 10™* 04377020 7.084 x 107

— .07 —0.108




Escape fraction vs. outflow velocity traced by broad emission

—
o
s

[OII]5007

FaLyc/Fa1100

- Stronger LCEs show broader wings

—> larger f,... g sl

Non-LCE - median
Weak LCE - median
’ Strong LCE - median

» Large scatter as in other indirect
. . 200 300
dlagnOStICS (Cf Flury+22b) Oint, (o] Broad (km s=1) Oint, (o) Broad (km s=1) Oint, (o) Broad (km s=1)

Kendall-tau analysis indicates
significant correlation between intrinsic
velocity dispersion of the broader

component and f,_.

Halpha

FaLyc/Fa1100

100 200 300 200 300
Oint. Ha Broad (km s=1) Oint. Ha Broad (km s—1) Oint. Ha Broad (km s=1)

Fxzye/ Fiioo 4O (HP) LvCov) STRONG
T p T p 1 p > CORRELATIONS!

Tint,Ha—Broad 045870151 4.763 x 107% 0.4267('12; 8.589 x 107° 0.4327012; 7.804 x 10
Oint.[OII—Broad 0-36310 058 2.518 x 102 0.247+97%° 1.273 x 10~ 0.3161375; 5.158 x 102




SLCEs show larger asymmetries in emission-line profiles
1071 4
g : 111 L *(L:’A.
N [ ® ™ All GPs show deviations from gaussianity ( K#1, |A|z0)
4 .:Ll')[j]
LE;‘ 10-2 - ' - T :
O Weak LCE - ; W §
B Strong LCE ] v ] (T" . . . .
Y gtz | 1Y ; [ SLCEs with larger fesc have more extended emission-line
-3 '\'i:aakLEE-n-wec;an -3 -3 . . . .
1077 & Strong LCE - median 1077 3 107y Y wings. Full-width zero intensity (FWZIl and W95 > 1000 km/s)
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Broad emission vs other indirect tracers

Physical properties
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Broad emission vs other indirect tracers

Lya properties
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SDSS Temperatures
(Flury et al., 2022a)

[SITANG7 17,673 1A Monte Carlo
fluxes Simulation

Ongoing work

Nebular properties Density Pyneb

Distributi Atomic database
LU ool (Luridiana et al., 2015)

Lya shapes
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SPATIALLY RESOLVED Ha KINEMATICS OF GREEN PEAS

Bosch et al. (2019)

Multiple kinematic components
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SPATIALLY RESOLVED Ha KINEMATICS OF GREEN PEAS
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Complex line profiles and broad emission in

bright z~3 LAEs in deep X-shooter and

MOSFIRE spectra
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BROAD EMISSION IN REIONIZATION ANALOGS AT Z~1-3

Blue and red-shifted wings and multiple
components in bright LAEs (B/Tot~20-50%)

Maitthee+2021
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FUTURE AVENUES OF EXPLORATION =S

Ha Broad comp.
[NI1]6548,6583A
-~ Spectral LSF

Broad emission in high-z galaxies and confirmed LCEs at z~3
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Now possible for strongly magnified systems and with JWST/NIRSpec
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Conclusions...

* (Green pea galaxies have very complex ionized gas kinematics. Single gaussian fitting is insufficient so far,
multicomponent or non-parametric analysis required

 Narrow (o; >100-250 km/s). Broad/Total can be as large as ~40% in strong

leakers

~25-100km/s) + Broad (o;

nt nt

* Clear evidence of ubiquitous broad emission in LCEs. SF-driven feedback — Outflow

* |onized outflow (broad emission) in LCEs traces higher density gas likely coming from the youngest
compact SF clump. Blue-shifted broad emission seem to prefer nearly face-on configuration

* Line ratios consistent with highly photoionized gas, no need of more extreme sources (e.g.AGN)

« Strong LCEs show more extended and heavy (B/Tot) wings (larger Vout) than non-leaking SFGs.

Evidence of a correlation between o, ( x v, ) with f, .

 We propose this as a new, complementary indirect diagnostic for LCE at higher redshift

* Deep high-dispersion spectra with JWST could be a powerful tool for exploring the connection between
kinematics and Lyman escape at z>1



And more questions for discussion...

* |s the broad emission mostly driven by radiative feedback or SNe? Both?

 What is the localized origin of the broad emission in LCE and non-LCEs? Line-of-sight/
geometric effects?

* |s the broad emission a galactic outflow in NLCEs and a more localized effect in SLCEs?

 What are the associated resolved properties of the broad emission? (ionization,
extinction, metallicity...) Requires deep high-res IFU data

 What is the localized origin of the broad emission in LCE and non-LCEs? Is it the
same place from where the LyC photons come from? —> Sunburst LCE say yes

 Can we connect the ionized gas kinematics with the Lya shapes we observe in LCEs?






