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Introduction

* From the 1960s, many surveys have Haro et al. (1956) . i eviais PMAS/PP
: X
uncovered strongly star-forming \ VN NGC3991

. WF (1 >

galaxies in the nearby Universe

— HII galaxies, BCDs, Green Peas, \
Luminous compact galaxies, Blueberry 3 \\ ; h
galaxies, emission line / Halpha dots, e, \ - et @ PMAS/PPAK (1.3

extreme emission line galaxies (EELGs) 2

NGC3994

Propertles Figura 1. En estas fotografias en tres colores las galaxias w-ﬁuh:_ri'u.\ con los mirm'm,\_f. 2, 3, son NGC ?-‘-"‘H. 3994
y 3995, respectivamente. Cada una aparece (de derecha a i:qmw:h:] en luz ﬂ."h-m-.mh-f;a. ;unf;‘u:zn } azul. A la
; indi p ‘es imdgenes de o ia N? 4 de la Tabla I.
i Adevechn del srabado se indican con una flecha las tres imidgenes de la galaxia !
* Compact morphologies vk Hot srabaile

* Strong emission lines

Zwicky et al. (1966)
* Blue colors wicky et a

* Low metallicities

et

ZW 18

* Different observational approaches 3 §° 5 o =
have been taken 8 $ 3 g 3
— Objective prism, multiband surveys . § ’ 5: l 1 l
(broad and mediumband filters), narrow | i Ha

band surveys, multiobject spectroscopy
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Introduction

* In the past 15 years, the most extreme examples s e e
have been identified a | o
- Green Peas (Cardamone et al. 2009 and hundreds of %o teor ]
follow-up studies) i
~ 100 =
— Blueberry Galaxies (Yang et al. 2017) f o\
- High-z EELGs (Amorin et al. 2015, de Barros et al. = %°F - Ta | l ]
2018, Onodera et al. 2020, Tang et al. 2020) . J LI T
4000 5000 6000 7000 8000 9000
* These samples share some general properties with NSTSISHE S Res)
¢ p'cal gala ies at hgh redshift Green pea galaxy (Cardamone et al. 2009) Blueberries (Yang et al. 2017)
ypi xi i i
SN S S S U S0 U G S SR g il T T T T
- Compact morphology, low metallicity 9 L ] 100 = 3) 3
* Are they truly analogs of galaxies in the epoch of Z8s5 | £ L 10 L ]
reionization? 2 1o & :
+ E 1L g
- A few studies in the past years pointed in that direction & F
(i.e. Izotov et al. 2021) 75 foeoe W mER g 01 L | o Voo e
- The first JWST spectra showed striking similarities 10° 10° 107 |\§|)8 |\1/|09 101210™ 10° 10% 107 10° 109 10'°10"
between the z>7 galaxies and low-z analogs (e.g. Mg M, /Mg
Schaerer et al. 2022) 10 I i
£ 5 23]k s
* Analyzing in detail the properties of enough = 3 L
= 0.6 1
local EELGs can help uncover the nature of = ol
the first galaxies in the history of the = i
-WWWAM A A A
. 0.0
Unlverse 30(')00 35(‘10(] 4(]'.:]00 4-5600
Wavelength (A)
. 0
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Goal and motivation

* Compile a complete sample of EELGs in the local Universe

— To fully understand their statistical properties

- To identify those that are the best analogs of the first galaxies in the
Universe

* For that, we need:

- A very wide survey (DR3: 3000 deg?)

* EELGs are very rare objects in the local Universe
— A relatively deep survey (J-PLUS: 50 20.3 — 21.5 mag)

* At i<17.8, SDSS spec. Survey is complete (and at i<19.5, DESI starts to be competitive)
— Better spectral resolution than broadband surveys

* J-PLUS has 7 narrowband/mediumband filters

and that survey is...
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* JAST80 (80 cm) at Observatorio de
Javalambre (OAdJ, Teruel)

* Wide, multiband photometric survey

— DR2: 2000 deg? (DR3 — 3000 deg?)

- 12 filters (5 broad, 7 narrow-medium)

* Depth: 50 20.3 — 21.75 mag.

* Precursor of J-PAS

- 56 filters 140A wide, 2.5m, 8000deg?

— MinidJ-PAS (1deg?, Bonoli et al. 2020)
* EELGs: Iglesias-Paramo et al. (2022)

— Started observations in 2023!
* Open access: www.j-plus.es

— Images, catalogs, cross-matches

* S-PLUS in the south

[——

- mmm JO378
mm JO395
= J0410

| J0430

enarro et al. 2019

- g
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-/
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http://www.j-plus.es/

2. Detection of extreme emission line

galaxies (KELGs) with J-PLUS
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|OI1I] EELGs sample selection

1. Selecting objects with excess of fluxin 2. Removing contaminants

the J0515 mediumband filter compared ~ Clear separation QSO/Galaxy using
to a neighbouring broadband filter (rSDSS) WISE data (W1 — 3.4 pm)

— Simply selecting excess of flux produces heavily - +-W1 vs. r diagrams

contaminated samples o . .
— Considering spectroscopically confirmed objects:
* Mostly high-z QSOs with emission lines that fall in
* ~90% purity, ~90% completeness

our filters
FLUX PSFCOR f(lambda) o e All candidates
: ! : : : ' o C IV 1549 z~2.3 <t 1 (not detected in W2) +
- | ; | - < Stars
S = Galaxies SDSS spec. class
o QSOs B QSOs
5,000 - : : . - : Q Lya z~3.2 A 7-0.06 galaxies
: : : : ! ' ™ | M N 1 @ z<0.06 galaxies ;
' , ! ' ' v Mg Il 2799 * of .
4,000 : : : : ] : o 2~0.8 I _ 8
A A A B4~ = -
3,000 ' | : ; ' [011115007 ;'!]%908 “o Hire
: ' o z~0.03 . y 220°
mos]  f ot E O F © oo et & 2%
D gt
10 T T o . . Y :
; : } ® W E ; . . ' . S | © With W2 data
i S N B N B 0 1 2 3 4 | ® Without W2 data
3,000 4,000 5000 6,000 7,000 B,000 ©,000 10,000 Z T T f T
- 16 18 20 22
Selected ‘
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SED fitting and sample selection

 SED fitting to extract physical information [OI11] sample
- CIGALE (Boquien et al. 2019) * Very young burst (<=6 Myr)
- Two stellar populations (BC03) with instant bursts * Low-mass galaxies
— Nebular emission (Inoue+2011) ~ Median value log(M./Mo) ~ 8 M (7.5-9)
« Estimate continuum flux to calculate EW * Low dust extinction E(B-V) ~ 0.15
63128007014
- E“ e —— nebular emission
S 3 - stellar cont.
-~ stel+neb cont.
— old pop.
—— young pop.
o~ 4 photometry
ES R fon e
LT:. . W
o W
T —\———’“"’V\/V_V_\/_V—‘\fﬁi_i_’_i_iv

400 600 800 1000
Wavelength (nm)

* 466 galaxies with EW([OIII])>300 A at 0.006<z<0.055

~ 410 of them previously unknown

Lumbreras-Calle et al. 2022
* Largest sample since the release of SDSS spectra arxiv:2112.06938

- ~250 extra galaxies in J-PLUS DR3
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Number density of EELGs

* Number density of EELGs: ~ 1 per 4000 Mpc?

Table 5. Number density of EELGs in this work, and comparison with several literature samples.

Sample Selection N Density Redshift EW limit Mag. Mass limit
method [Mpc 3] range [A] limit*  log (M, /M)
J-PLUS Mediumband 394 (2.45+0.27)-107* 0.016 - 0.048 300 20.0 -
GAMA Spectra 13 (8.77 + 3.40)- 107> ) )
J-PLUS comparison 113 (6.96 + 0.96) - 1073 0.016 - 0.048 300 190
SDSS Spectra 90 (137 +0.23)- 1073 ) )
J-PLUS comparison 16 (0.99 + 0.27) - 1073 0.016 - 0.048 300 17.7
Yang et al. (2017) Broadband 7 (0.56 + 0.22)- 10°° ) . )
J-PLUS comparison 14 ¢ (8.38 +2.39)- 10°° 0.016-0.048 1600 20.0
Cardamone et al. (2009) Broadband 27 (0.020 = 0.004) - 1076 0.18 - 0.32 400 ) 952
J-PLUS comparison 2¢  1(1.240 + 0.890) - 10-% 0.016 - 0.048 '
He dots Narrowband 6 (1.60+ 1.50)- 102 | 0.001 - 0.024 300 20.0 ]
J-PLUS comparison 104 ¢ (0.70 + 0.10)- 1073 0.016 - 0.024 '

Comparable to magnitude-
limited spectroscopic survey

20 — 50 times higher
than broadband surveys

Comparable to narrowband

surveys
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r-i

|OI1I] sample: Comparison with litterature

2.0

-0.5 0.0 05 1.0 1.5

-1.0

® This work, SDSS data
4 Yang+17
B XMPs Kojima+20 EW=>800

| & XMPs literature

Yang+17 limit

SDSS contours
Kojima+20 tracks
log10(O/H)=8 EW1200
log10(O/H)=6.9 EW1200

* More precise selection than
broadband surveys

20 - 50 times more density of

objects than broadband selection
(GPs, blueberries)

* Deeper than wide-field
spectroscopic surveys

* Smaller selection bias

— No direct bias against high Ho/[OIII]
— No preselection
* As efficient in detection as

magnitude limited spectroscopic or
narrowband surveys
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Tma

|OIII] sample: morphologies
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EW[OIII]>300A
Compact
Semi-compact
Extended
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etal. 2016
— 7~0.84
z~1.42
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The narrowband J-PLUS EELG samples

3 filters - 3 redshift slices
[0111]5007 0.006 0.055 ya

emitters O
Ho emitter 0.017

Efficiency

3000 4000 5000 6000 7000 8000 9000 10000 11000
AA)
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Ho z<0.02 selection (J0660)

T oAt cordiosees ‘
* Luis Soliveres’ master thesis (VIU) j p %S;?ss Lo 7777777 ,
* 77 objects with EW(Ho)>200A (DR3) 1 R °°2 : R |
- ~ 50 previously unclassified ? : ‘. - '; :'. '
* Much more numerous spurious detections 2]
— The J0660 covers rest-frame Ho _j_ ] ‘ ‘
- Local HII regions, or even planetary nebula 14 16 18 . & 22 2

Purity 93%, Completeness 73 %

* Lower median ages of the young population (5
Myr) and stellar masses (10°7.6 M)
0.40 1155 I
0:35 “ i 2::::Ei excep‘lc emissionHIines
o0 - b s hoomay
i | ||
é)015 ; l ‘ : i | h k | H }‘ I
0.10 //‘/\JMHHA# ‘LM
0.05 | ‘ 1

200 300 400 500 600 700 800 900 1000
Wavelength [nm]
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Regions of nearby galaxies

cutout_leg_0.07_14816.png cutout_leg_0.27_14816.png

cutout_leg_0.07_22989.png



http://simbad.cds.unistra.fr/simbad/sim-id?Ident=%40447665&Name=NGC%20%204236&submit=submit

Ho z~0.3 selection (J0861)

* 497 objects with EW(Ho)>400A (DR3)

[sp]
= 419 previously unclassified o | . a
* ~90% purity and ~ 80% completeness _ - ‘?7_- Y o
S| 4
* Higher stellar masses (~10° M) @ .
=
* Includes the typical green peas (very large EW([OIII]) high %j'r
[OIIT}/[OI1]) 2., "o QSO apee.
l @ Galaxies z~0.3 spec.
— Also objets with high Ho/[OIII], missing in green peas o | ‘ i S‘Sg‘ b spec
: Galaxies z<0.2 spec
* More compact morphologies (observational effect) but not all! ® Galaxiss 2-0.5 pec

6 17 18 19 20 21 22 23
rsdss

—_—

- 53% Compact, 41% Semi-compact, 6% Extended

62283003043

nebular emission
stellar cont.
stel+neb cont.
old pop.

young pop.
photometry
model cont.
model cont+neb

0.06
|—§.—|

0.04

Flux (mdy)
sk L] |

0.02
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The previous EELG samples

3 filters - 3 redshift slices
[OTIT]5007 0-006 #6705

emitters

Ho emitter 0.017 . 0.34
~500 galaxies

77 galaxies

06 |

05

04 L

Efficiency

03 |

02 |

0.1 L

0.0
3000 4000 5000 6000 7000 8000 9000 10000 11000

MA)
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2023 New sample

Final redshift gap covered With & tip from
[OIII]5007 0.006 0.055 )

emitters O
Ho emitter 0.017

Efficiency

3000 4000 5000 6000 7000 8000 9000 10000 11000
AA)
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New sample selection — iSDSS

1. Very strong emission lines significantly affect ! _— :

the flux also in broadband filters 250 : E E E E E 900 ;

200 I 1 I I I [ 800 .

2. Broadband-only surveys are limited sl 1 H :I . E I : 700 :

- All nearby filters may be contaminated by emission lines 100 L I-|—|- :I . -

I I I I I 500 I

3..J-PLUS can measure accurately strong emission lines 50 Lor o 400 :

using broadband filter: o R 300 :
Col x

We can use a nearby narrowband filter to :

3,000 4,000 5,000 6,000 7,000 8,000 9,00010,000 3,000 4,000 5,000 6,000 7,000 8,000 9,00010,000
estimate the continuum

736 galaxies with EW(Ha)>600A at 0.06<z<0.28 |
' ; i nebular emission
stellar cont.
stel+neb cont.

% —— old pop.
= young pop.
A
|
®

0.04

photometry
model cont.
model cont+neb

— ey vy

Flux (mJy)

0.02

0.00

400 600 800 1000
Wavelength (nm)
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... and beyond: Single band detection!

* Single-band selection

— Objects detected in mediumband due to extreme
emission line

- NOT detected in broadband due to faint continuum

- HOWEVER: There will be always flux in the broadband,
even just due to the emission line, ~ 2 mag fainter

* Challenge: risk of misidentifications

* Preliminary test at the INT
- J0660 detected (20.65 mag),
= rSDSS undetected

- Broadband-selected objects in deep HSC Subaru data
(r=22.22 mag)

* Additional test with WEAVE

(ONIT4959 [O111]5007
) L
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3. Detailed analysis of J-PLUS

EELGs
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Follow-up spectra of the EELGs samples

-
- TC

* Longslit spectroscopy at the 2.5m INT at the
Roque de los Muchachos Observatory (La
Palma)

- IDS: 3500 A - 7000 A, R ~ 400

— Pre-2023: ~50 galaxies observed
* ALL CONFIRMED as low redshift EELGs with strong

emission lines

— 2023: In person observing run in July (~ 10
galaxies)

* Archival spectroscopic data (J0515)

— 80 additional spectra
* 50 from SDSS, 11 from DESI, 18 from LAMOST

* Filler proposal at GTC/OSIRIS proposal:
accepted for 2024

— Targeting fainter galaxies
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Follow-up spectra of the [OIll] sample

* Spectroscopic data analysis

600

— Collaboration in Granada with
Estallidos-IAA

0 200

J

\A

Flux (erg/s/cm?/A* 1e17)

Bl

4000 4500 5000 5500 6000 6500 7000

— Electronic density determined with Wavelength (A)

[SII]6717/[SIIl6731

20000

* Typically close to the low density limit ...
(100 Cm_3) 16000 |

14000

— Metallicity determination with the
direct method

)
+ 12000}

10000

[Olll]: log(L(4363)/L(5007))

150T

* Electron temperature with [OIII]4363 s

and Pyneb "

— Only available for a fraction of INT sources
(~20)
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Mass — metallicity relation

o
O O

~—~~ 00
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S o
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o) 00
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o Perez-Montero+21
N !
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log10(M-/Mg)
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Mass — metallicity relation
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Mass — metallicity relation

1 ¥ JWST lit. 4<z<10 (Nakajima+23)
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Mass — metallicity relation

1 ¥ JWST lit. 4<z<10 (Nakajima+23)
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cEmpirical calibrations?

A

* Difficulty detecting the [OIII]4636 = 003
auroral line in large samples of very high < Sy a8 R $ewiars .
redshift galaxies - - f’ o%. .’,%Mﬁ-ﬁt
ol © o o @(: . - “?'?2"
~ Need for empirical metallicity calibrations o © s : Oon?% o e -0
§ o & R0 3
- Key importance: use of low-z galaxy analogs < " OO
N~ o
o R -
7.00 7.50 8.00 8.50
12+log(O/H)
—~ S|
N © i g . T Jo®
CI'\) 1_ o ° * % 0 s 00 o O&g .QO.
c=D 000 008::) . NE=) 0090%90?,.%’;?900%&55‘%000
2 o 2y b3y S ’ Fitads ke o
~ = e 007 P, 09 O D © ® o J00. Tid P ®
o O °0 00%00 — 4 Pt LI s R RIS
o o Q: MR A = O e 0% <
2. ¢ T o3 o & R A 3
= . S R —
S S RPRLE Y . - B2 °
S * o & T AR T (@]
= . : L=
D o
2o L ‘ . | S L ‘ . . ‘ , ‘
7.00 750 8.00 8.50 7.00 725 750 7.75 8.00 8.25 8.50
12+log1o(O/H) 12+10910(O/H)
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cEmpirical calibrations?

* Difficulty detecting the [OIII]4636

auroral line in large samples of very high :j
redshift galaxies o |

— Need for empirical metallicity calibrations 091

8 JADES

g 4 CEERS
. .81 + ERO
- Key importance: use of low-z galaxy analogs Nakajima et . 2022 High EW [
Nakajima et al. (2022) Low EW
0.7 1 Nakajima et al. (2022)

—— Curti et al. {2017)

—— Maiolino et al. {2008)

—— Bian et al. (2018)

—— Sanders et al, (2023) (High-2)

- Laseter et al. (2023) o8 7o ?2 74 76 : 80 8.2 84

. 7.8
12 + log(O/H)

* Very challenging so far

0.6 1

W JADES
204 4+ CEERS 1.0
+ 4 ERO
+ = Nakajima et al, (2022) High EW
154 —— Naksjima et al. (2022) Low EW
1 Nakajima et al. {2022) 084
- Curti et al. (2017)
(T e Maiolino et al. (2008) =
g 104, _ Bian ctal. (2018) i s # JADES
S . | —— Sanders etal. (2023) (High-2) = 4 CEERS
e = — - 0.64 4 ERO

0.5 - —— Nakajima et al. (2022) High EW

—— Nakajima et al. (2022) Low EW

,,,,,,,,,,,,,,,,,,,,,,,, Nakajima et al, (2022)
004 ! 0.4 Curti et al. (2017)

~—— Maiolino et al. (2008)
"‘-‘,%I;'- —— Bian et al. (2018)
05 . . . . I"‘-‘r = Sanders et al. (2023) (High-2) N
7.00 7.25 7.50 7.75 8.00 8.25 8.50 8.75 0.2 - - - : r r
12 + log(O/H) 7.0 7.6 7.8 8.0 8.2 8.4
12 + log(O/H)
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Other spectroscopic follow-up

* PMAS 3
- 3.5 at CAHA (Almeria) -
- 3700 A-7000 A :

* R~500/~1200

* Only 2 galaxies (pilot project)

(near? future)

* WEAVE spectrograph @WHT
- mini IFUs (P.I. Casiana M-T)

Ny
W Wy,
N My,

* Science Verification proposal
2020 Autemn 2022 Spring 2023 Autumn2023-Spring 20247
* Feedback processis in strongly star-forming galaxies
* 2 fields of J-PLUS EELGs
= 25 - 30 galaxies (within 2 deg? diameter)

Ty
i

* High resolution
- R~20 000

- MOS
* MinidJPAS (~1700 objects)
* Follow-up of 9 EELGs from Iglesias-Paramo et al. 2022
* Intense line emitters (85)

* Single-band detection candidates (329)
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4. Additional studies on EELGs
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of EELGs

Morphological analysis

* Jorge Porron (Unizar) Master Thesis

* Identify star-forming clumps in extended EELGs using GNUastro

(Akhlaghi & Ichikawa (2015)

* The narrowband filter in J-PLUS is just as good (even better) than

deeper, higher resolution broadband data identifying clumps

- We select only SF clumps
* 90 EELGs, 140 clumps (14 galaxies with 0)

* The farther from the center of the galaxy, the smaller/less massive the
clump (consistent with Hinojosa-Goiii et al. 2015 and others)

.
.
= 91 L] -
E ‘ ™ o To .
E *e [ .'h - ® . ... *
2 LETR) o‘ . o .
E 81 .l. . "'.-.o
= . . . M ...:n
Eﬁ' " L ] Sag .“ ™
=1 . .o A
E L : . . d
= 74 we . * .
. of
= » . . ®
5] . :
] . Uy ... L]
2 6 . e s * @
% . . - ]
= ‘e * .
.
.
5 .
.
T T T T T
-15 -1.0 —-0.5 0.0 0.5

Distancia al centro (half sum_radius)(logl10)

Legacy image

25
50
75
100
125
150

175

0 50 100 150

Noisechisel image in JPLUS filter JO515

80
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Raw image in Legacy filter R

Raw image in JPLUS filter J0515

80
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0 20 40 60 80

Segment image in JPLUS filter JO515

80
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0
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Segment image in Legacy filter R
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* Do EELGs produce more X-ray

binaries than expected?

- Predicted larger binary production in low-

metallicity SF

log(L,) ergs st

- X-ray detections in just a couple of EELGs

* In some cases unresolved (AGN?)

* Accepted Chandra observations

— PI J. Irwin (U. of Alabama)

— Targeting 7 J-PLUS EELGs, 156 ksec
— First observations in April 2024

X-Ray (Chandra)

d
-
o0 LA
42 [~ MGreen Peas fro i

r ‘Green Peas fro:

I ®Creen Peas from [23]

I Aogur J-PLUS sample

39 | I 1 I I | I 1 I I | I I 1

log(SFR) — 0.59*(12 + log(0/H) — 8.69)

L

2 arcsec

—
0.594 kpc / arcsec -
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Chandra and HST observations

* Joint HST observations accepted
for 2024/2025

- High resolution imaging

* Unveal the structure of the

interstellar medium

- 7 galaxies — 7 orbits

— UV, near-IR and Ho filters

Keel et al. (2022) z~0.2 Green Peas

Elmegreen et al. (2016)

2
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Radio emission: HI gas

* How are these starbursts being fueled?

Why are they so extreme?

- Key observable: HI gas, the “fuel” for star-
formation

* 90 J-PLUS EELGs (z<0.06) with HI
detections
- 17 in ALFALFA

- 73 additional in FASHI (Zhang et al. 2023)
with the FAST 500 m radiotelescope

* Preliminary cross-match (60”)

* Preliminary result
— Steep and clear correlation between gas-
to-stellar mass ratio and sSFR

* The more gas you have available, the more
extreme you burst is?

log10(Myy/M:)

e ;)

J-PLUS/ALFALFA
J-PLUS/FASHI
EPM+21/FASHI

-10.0 95 -90 -85 -80 -75 -7.0

log10(sSFR) [logo(yr )]
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J-PAS

* Observations for the full survey started in
spring 2023

* Within the collaboration, we already have a
interim data release
- 6.7 deg? released with data on all filters
- ~30 deg? have been observed with all filters

— In the coming months we will have internal data
releases with wider area
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J-PAS — Initial EELG results

* 7~0.3 extreme Ho emitter in J-PLUS (J0861)
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J-PAS — Initial EELG results

* 7~0.3 extreme Ho emitter in J-PLUS (J0861)
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J-PAS — Initial EELG results

* 7~0.14 extreme Hoo emitter in J-PLUS (iSDSS)
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J-PAS — Initial EELG results

* 7~0.14 extreme Hoo emitter in J-PLUS (iSDSS)
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J-PAS — Initial EELG results

7~0.036 extreme [OIII] emitter in J-PLUS
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J-PAS — Initial EELG results

7~0.036 extreme [OIII] emitter in J-PLUS
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Summary and Conclusions

* Compiled four large, complete samples of extreme emission line galaxies at z<0.35 using J-PLUS

of more than 1000 sources

— [OIII] emitters (J0515), Ho emitters (J0660, JO861, iSDSS filters)
« EW>300/200/400/600 A
— Most previously unclassified as EELGs

- Very efficient, unbiased selection of EELGs
- High purity (>90%), high completeness (>90%)

* SED fitting reveals very young, low mass galaxies with little dust extinction

* Follow-up spectroscopy

- INT: 40 [OIII] +20 Ha emitters observed, all confirmed

* Low density, low metallicities
* Stellar masses and metallicities in a “gap” between Blueberry galaxies and Green Peas

* Comparable with JWST z>4 galaxies

* Future:

— Publish spectrocopy paper + Hx selections
- More data! GTC spectra, WEAVE IFU+MOS, HST, Chandra, HI... and J-PAS!

A&A Lumbreras-Calle et al. 2022 arxiv:2112.06938
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