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z~2 analogs of primeval galaxies?

Why z ~ 2?

Peak epoch of star formation
Galaxies strongly star forming, may be 
relatively unevolved
Access to nebular emission lines + UV 
High quality spectra possible

What does “low mass” mean?

Low mass continuum selected: ~109 M⦿
Lensed: ~108 M⦿



Erb et al 2010
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Low mass, low metallicity galaxies at z~2

     Z ~ 1/6 Z⦿

General properties:
Strong Lyα emission
Other UV emission lines

C III], O III], He II, C IV
Weak low ionization absorption

Are these properties generic? 
How much do they vary among 
low mass, low metallicity galaxies?



Selecting low metallicity, highly ionized galaxies

Typical metallicities 12+log(O/H) ~ 8.0 (~20% solar)
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Erb et al 2016, ApJ in press
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Most extreme BPT galaxies have strong Lyα emission

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Fl
ux

(µ
Jy

)

Q0100-BX239

0

5

10

15

20
Q0142-BX165

0

2

4

6

8

10

12
Q0207-BX74

0

1

2

3

4

5

6
Q0207-BX87

0

1

2

3

4

5

6 Q0207-BX144

�0.5

�0.4

�0.3

�0.2

�0.1

0.0

0.1

0.2

Fl
ux

(µ
Jy

)

Q0821-BX102

0.1

0.2

0.3

0.4

0.5

0.6 Q0821-BX221

0.0

0.5

1.0

1.5

2.0
Q1217-BX164

0

1

2

3

4 Q1700-BX553

�3 �2 �1 0 1 2 3

Velocity (1000 km s�1)

�0.1

0.0

0.1

0.2

0.3

0.4

0.5 Q1700-BX711

�3 �2 �1 0 1 2 3

Velocity (1000 km s�1)

0.0

0.2

0.4

0.6

0.8

Fl
ux

(µ
Jy

)

Q2206-BM64

�3 �2 �1 0 1 2 3

Velocity (1000 km s�1)

0

5

10

15 Q2343-BX418

�3 �2 �1 0 1 2 3

Velocity (1000 km s�1)

0

2

4

6

8 Q2343-BX460

�3 �2 �1 0 1 2 3

Velocity (1000 km s�1)

0

2

4

6

8

10 Q2343-BX660

See also Ryan Trainor’s talk Erb et al 2016, ApJ in press
arXiv:1605.04919
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80% of extreme 
BPT galaxies are 
LAEs
Mean (median) 
Lyα equivalent 
width 39 (36) Å

Erb et al 2016, ApJ in press
arXiv:1605.04919



Extreme BPT galaxies: composite UV spectrum
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Individual galaxies: a closer look 
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Q2343-BX418
M = 2 x 109 M⦿

SFR = 50 M⦿ yr-1

SSFR = 18 Gyr-1

12 + log(O/H) = 8.08 (Te)
O32 = 9.66

Q2343-BX660
M = 5 x 109 M⦿

SFR = 23 M⦿ yr-1

SSFR = 4 Gyr-1

12 + log(O/H) = 8.13 (Te)
O32 = 10.98

3 arcsec

HST 
WFC3 
F160W

O/H, O32 from Steidel et al 2014

Individual galaxies: a closer look 



Strong UV emission lines
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Erb et al in prep 
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BX418 with VLT XSHOOTER
 R=6200

Archival data, Terlevich et al 2015
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LRIS
600-line grism
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Maximum blueshifted velocities:
 ~1300 km s-1 (BX418), ~600 km s-1 (BX660) Erb et al in prep 
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BX660: much stronger low ionization absorption
Erb et al in prep 

Low ionization absorption lines vary in strength



[OIII] λ5007 Emission Profiles
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BX418 with VLT XSHOOTER
 R=7760

Broad [OIII] emission with FWHM ~ 435 km s-1

Narrow component has FWHM ~ 92 km s-1 (σ = 39 km s-1)

single 
Gaussian fit

double 
Gaussian fit

Erb et al in prep 



[OIII] λ5007 Emission Profiles
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No evidence for broad [OIII] emission
FWHM = 175 km s-1 (σ = 75 km s-1) Erb et al in prep 



BX418 vs BX660: implications

Galaxies with similar metallicities, masses, 
morphologies and extreme emission line 
ratios may have significantly different 
outflow properties and Lyα profiles
Likely due to geometry, covering fraction/
column density of neutral hydrogen
Signatures of most extreme objects: 

High velocity, highly ionized outflow
Weak low ionization absorption: low 
covering fraction of neutral gas
Broad component to nebular emission
Blueshifted Lyα emission
Most likely LyC emitters? La
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A low mass, low metallicity lensed galaxy at z~2
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Rest-frame optical spectrum from 3DHST grism survey (Brammer et al 2012)
Very high EW [OIII] (~2000 Å rest-frame) and Hβ emission (~500 Å)
Very high sSFR ~100 Gyr-1 (~8 Myr to form all stars at current rate)

z = 1.85
M = 9 x 107 M�
12 + log(O/H) = 7.5



Rest-frame UV spectrum

3500 4000 4500 5000 5500

Observed Wavelength (Å)
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Lyα emission

Berg et al in prep
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Å
�

1
)

Strong UV emission lines

Berg et al in prep

C IV
EW = 5.6 Å

He II
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O III]
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Si III]
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Interstellar absorption lines
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0.0

0.5

1.0

1.5

2.0

N
or

m
al

iz
ed

F
lu

x

Berg et al in prep

Interstellar absorption lines relatively weak (EW ~ 0.5 - 1 Å), 
narrow
Weak or no outflows (and ΣSFR = 20 M⦿ yr-1 kpc-1)

intervening
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Kinematics

Lyα peak separation 
290 km s-1

Median low ionization 
Δv = 3 km s-1



Stellar + nebular He II emission

Berg et al in prep
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Weak broad He II emission 
FWHM ~ 1500 km s-1 



Berg et al in prep
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More detailed modeling of 
stellar populations and ionizing 
spectrum in progress...

A low mass, low metallicity lensed galaxy at z~2



Conclusions
Low mass, low metallicity galaxies show consistently 
strong UV emission lines, but Lyα and interstellar 
absorption properties may vary widely
These properties likely most closely tied to LyC escape
More high S/N, high resolution spectra required

Coming soon: 
deep LRIS + X-shooter
spectra of additional galaxies
with extreme optical line 
ratios, strong Lyα and UV 
emission lines
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0
2
4
6
8

10
12
14
16
18

F
lu

x
de

ns
it
y

(µ
Jy

) Q0142-BX165
WLy↵ = 61 Å
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1200 1205 1210 1215 1220 1225 1230

Rest Wavelength (Å)
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