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faint	galaxies	are	the	key?	
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Figure 1. Comparison between the halo mass function offset by a factor of 0.05
(dashed line), the observed galaxy mass function (symbols), our model without
scatter (solid line), and our model including scatter (dotted line).We see that
the halo and the galaxy mass functions are different shapes, implying that the
stellar-to-halo mass ratio m/M is not constant. Our four-parameter model for
the halo mass dependent stellar-to-halo mass ratio is in very good agreement
with the observations (both including and neglecting scatter).

3.2. Constraining the Free Parameters

Having set up the model, we now need to constrain the four
free parameters M1, (m/M)0, β, and γ . To do this, we populate
the halos in the simulation with galaxies. The stellar masses of
the galaxies depend on the mass of the halo and are derived
according to our prescription (Equation (2)). The positions
of the galaxies are given by the halo positions in the N-body
simulation.

Once the simulation box is filled with galaxies, it is straight-
forward to compute the SMF Φmod(m). As we want to fit this
model mass function to the observed mass function Φobs(m)
by Panter et al. (2007), we choose the same stellar mass range
(108.5 M⊙–1011.85 M⊙) and the same bin size. The observed
SMF was derived using spectra from the Sloan Digital Sky
Survey Data Release 3 (SDSS DR3); see Panter et al. (2004) for
a description of the method.

Furthermore, it is possible to determine the stellar mass
dependent clustering of galaxies. For this, we compute projected
galaxy CFs wp,mod(rp,mi) in several stellar mass bins which we
choose to be the same as in the observed projected galaxy CFs of
Li et al. (2006). These were derived using a sample of galaxies
from the SDSS DR2 with stellar masses estimated from spectra
by Kauffmann et al. (2003).

We first calculate the real space CF ξ (r). In a simulation, this
can be done by simply counting pairs in distance bins:

ξ (ri) = dd(ri)
Np(ri)

− 1, (3)

where dd(ri) is the number of pairs counted in a distance bin
and Np(ri) = 2πN2r2

i ∆ri/L
3
box, where N is the total number of

galaxies in the box. The projected CF wp(rp) can be derived
by integrating the real space correlation function ξ (r) along the

line of sight:
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(4)
where the comoving distance (r) has been decomposed into
components parallel (r||) and perpendicular (rp) to the line
of sight. The integration is truncated at 45 Mpc. Due to the
finite size of the simulation box (Lbox = 100 Mpc), the
model correlation function is not reliable beyond scales of
r ∼ 0.1Lbox ∼ 10 Mpc.

In order to fit the model to the observations, we use Powell’s
directions set method in multidimensions (e.g., Press et al. 1992)
to find the values of M1, (m/M)0, β, and γ that minimize either

χ2
r = χ2

r (Φ) = χ2(Φ)
NΦ

(mass function fit) or

χ2
r = χ2

r (Φ) + χ2
r (wp) = χ2(Φ)

NΦ
+

χ2(wp)
Nr Nm

(mass function and projected CF fit) with NΦ and Nr the number
of data points for the SMF and projected CFs, respectively, and
Nm the number of mass bins for the projected CFs.

In this context, χ2(Φ) and χ2(wp) are defined as follows:

χ2(Φ) =
NΦ∑

i=1

[
Φmod(mi) − Φobs(mi)

σΦobs(mi )

]2

,

χ2(wp) =
Nm∑

i=1

Nr∑

j=1

[
wp,mod(rp,j , mi) − wp,obs(rp,j , mi)

σwp,obs(rp,j ,mi )

]2

,

with σΦobs and σwp,obs the errors for the SMF and projected CFs,
respectively. Note that for the simultaneous fit, by adding the
reduced χ2

r , we give the same weight to both data sets.

3.3. Estimation of Parameter Errors

In order to obtain estimates of the errors on the parameters,
we need their probability distribution prob(A|I ), where A is the
parameter under consideration and I is the given background
information. The most likely value of A is then given by:
Abest = max(prob(A|I )).

As we have to assume that all our parameters are coupled, we
can only compute the probability for a given set of parameters.
This probability is given by:

prob(M1, (m/M)0,β, γ |I ) ∝ exp(−χ2).

In a system with four free parameters A,B,C, and D one can
calculate the probability distribution of one parameter (e.g., A)
if the probability distribution for the set of parameters is known,
using marginalization:

prob(A|I ) =
∫ ∞

−∞
prob(A,B|I )dB

=
∫ ∞

−∞
prob(A,B,C,D|I )dBdCdD.

Once the probability distribution for a parameter is deter-
mined, one can assign errors based on the confidence intervals.
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How	does…	
stellar	feedback	
star	formation	
photon	escape	

…vary	across	the	GLF?	



z=2-6	dwarfs	are	(mostly)	LAEs	

~80%	of	SF	galaxies	with	M*	~	108	-	109	M¤	show	strong	
Lyα	emission	(vs.	50%	at	M*	~	1010	M¤)	
See	also	Shapley+03,	Stark+14…	
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Figure 4. Low- (blue), medium- (green) and high-mass (red)
posteriors for exponential parameters A and W0. The 3 contours
for each subsample represent 1�, 2�, and 3� confidence levels. The
shaded region shows Stark et al. 2010 results on z ⇠ 4 LBGs.

5. SUMMARY AND DISCUSSION

Using 3D-HST outputs, we design a 3 < z < 4.6 sample
of 629 galaxies in the range 7.6 < logM⇤/M� < 10.6. We
conduct a spectroscopic survey of the 629 galaxies using
M2FS, allowing us to measure Ly↵ fluxes. We measure
the Ly↵ EW distribution for 3 di↵erent M⇤ subsamples
and model it using a Bayesian framework. We confirm
an anti-correlation between M⇤ and prominence of Ly↵
emission in galaxies, obtaining quantitative relations for
the distribution parameters as a function of M⇤. These
relations are best reproduced by a low-mass population
showing mostly emission and a high-mass counterpart
where about half shows no emission/absorption.
Using z ⇠ 4 LBGs, Stark et al. 2010 find a ⇠ 10%

fraction of LAEs (EW > 75Å). At z ⇠ 4, their sample
MUV translates to 108�1010.5M� (González et al. 2014).
We simulate their selection in our data and find an M⇤
distribution dominated by 108 � 1010M� objects. Thus,
Figure 4 hints that Stark et al. 2010 results on the higher
end of the EW distribution are dominated by 108 �
109M� galaxies. Using a narrowband sample, Zheng
et al. 2014 recover the z ⇠ 4.5 LAEs EW distribution.
They find a best-fit W0 = 50± 11 for EW< 400Å, but a
much higher W0 = 167+44

�19 from simulations. Our results
suggest that their composite EW distribution is a result
of the broad M⇤ range induced by narrowband surveys.
We measure a median �z = zLy↵ � zEAZY = 0.24.

This o↵set apparently anti-correlates with M⇤, i.e.,
correlates with EW (Figure 2). Therefore, we attribute
this feature to Ly↵ line e↵ects on EAZY fitting and
will address it in future papers. Given �z and the
median �EAZY = 0.1, we avoid any detailed analysis
involving the broad redshift distribution of the sample.
Nevertheless, the trends we recover are also observed
when dividing the sample in two zEAZY bins (Figure 5).
While the methodology we present provides a Bayesian

approach to deal with high-redshift Ly↵ emission
statistics, the results allow for comparison between
surveys with di↵erent mass sensitivity limits. These
insights are essential for using Ly↵ statistics at di↵erent
redshifts under the same scheme, allowing for proper
interpretation of Ly↵ pre and post- reionization. In
addition, the trends we recover also provide constraints
for simulations, especially those devoted to statistically
studying Ly↵ emission in the galaxy population (e.g.
Zheng et al. 2010; Barnes et al. 2011).

Figure 5. Exponential parameters A (top) and W0 (bottom) as
a function of bin median M⇤ for the complete sample (circles),
3 < zEAZY < 3.65 (triangles) and 3.65 < zEAZY < 4.6 (squares).
The solid lines correspond to equations (9) and (10).
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Keck	Baryonic	Structure	Survey	
•  KBSS	includes	1000+	LBGs	in	QSO	]ields	at	z	≈	2-3	

–  L	≈	L*	galaxies,	log	M*	≈	9.5–11.5,	MUV	≈	20.5	
–  e.g.,	talks	by	Steidel,	Strom	

•  KBSS-Lyα	includes	~1000	LAEs,	318	with	spectra	
–  L	≈	0.1	L*	galaxies,	log	M*	≈	8–9,	MUV	≈	18	
–  Trainor+2013,	2015	

7	

KBSS

KBSS-Lyα
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KBSS-Lyα	LAE	sample	(z	~	2	–	3)	
•  1000	photometric	LAEs	
•  318	rest-UV	spectra	
•  55	rest-optical	spectra	
(and	counting…)		
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Stacked	Keck	photometry	
RFT+2016b,	in	prep.	

M*	=	1	x	108	M¤ 
SFR	=	1.5	M¤/yr	
AV	=	0.2	

Stellar	Masses	≈	108	–	109	M¤		

SFR	≈	1	–	10	M¤	/yr		

sSFR	≈	3	–	10	Gyr-1		

[OIII]+HB	EW	≈	1200Å	



KBSS-Lyα	LAE	sample	(z	~	2	–	3)	
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Physical	Morphologies	
HST	F160W	images	

Anna	de	Graaff	
(Edinburgh/
Berkeley/
Leiden)	

Lyα	Spectral	Morphologies	

Keck/LRIS	Lyα	spectra	
RFT+2015	

Shanon	Oden	
(Berkeley	>	UCSB)	

mAB	>	28.3	



feedback	in	dwarfs	
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Lyman-α	
Emitters	

10x	
mAB	~	27	

feedback	physics	in	the	UV	spectrum	

11	

Lyman	
Break	
Galaxies	

mAB	~	24.5	

675	object-hour	Keck/LRIS	composite	spectrum	

RFT+2015	

Ryan	Trainor	–	IAP	Galaxy	Formation		24	June	2016	



gas	kinematics	in	line	emission


≈	5-10%	for	LBGs	
≈	30%	for	LAEs	

12	

10 Trainor & Steidel

Fig. 6.— Stacked spectral profiles for the 35 LAEs with systemic
(nebular) redshift measurements. Top: Comparision of the stacked
nebular (red) and Ly↵ (black) line profiles for these LAEs. The
nebular stack consists of both H↵ and [O III] �5007 lines where
available. The lines are stacked according to their corresponding
nebular redshifts, and the e↵ect of resonant scattering on escaping
Ly↵ photons is clearly visible, as is the typical Ly↵ velocity o↵set
of ⇠ +200 km s�1 relative to systemic. Bottom: Comparison of
the average Ly↵ profiles when spectra are stacked according to
their nebular, systemic redshift (black, as above) and a redshift
derived directly from the Ly↵ line peak (blue, shifted +30 km
s�1 for clarity), wherein the “systemic” redshift is estimated as
vsys,Ly↵ = vLy↵ � 200 km s�1. Stacking via the Ly↵ redshift
distorts the Ly↵ profile and diminishes the measured flux blueward
of the systemic redshift.

3.3. Multi-peaked and asymmetric Ly↵ profiles

As discussed above, star-forming galaxies are often as-
sociated with multi-peaked Ly↵ emission. In a system-
atic study of Ly↵ emission among ⇠1500 star-forming
galaxies at z ⇠ 2 � 3, Kulas et al. (2012) found that
⇠30% are multi-peaked, with some dependence on the
spectral resolution and signal-to-noise ratio (S/N) of the
observations. Their highest-resolution spectra were ob-
tained with the same 600-line grism of Keck/LRIS used
for our LAE sample and have similar integration times
(⇠1.5 hours). This subsample included 44 multi-peaked
spectra, a multiplicity rate of 27%.
Yamada et al. (2012a) studied the Ly↵ peak mor-

phologies of 91 LAEs at z ⇠ 3 at similar resolution
(R ⇠ 1700), finding a ⇠50% multiplicity rate. This het-
erogeneous sample contains 12 Ly↵-blobs from Matsuda
et al. (2004), as well as compact, faint LAEs similar to
those of the KBSS-Ly↵ sample (although with a limit-
ing Ly↵ flux ⇠2⇥ brighter, according to Yamada et al.
2012b).
For the KBSS-Ly↵ sample of this paper, multi-peaked

systems were identified as described in Sec. 2.2. Of
the 318 unique spectroscopically-identified LAEs, 129 are
found to be multi-peaked, for a multiplicity fraction of
40%. The criteria for identifying a secondary peak were
not identical to that of Kulas et al. (2012); in particu-
lar, the significance threshold was not dependent on the
magnitude or S/N of the primary peak, and no mini-
mum peak separation was enforced. However, we found
that adjusting the multiplicity criteria to match those of
Kulas et al. as closely as possible did not significantly af-
fect the overall rate of selection nor the spectral/physical
properties of the selected sample.
Previous studies of Ly↵ kinematic multiplicity (among

samples with or without systemic redshifts) typically
group these lines into blue-peak dominant or red-peak
dominant lines, motivated by the association of blue
(red) peak dominance with inflowing (outflowing) gas in
radiation transfer models (e.g., Zheng & Miralda-Escudé
2002; Verhamme et al. 2006; Dijkstra et al. 2006). Kulas
et al. (2012) found that 67% of their 239 multi-peaked ob-
jects (the majority of which had lower spectral resolution
than the KBSS-Ly↵ sample) have dominant red peaks.
The distribution of red/blue peak dominance among the
KBSS-Ly↵ LAEs is displayed in Fig. 7. In the top panel
of this figure, we show the distribution of inter-peak ve-
locities, defined as �vpeaks = c(zpeak,pri � zpeak,sec)/(1 +
(zpeak,pri). zpeak,pri is the redshift of the first peak identi-
fied by the line detection algorithm discussed in Sec. 2.2
(i.e., the peak of the asymmetric Gaussian profile fit to
the highest peak in the smoothed spectrum), and zpeak,sec
is the redshift of corresponding to the mean of the second
fit Gaussian component. For this definition, �vpeaks > 0
corresponds to red-dominant systems, such that the pri-
mary peak is redward of the inter-peak trough.
Of the 129 multi-peak LAEs, 96 (74%) have �vpeaks >

0, while 33 (26%) are blue dominant (�vpeaks < 0). The
red-dominant LAEs have a quite narrow distribution of
peak separations, with a median value h�vpeaksi = 560
km s�1 and a standard deviation �(�vpeaks) = 220 km
s�1. Conversely, the blue-dominant LAEs have a larger
velocity shift over a broader range: h�vpeaksi = �660 km
s�1 and �(�vpeaks) = 300 km s�1. A similar contrast can

LAE	Lyα	 LAE	Hα	

RFT+2015	

(or	[OIII])	

fesc(Lyα)	 ≈	(Lyα/Hα)/8.3	

Lyα	width	

LAEs	
LBGs	

Hα	width	

LAEs	
LBGs	

gas	velocity	&	optical	depth	grow	
with	galaxy	mass/luminosity,	
drops	with	WLyα	

see	Erb+2014,	RFT+2015	
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RFT+2015	

metal-enriched	out]lows	

13	

Erb	2015	(Nature)	

see	also	Henry+2015,	Rivera-Thorsen+2015	for	local	analogs	

Lyβ	

LAE	composite	
LBG	composite	
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correlated	absorption	and	emission	

14	

RFT+2015	

As	Lyα	EW	increases	(or	luminosity	decreases),	out]low	velocity	decreases	
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vout ∝σ neb



star	formation	in	dwarfs	
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Lyα	Equivalent	W
idth	

LBG	BPT	diagram	

RFT+2016a,	in	prep.	
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KBSS	LBGs	
Strom+	in	prep	



KBSS	LBGs	show	a	
gradient	in	WLyα	

•  Emitters	have	high	
ionization,	low	
metallicity	

•  Absorbers	have	
low	ionization,	high	
metallicity	

	

Average	faint	LAEs	
consistent	with	
highest-ionization	
LBGs	(talk	by	Erb)	

17	

Lyα	Equivalent	W
idth	

BPT-Lyα	relation	(LBGs)	

RFT+2016a,	in	prep.	

AGN	

Stacked	
LAE	limits	

See	also:	Hagen+2016,	Nakajima+2013		
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many	(hard)	ionizing	photons	

High	[OIII]/Hβ	ratios	require	high	U,	
moderately	low	Zgas	(oxygen)		
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Harder	stellar	spectra	(low	Z*	or	Fe,	
binaries)	reduce	requirement	on	U	and	
provide	more	ionizing	photons	

fainter	galaxies	



faint	LAEs	are	low-metallicity	tail	
[OIII]	4363	
Te	=	18,000K	
Zdir	=	0.13	Z¤	
ZCloudy	=	0.22	Z¤ 
 

Strong	lines	
ZN2	<	0.30	Z¤ 
ZO3N2	<	0.30	Z¤	
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Also	low	dust:	E(B-V)neb	≈	0.06	(variation	with	lum.)	
	



ultra	faint,	metal-poor	galaxies	
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6	objects	
consistent	with		
Z	=	2-6%	Z¤	

Downturn	in	[OIII]/Hβ	for	faintest	
LAEs	(undetected	in	continuum)		

F160W	>	28.3	(3σ)	

See	also	Henry+13,	Masters+14	



summary	
dwarf	galaxies	(faint	LAEs)	have…	
low-velocity	out]lows	
low	gas	covering	fractions	(including	HI)	
blue	Lyα	components	
small	sizes	
high	Lyα	escape	fractions	
low	metallicities	
low	dust	content	
high	ionization	parameters	

…compared	to	more	luminous	LBGs	
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				likely	
LyC	leaker	
properties	
(talks	by	Heckman,	
Verhamme,	etc.)	

*			


