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The	role	of	HI	distribu1on	and	kinema1cs	on	the	escape	of	Lyα	photons		
in	star-forming	galaxies 

CONTEXT:																																																																														Lyα	photons	trace	HI	
		
AIM:	invesQgate	the	effects	of	gas	kinema1cs	and	gas	properQes,	such	as	HI	column	density,	
													in	the	escape	and	large-scale	propaga1on	of	Lyα	photons	
	
METHOD:	sample	of	star-forming	galaxies	from	VUDS	with	zsys			

	 								low	ionizaQon	absorpQon	lines	(LIS)	in	1D	spectra	
	 								shape	of	Lyα	emission	line	in	1D	spectra	
	 								size	of	the	Lya	spaQal	extension	in	2D	spectra			

	
RESULTS:	Lyα	properQes	vs	galaxy	physical	properQes	vs	HI	properQes	
	
CONCLUSIONS:	implicaQons	for	the	life	of	star-forming	galaxies	
	

Lyα	 HI	



VUDS: VIMOS Ultra Deep Survey 
	
systemic	redshi[	from	nebular	emission	line	à	CIII]1908	
Lyα	emi`ng	galaxies	with	SN(CIII]1908)>3		
	
à  80	Lyα	+	CIII]	emiders		at	2<z<4	

	

à  Stack	to	increase	LIS	S/N		
	
		

L. Guaita et al.: Kinematics signature and extension?from the UV spectra of 2 < z < 4 Ly↵ emitting galaxies

Table 1: Characteristics of the sub-sample stacks

sub-sample N zsys R SFR ⌃S FR EW(CIII]) EW(Ly↵) EW(SiII1526) �v(SiII) Ext(Ly↵)
property AB M�yr�1 M�yr�1 kpc�2 Å Å Å km sec�1 kpc
R� 24.5 38 2.9 24.7 4.8 1.44 13.3 ± 0.7 56.7 ± 3.6 �1.6 ± 0.4 �281 ± 122 5.3 ± 0.3
R< 24.5 38 2.5 24.0 6.4 0.77 6.2 ± 0.5 22.0 ± 3.7 �0.9 ± 0.6 �23 ± 163 6.0 ± 0.2

EW(Ly↵) � 27Å 38 2.7 24.6 5.8 1.69 12.0 ± 0.7 71.0 ± 3.8 �0.9 ± 0.6 �366 ± 170 5.3 ± 0.3
EW(Ly↵) < 27Å 38 2.6 24.3 5.2 0.72 7.6 ± 0.6 9.5 ± 3.1 �1.6 ± 0.6 �33 ± 134 6.4 ± 0.2

EW(CIII]) � 7.9Å 38 2.9 24.7 5.2 1.29 15.2 ± 0.8 57.0 ± 3.2 �1.2 ± 0.5 �435 ± 160 4.8 ± 0.3
EW(CIII]) < 7.9Å 38 2.5 24.2 5.9 1.14 4.6 ± 0.3 21.0 ± 3.8 �1.7 ± 0.6 �39 ± 140 6.3 ± 0.2

CUV � 2.4 17 2.7 24.7 5.1 1.26 13.4 ± 1.3 92.0 ± 3.1 �2.2 ± 0.7 �470 ± 158 4.7 ± 0.2
CUV < 2.4 17 2.7 24.5 5.2 0.83 9.1 ± 0.5 15.0 ± 4.6 �2.0 ± 0.7 �80 ± 162 4.1 ± 0.4

Ext(Ly↵) � 4.8kpc 38 2.5 24.5 4.9 1.17 6.5 ± 0.3 34.2 ± 3.4 �1.0 ± 0.5 �90 ± 153 6.8 ± 0.2
Ext(Ly↵) < 4.8kpc 38 3.0 24.6 6.8 1.26 12.8 ± 0.7 46.0 ± 4.1 �1.6 ± 0.6 �361 ± 163 3.1 ± 0.4

Overdensity 50 2.7 24.5 5.8 1.29 8.8 ± 0.3 31.5 ± 3.9 �1.1 ± 0.4 �73 ± 112 5.7 ± 0.2
Underdensity 26 2.6 24.4 5.5 1.15 11.5 ± 1.0 55.3 ± 3.4 �1.8 ± 5.1 �407 ± 260 5.0 ± 0.5

Notes. I am reporting the median value of z, R, SFR in each subsample, so no need of errorbar) The columns correspond to (1) the properties
that define the sub-samples: R magnitude, Ly↵ and CIII]1909 equivalent widths, rest-frame UV concentration, Ly↵ spatial extension, field density
of the galaxies in our sample; (2) the number of sources in each sub-sample. Some of the sources in the sub-samples selected based on di↵erent
properties overlap. The concentration is estimated only when we have HST I broad-band images; for the sources in each sub-sample we report
(3) the median systemic redshift, (4) the median R-band magnitude, (5) the median star-formation rate, calculated from the rest-frame 1500 Å
luminosity and the median redshift, (6) the median star formation rate density from SFR and from the PSF-corrected half-light-radius in the HST
I broad-band images (⌃S FR =SFR/2 ⇡ r2

1/2). Then we show five quantities calculated in the stacks of the sub-samples: (7) the rest-frame equivalent
width of CIII]1908, (8) the rest-frame equivalent width of Ly↵, (9) the rest-frame equivalent width of the SiII1526 absorption line, (10) the velocity
o↵set between CIII] and SiII, (11) the Ly↵ spatial extension. There is overlap between the sources in di↵erent-property subsamples.

Fig. 3: Region of the spectrum covering the CIII]1908 emission line and
the continuum around it for the source #510838687. The air observed-
frame (noise) spectrum is presented as a solid (dashed) line in erg sec�1

cm�2 Å�1. The vertical green line indicates the (air) wavelength of CIII]
at VUDS redshift.

The rest-frame UV light concentration was calculated from
the ratio between the 80 and 20% light radii. The sizes of the
VUDS galaxies were estimated from the HST I broad-band
(F814W filter) images (equations 6, 7, 18, and 21 in Ribeiro et al.
2016), characterized by a scale of 0.03”/pixel. Our sources are
characterized by CUV values consistent with those of the typical
VUDS galaxies at the same redshift (Ribeiro et al. 2016, Fig.
16).

The Ly↵ spatial extension was measured in the 2D spectra.
We fitted a Gaussian curve to the spatial profiles of Ly↵, UV
continuum at 1500 Å (Fig. 4), and obtained the full width half
maximum (FWHM) of the Gaussian best fit (FWHM(Ly↵) and
FWHM(Cont)). We defined the Ly↵ spatial extension (Ext(Ly↵))
with respect to the continuum as,

Ext(Ly↵) =
q

FWHM(Ly↵)2 � FWHM(Cont)2 (1)

An Ext(Ly↵) larger than 0 indicates that the Ly↵ spatial profile
is more extended than the rest-frame UV continuum.

The local density was defined based on a Monte Carlo
Voronoi tessellation technique (Lemaux et al. 2016, in prep). In

Fig. 4: Flux density (f⌫) of the Ly↵ (black dots and blue curve) and UV
continuum (black dots and red curve) spatial profiles for the 2D stacks
of the subsample of the galaxies with EW(Ly↵) � 27 Å. The spatial pro-
files are obtained as explained in the text. The error bars come from the
background in the 2D stack at a spatial-direction position higher/lower
than the position of the science spectrum. The continuum is unresolved
within the observation point spread function and the Ly↵ profile is more
extended than the continuum one.

protoclsuters gas is stripped away from the galaxy, less gas
in the center of the cluster. Gravitational potential too strong
to have mergers. The galaxies run away before interacting
In overdense regions mergers, gas is stripped out and gas
is moved around the galaxies, maybe this that of producing
scattering We sliced each of the three VUDS fields into 100 red-
shift bins of 15 pMpc per bin. Then, we collapsed over the red-
shift of each bin and tessellate over the projected 2D distribution
for each redshift bin. Each bin is populated by photometric red-
shifts and spectroscopic information. The Voronoi tessellation of
each slice was sampled by a grid of 75 pkpc projected across the
whole field. For 10 realizations of the field in a redshift slice, we

5

	
	
	
	
	
VUDS	observed-frame	spectrum	
best	fit	=	Gaussian+line	
VUDS	noise	spectrum	

S/N(CIII]1908)>=3	=>		meanGaussian(CIII])à	zsys	

Guaita L.: Escape of Ly↵ photons

Table 1: Characteristics of the sub-sample stacks

sub-sample N zsys median Rmedian SFRmedian ⌃SFR median M⇤ median �v(SiII) EW(SiII) EW(CIII]) EW(Ly↵) Ext(Ly↵-C) Ly↵ peak shift
property AB M�yr�1 M�yr�1 kpc�2 1E+9 M� km sec�1 Å Å Å kpc km sec�1

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
R� 24.5 38 2.9 24.7±0.1 11.0±3.3 4.4±1.1 2.8±2.4 -280±100 -1.6±0.5 13.3±1.8 58.4±9.0 5.3±0.6 173±62
R< 24.5 38 2.5 24.0±0.1 28.8±8.6 2.8±1.7 3.1±2.5 -20±80 -0.9±0.3 6.2±0.9 22.7±3.8 6.0±0.6 428±110

EW(Ly↵) � 27Å 38 2.7 24.6±0.1 14.0±4.6 4.5±1.5 3.1±3.1 -360±130 -1.2±0.4 11.8±2.2 71.3±10.0 5.3±0.4 196±60
EW(Ly↵) < 27Å 38 2.6 24.3±0.1 19.5±8.7 2.9±0.5 2.8±1.6 -30±60 -1.6±0.6 7.6±1.0 9.7±1.3 6.4±0.6 510±98

EW(CIII]) � 7.9Å 38 2.9 24.7±0.1 12.7±8.3 4.1±1.1 3.0±3.3 -430±180 -1.2±0.7 15.2±2.0 58.2±11.6 4.8±0.5 207±80
EW(CIII]) < 7.9Å 38 2.5 24.2±0.1 20.1±5.6 3.3±1.6 2.7±0.8 -30±50 -1.8±0.3 4.6±0.2 22.0±4.3 6.3±0.5 307±58

CUV � 2.4 17 2.7 24.7±0.1 11.7±3.4 4.1±1.2 2.9±2.1 -470±200 -2.1±1.3 13.3±3.6 94.2±18.3 4.7±0.9 93±72
CUV < 2.4 17 2.7 24.5±0.1 20.5±4.0 3.0±1.5 2.9±2.4 -80±120 -2.0±0.5 9.1±1.8 16.0±4.2 4.1±1.4 325±140

Over 50 2.7 24.5±0.1 17.5±4.9 3.7±1.4 3.2±1.8 -70±60 -1.1±0.3 8.8±1.0 32.3±5.8 5.7±0.5 284±76
Under 26 2.6 24.4±0.1 17.6±11.2 3.5±0.6 2.7±3.7 -400±170 -1.8±0.8 11.5±3.0 58.4±13.8 5.0±0.8 160±85

M⇤ � 2.9E+9 M� 38 3.0 24.3±0.1 21.9±9.0 4.3±1.6 5.9±3.1 -270±120 -1.2±0.3 11.0±2.0 38.7±9.5 5.0±0.6 137±59
M⇤ < 2.9E+9 M� 38 2.6 24.5±0.1 14.7±3.3 3.1±0.9 1.9±0.2 -63±110 -1.4±0.5 8.0±0.8 41.0±7.6 5.8±0.5 322±69

Notes. The columns correspond to (1) the properties that define the sub-samples: R magnitude, Ly↵ and CIII]1909 equivalent widths, rest-frame
UV concentration, field density, and stellar mass of the galaxies in our sample; (2) the number of sources in each sub-sample. Some of the sources
in the sub-samples selected based on di↵erent properties overlap. The concentration is estimated only when we have HST coverage; for the sources
in each sub-sample we report (3) the median systemic redshift, (4) the median R-band magnitude, (5) the median star-formation rate, obtained
from the SED fitting, (6) the median star formation rate density calculated from the SFR and from the PSF-corrected half-light-radius measured in
the HST I broad-band images (⌃S FR =SFR/2 ⇡ r2

1/2), and (7) the median stellar mass also obtained from the SED fitting. We report the error bars
on the median values. It is up to 0.1 for R, of the order of 5 for SFR, 0.5-1.7 for ⌃S FR, 0.2-3.7 for M⇤. Then, we show six quantities calculated in
the stacks of the sub-samples: (8) the velocity o↵set between CIII] and SiII1526, (9) the rest-frame equivalent width of the SiII1526 absorption
line, (10) the rest-frame equivalent width of CIII]1908, (11) the rest-frame equivalent width of Ly↵, (12) the 2D Ly↵ spatial extension, (13) the
Ly↵ peak shift.

perform the same measurements as in the real stack. We es-
timate the Gaussian-fit parameters in each fake realization
and calculate the standard deviation among the 100 realiza-
tions.

We explored the possibility of fitting the Ly↵ emis-
sion line with more sophisticated curves, such as a skewed
Gaussian function with the following form,

f (�) = Ne�(���)/2�2 ⇥ [1 + er f ((� � �)A)] (3)

where A is the skewed parameter. However, given the reso-
lution of our spectra, the best-fit parameters obtained with
this skewed Gaussian function are consistent with those ob-
tained in a normal Gaussian fit. An example is shown in
Fig. 4. We can see that symmetric and asymmetric curve fits
produce consistent parameters within the bootstrap errors.
Therefore, we perform our analysis of the 1D Ly↵ profiles
with the simplest approach.

To evaluate the spatial extension of the Ly↵ emission in each
sub-sample, we first obtain the rest-frame 2D spectra and we
align them in the spatial direction (Cassata et al., in prep). We
then average the aligned 2D spectra, by using the IRAF task
imcombine. The Ly↵ spatial extension is estimated by fitting
a Gaussian curve to the spatial profiles of Ly↵ and UV con-
tinuum around 1500 Å (Fig. 5). We obtain the full width half
maximum (FWHM) of the Gaussian best fits (FWHM(Ly↵) and
FWHM(Cont)). We define the Ly↵ spatial extension with respect
to the continuum as,

Ext(Ly↵ �C) =
q

FWHM(Ly↵)2 � FWHM(Cont)2 (4)

When FWHM(Ly↵) > FWHM(Cont), the Ly↵ spatial pro-
file is more extended than the rest-frame UV continuum and
Ext(Ly↵-C) is defined. We adopt this definition to implicitly
consider the deconvolution with the Point Spread Function
(PSF) of the observations, which is di�cult to quantify in the
stacked spectrum. In fact, a subtraction in quadrature of the PSF

Fig. 4: Flux density (f�) normalized to the area below the curves of the
Ly↵ (black dots) emission line. We present the 1D-stack line of the
sub-sample of the galaxies with EW(Ly↵) � 27 Å on the top and with
EW(Ly↵) < 27 Å on the bottom panel. On the left panels, we show the
symmetric (red) and asymmetric (green) Gaussian best fits. On the right
panels, we show the best fits of the 100 realizations of the same line gen-
erated to calculate the bootstrap uncertainties. As we can see, the adop-
tion of either symmetric or asymmetric Gaussian curves produce con-
sistent best fits with this kind of data. As a consequence the Ly↵ peak
shifts are within the bootstrap errors. For the EW(Ly↵) � 27 Å sub-
sample, the Ly↵ peak shift from the symmetric (asymmetric) Gaussian
fit is 196 ± 60 km sec�1 (163 ± 63 km sec�1). For the EW(Ly↵) < 27
Å sub-sample, it is 510 ± 98 km sec�1 (516 ± 114 km sec�1) for the
symmetric (asymmetric) Gaussian fit.

FWHM from FWHM(Ly↵) and FWHM(Cont) will be cancel out
in our formula3.

3 The Ext(Ly↵-C) we measure could be a lower limit of the true Ly↵
spatial extension. In fact, VUDS spectra are corrected for slit losses
based on continuum magnitudes (Le Fèvre et al. 2015), but additional
losses could a↵ect Ly↵ if its emission is significantly more extended
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Fig. A.1: Stacked spectra of the sub-samples of the galaxies with R � 24.5 and R < 24.5, EW(Ly↵) � 27 Å and EW(Ly↵) < 27 Å, EW(CIII]1908)
� 7.9 Å and EW(CIII]19078) < 7.9 Å. For each sub-sample we present two panels, one covering the wavelength region with Ly↵ (upper) and the
other the wavelength region with CIII]1908 (lower).
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Table 1: Characteristics of the sub-sample stacks

sub-sample N zsys median Rmedian SFRmedian ⌃SFR median M⇤ median �v(SiII) EW(SiII) EW(CIII]) EW(Ly↵) Ext(Ly↵-C) Ly↵ peak shift
property AB M�yr�1 M�yr�1 kpc�2 1E+9 M� km sec�1 Å Å Å kpc km sec�1

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
R� 24.5 38 2.9 24.7±0.1 11.0±3.3 4.4±1.1 2.8±2.4 -280±100 -1.6±0.5 13.3±1.8 58.4±9.0 5.3±0.6 173±62
R< 24.5 38 2.5 24.0±0.1 28.8±8.6 2.8±1.7 3.1±2.5 -20±80 -0.9±0.3 6.2±0.9 22.7±3.8 6.0±0.6 428±110

EW(Ly↵) � 27Å 38 2.7 24.6±0.1 14.0±4.6 4.5±1.5 3.1±3.1 -360±130 -1.2±0.4 11.8±2.2 71.3±10.0 5.3±0.4 196±60
EW(Ly↵) < 27Å 38 2.6 24.3±0.1 19.5±8.7 2.9±0.5 2.8±1.6 -30±60 -1.6±0.6 7.6±1.0 9.7±1.3 6.4±0.6 510±98

EW(CIII]) � 7.9Å 38 2.9 24.7±0.1 12.7±8.3 4.1±1.1 3.0±3.3 -430±180 -1.2±0.7 15.2±2.0 58.2±11.6 4.8±0.5 207±80
EW(CIII]) < 7.9Å 38 2.5 24.2±0.1 20.1±5.6 3.3±1.6 2.7±0.8 -30±50 -1.8±0.3 4.6±0.2 22.0±4.3 6.3±0.5 307±58

CUV � 2.4 17 2.7 24.7±0.1 11.7±3.4 4.1±1.2 2.9±2.1 -470±200 -2.1±1.3 13.3±3.6 94.2±18.3 4.7±0.9 93±72
CUV < 2.4 17 2.7 24.5±0.1 20.5±4.0 3.0±1.5 2.9±2.4 -80±120 -2.0±0.5 9.1±1.8 16.0±4.2 4.1±1.4 325±140

Over 50 2.7 24.5±0.1 17.5±4.9 3.7±1.4 3.2±1.8 -70±60 -1.1±0.3 8.8±1.0 32.3±5.8 5.7±0.5 284±76
Under 26 2.6 24.4±0.1 17.6±11.2 3.5±0.6 2.7±3.7 -400±170 -1.8±0.8 11.5±3.0 58.4±13.8 5.0±0.8 160±85

M⇤ � 2.9E+9 M� 38 3.0 24.3±0.1 21.9±9.0 4.3±1.6 5.9±3.1 -270±120 -1.2±0.3 11.0±2.0 38.7±9.5 5.0±0.6 137±59
M⇤ < 2.9E+9 M� 38 2.6 24.5±0.1 14.7±3.3 3.1±0.9 1.9±0.2 -63±110 -1.4±0.5 8.0±0.8 41.0±7.6 5.8±0.5 322±69

Notes. The columns correspond to (1) the properties that define the sub-samples: R magnitude, Ly↵ and CIII]1909 equivalent widths, rest-frame
UV concentration, field density, and stellar mass of the galaxies in our sample; (2) the number of sources in each sub-sample. Some of the sources
in the sub-samples selected based on di↵erent properties overlap. The concentration is estimated only when we have HST coverage; for the sources
in each sub-sample we report (3) the median systemic redshift, (4) the median R-band magnitude, (5) the median star-formation rate, obtained
from the SED fitting, (6) the median star formation rate density calculated from the SFR and from the PSF-corrected half-light-radius measured in
the HST I broad-band images (⌃S FR =SFR/2 ⇡ r2

1/2), and (7) the median stellar mass also obtained from the SED fitting. We report the error bars
on the median values. It is up to 0.1 for R, of the order of 5 for SFR, 0.5-1.7 for ⌃S FR, 0.2-3.7 for M⇤. Then, we show six quantities calculated in
the stacks of the sub-samples: (8) the velocity o↵set between CIII] and SiII1526, (9) the rest-frame equivalent width of the SiII1526 absorption
line, (10) the rest-frame equivalent width of CIII]1908, (11) the rest-frame equivalent width of Ly↵, (12) the 2D Ly↵ spatial extension, (13) the
Ly↵ peak shift.

perform the same measurements as in the real stack. We es-
timate the Gaussian-fit parameters in each fake realization
and calculate the standard deviation among the 100 realiza-
tions.

We explored the possibility of fitting the Ly↵ emis-
sion line with more sophisticated curves, such as a skewed
Gaussian function with the following form,

f (�) = Ne�(���)/2�2 ⇥ [1 + er f ((� � �)A)] (3)

where A is the skewed parameter. However, given the reso-
lution of our spectra, the best-fit parameters obtained with
this skewed Gaussian function are consistent with those ob-
tained in a normal Gaussian fit. An example is shown in
Fig. 4. We can see that symmetric and asymmetric curve fits
produce consistent parameters within the bootstrap errors.
Therefore, we perform our analysis of the 1D Ly↵ profiles
with the simplest approach.

To evaluate the spatial extension of the Ly↵ emission in each
sub-sample, we first obtain the rest-frame 2D spectra and we
align them in the spatial direction (Cassata et al., in prep). We
then average the aligned 2D spectra, by using the IRAF task
imcombine. The Ly↵ spatial extension is estimated by fitting
a Gaussian curve to the spatial profiles of Ly↵ and UV con-
tinuum around 1500 Å (Fig. 5). We obtain the full width half
maximum (FWHM) of the Gaussian best fits (FWHM(Ly↵) and
FWHM(Cont)). We define the Ly↵ spatial extension with respect
to the continuum as,

Ext(Ly↵ �C) =
q

FWHM(Ly↵)2 � FWHM(Cont)2 (4)

When FWHM(Ly↵) > FWHM(Cont), the Ly↵ spatial pro-
file is more extended than the rest-frame UV continuum and
Ext(Ly↵-C) is defined. We adopt this definition to implicitly
consider the deconvolution with the Point Spread Function
(PSF) of the observations, which is di�cult to quantify in the
stacked spectrum. In fact, a subtraction in quadrature of the PSF

Fig. 4: Flux density (f�) normalized to the area below the curves of the
Ly↵ (black dots) emission line. We present the 1D-stack line of the
sub-sample of the galaxies with EW(Ly↵) � 27 Å on the top and with
EW(Ly↵) < 27 Å on the bottom panel. On the left panels, we show the
symmetric (red) and asymmetric (green) Gaussian best fits. On the right
panels, we show the best fits of the 100 realizations of the same line gen-
erated to calculate the bootstrap uncertainties. As we can see, the adop-
tion of either symmetric or asymmetric Gaussian curves produce con-
sistent best fits with this kind of data. As a consequence the Ly↵ peak
shifts are within the bootstrap errors. For the EW(Ly↵) � 27 Å sub-
sample, the Ly↵ peak shift from the symmetric (asymmetric) Gaussian
fit is 196 ± 60 km sec�1 (163 ± 63 km sec�1). For the EW(Ly↵) < 27
Å sub-sample, it is 510 ± 98 km sec�1 (516 ± 114 km sec�1) for the
symmetric (asymmetric) Gaussian fit.

FWHM from FWHM(Ly↵) and FWHM(Cont) will be cancel out
in our formula3.

3 The Ext(Ly↵-C) we measure could be a lower limit of the true Ly↵
spatial extension. In fact, VUDS spectra are corrected for slit losses
based on continuum magnitudes (Le Fèvre et al. 2015), but additional
losses could a↵ect Ly↵ if its emission is significantly more extended
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Fig. 5: Flux density (f�) normalized to the area below the curves of the
Ly↵ (black dots and blue curve) and UV continuum (black dots and
red curve) spatial profiles. We present the 2D-stack profiles of the sub-
sample of the galaxies with EW(Ly↵) � 27 Å on the left and with
EW(Ly↵) < 27 Å on the right panel, because this is one of the parti-
tions leading to the strongest di↵erence in Ext(Ly↵ - C). The error bars
come from the background in the 2D stack at a spatial-direction position
higher/lower than the position of the science spectrum. The continuum
is unresolved within the observation point spread function and the Ly↵
profile is more extended than the continuum one.

This definition does not consider the di↵erence in surface
brightness of galaxies at di↵erent redshift. This could be a limit
of our approach. However, we emphasize that the median R mag-
nitude and zsys are very similar for all the subsets.

In Table 1, we show the properties of each sub-sample, such
as the median systemic redshift, R magnitude, star-formation
rate (SFR), star-formation rate surface density (⌃SFR), stellar
mass, and SiII velocity o↵set (�v), equivalent width of the
SiII1526 absorption line, CIII]1908, Ly↵ equivalent widths, Ly↵
spatial extension, Ly↵ peak shift of the stacks. Star-formation
rate and stellar mass are obtained from the SED fitting; the star
formation rate surface density (Heckman et al. 2015) from SFR
and the PSF-corrected half-light-radius,

⌃SFR[M�yr�1kpc�2] =
S FR

2⇡r2
1/2
, (5)

where r1/2 is the PSF-corrected half-light radius of a galaxy
as defined and estimated in Ribeiro et al. (2016). The large
error bar on the median stellar masses in the table indicate that
the galaxies in each subset can be characterized by masses in the
entire range of stellar masses, log(M⇤/M�)=[8.5-11].

3.4. Kinematics features

To quantify the ISM kinematics, we focus on the velocity o↵set
between the central wavelength of the low-ionization absorption
lines and the systemic redshift of the stacked spectra. We choose
the two absorption lines with the highest signal to noise in the
majority of our stacked spectra, SiII1260 and SiII1526 (see Fig.
A.1 and A.2).

We first set the systemic rest frame of the stacked spectrum
in the following way. We fit the stacked-spectrum CIII]1908 line
by assuming that the ratio between the fluxes of the lines of the
doublet is 1.5 (Sec. 2 Keenan et al. 1992)4.

than the continuum (e.g., Huang et al. 2016). For instance, Ly↵ emis-
sion elongated perpendicularly to the spatial direction will be strongly
a↵ected by slit losses. Since we are considering stacks it is reasonable
that severe losses will be compensated.

4 An uncertainty in the flux ratio (F(1907)/F(1909)) of the CIII dou-
blet could be translated into an uncertainty in the systemic redshift. As
calculated in Keenan et al. (1992), F(1907)/F(1909) varies from 1.5
to 0 for 1.5 < log(ne) < 6.5 cm�3 and it is unchanged for 5000 <

We then fit negative Gaussian+continuum functions to the
SiII1260 and SiII1526 systems. We assume that the two SiII
lines have the same velocity, because they are transitions of the
same element, but a di↵erent amplitude, and we search for the
best fit velocity. We adopt the noise of the stacked spectrum in
the minimization procedure.

The velocity o↵set between the LIS and the systemic red-
shift is calculated from the best-fit central wavelength of the SiII
Gaussian fit, l0best(S iII),

�v(S iII) = c ⇥ l0best(S iII) � l(S iIIair(zsys))
l(S iIIair(zsys))

, (6)

where l(S iIIair(zsys)) is the theoretical wavelength of SiII in
the air and c is the speed of light in km sec�1. There can be
a significant negative value of �v(SiII). This is interpreted as
the fact that the neutral gas is predominantly flowing out of the
galaxy (there could be a gas component either at systemic red-
shift or inflowing which is hidden within the outflowing gas). A
�v(SiII) value consistent with 0 km sec�1 can indicate either a
static medium or a medium in which there are equal in-flowing
and out-flowing gas components.

To estimate the errors on �v, as well as on the equivalent
widths, and Ext(Ly↵-C), we also apply the bootstrap technique.
As for the Ly↵ peak shift, we estimate the Gaussian-fit pa-
rameters in each fake realization and calculate the standard de-
viation among the 100 realizations. The standard deviation of
l0best(S iII) provides the error on �v.

4. Results

We present here the measurements obtained applying the meth-
ods described in section 3. The measured quantities involved
the 1D (such as equivalent widths, gas velocities, and Ly↵ peak
shift) and 2D (such as Ext(Ly↵-C)) stacks. The scope of these
measurements is to study simultaneously the Ly↵ spectral and
spatial escape from the typical galaxy in each subset listed in
Table 1.

Fig. 6 shows the significance of the di↵erences of the Ly↵
parameters and �v within the pairs of sub-samples. The sub-
samples of the galaxies that are faint and concentrated in the
rest-frame UV, characterized by EW(CIII]1908) � 7.9 Å have
EW(Ly↵) more than 2� higher than the paired sub-samples. The
stacks of the galaxies located in overdense and underdense re-
gions as well as those of the most and the least massive galaxies
show consistent EW(Ly↵) values within the uncertainties.

Di↵erences of the order of 2� are observed for �v, except for
the pairs of subsets separated based on the median value of the
stellar mass and of the rest-frame UV concentration, for which
the velocity o↵sets are consistent. The galaxies brighter than R =
24.5 and more extended than the median in the rest-frame UV,
characterized by EW(Ly↵) < 27 Å, EW(CIII]1908) < 7.9 Å, and
localized in over-dense regions have a medium consistent with
being static. The paired sub-samples show a medium with a net
flow out of the galaxy, with a velocity larger than 300 km sec�1.

Te < 20000 K (their Fig. 1). For log(ne) < 3.5 cm�3, the ratio is con-
stant as F(1907)/F(1909)=1.5. Sanders et al. (2016) measured the elec-
tron density of a sample of z ⇠ 2.3 star-forming galaxies with SFRs
consistent with those of our sample. By using the flux ratios of nebular
doublets, they infer a typical ne of ⇠250 cm�3 (their Fig. 3 and section
3.4). Previous measurements had calculated values up to 1000 cm�3,
for which we can still adopt F(1907)/F(1909)=1.5 (Talia et al. 2012)
and infer a reliable zsys.
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Guaita L.: Escape of Ly↵ photons

Fig. 6: For the sub-samples listed in Table 1, we show the measurements of EW(Ly↵) ( f irst panel), Ext(Ly↵-C) (second panel), Ly↵ peak shift
(third panel), and �v ( f ourth panel), together with the bootstrapping (see text) error bars. The symbols correspond to the subsets listed in Table 1:
galaxies fainter(brighter) than the median R magnitude of the entire sample are shown as red(blue) triangles; galaxies characterized by EW(Ly↵)
larger(smaller) than the median value are shown as red(blue) filled circles; galaxies characterized by EW(CIII]1908) larger(smaller) than the
median value as red(blue) diamonds; galaxies with rest-frame UV concentration larger(smaller) than the median value as red(blue) hexagons;
galaxies with Ext(Ly↵-C) larger(smaller) than the median value as red(blue) squares; galaxies in over-dense(under-dense) regions as red(blue)
tilted triangles; galaxies more(less) massive than the median value as red(blue) pentagons.

Fig. 7: Ly↵ equivalent width versus Ly↵ spatial extension in kpc. The color coding follows the values of the Ly↵ peak shift. The symbols represent
the di↵erent subset listed in Table 1 as shown in Fig. 6.

photons to escape at the systemic redshift (the Ly↵ peak would
be significantly red-shifted if NHI > 1020 cm�2, see Fig. 2 in
Verhamme et al. 2015). An HI gas characterized by those high
velocities and low to moderate NHI is not e�cient in scattering
Ly↵ photons. As a consequence, the majority of the Ly↵ flux is
peaked in the center of the galaxy and does not produce an ex-
tended Ly↵ spatial profile. The models from Barnes & Haehnelt
(2010) also indicate that the Ly↵ emission becomes more cen-
trally peaked with the increase of the velocity of the HI bulk
(see also Gronke & Dijkstra 2016).

With the Verhamme et al. (2006) model, it is possible to
study Ly↵ spatial extension and equivalent width at given shell
parameters. The model predicts that the Ly↵ spatial extension
is proportional to NHI and depends on the scattering capability
of the HI gas. For NHI > 1019 cm�2, the scattering is e�cient.
So, a very large Vexp would be needed to make a compact Ly↵
emission. For NHI < 1019 cm�2, the Ly↵ emission is spatially
compact independently on Vexp (Verhamme et al. in prep). Also,
it is possible to predict that EW(Ly↵) increases when the optical

depth of the ISM decreases. Since dust completely absorbs Ly↵
photons, it reduces the amount of photons coming out towards
the center and those that will be distributed on large scale. As a
consequence EW(Ly↵) and Ext(Ly↵-C) decreases. On the other
hand, the HI gas scatters Ly↵ photons away from the line of sight
(Verhamme et al. in prep).

5.3. Interpretation of the observed small outflow velocity,

small Ly↵ equivalent width, and large Ly↵ spatial

extension

As described in Sec. 4, the sub-samples of the galaxies that are
bright in UV and faint in Ly↵ show Ly↵ peak shifts up to 500 km
sec�1, Ext(Ly↵-C) larger than 6 kpc, EW(Ly↵) < 40 Å, and are
characterized by �v consistent with a static medium. Instead the
sub-samples of R faint and Ly↵ bright galaxies, characterized by
large �v (and so large outflow velocities), present the Ly↵ red
peak close to the systemic redshift, less extended Ly↵ spatial
profiles, and larger Ly↵ equivalent widths. These behaviours are
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(2010) also indicate that the Ly↵ emission becomes more cen-
trally peaked with the increase of the velocity of the HI bulk
(see also Gronke & Dijkstra 2016).

With the Verhamme et al. (2006) model, it is possible to
study Ly↵ spatial extension and equivalent width at given shell
parameters. The model predicts that the Ly↵ spatial extension
is proportional to NHI and depends on the scattering capability
of the HI gas. For NHI > 1019 cm�2, the scattering is e�cient.
So, a very large Vexp would be needed to make a compact Ly↵
emission. For NHI < 1019 cm�2, the Ly↵ emission is spatially
compact independently on Vexp (Verhamme et al. in prep). Also,
it is possible to predict that EW(Ly↵) increases when the optical

depth of the ISM decreases. Since dust completely absorbs Ly↵
photons, it reduces the amount of photons coming out towards
the center and those that will be distributed on large scale. As a
consequence EW(Ly↵) and Ext(Ly↵-C) decreases. On the other
hand, the HI gas scatters Ly↵ photons away from the line of sight
(Verhamme et al. in prep).

5.3. Interpretation of the observed small outflow velocity,

small Ly↵ equivalent width, and large Ly↵ spatial

extension

As described in Sec. 4, the sub-samples of the galaxies that are
bright in UV and faint in Ly↵ show Ly↵ peak shifts up to 500 km
sec�1, Ext(Ly↵-C) larger than 6 kpc, EW(Ly↵) < 40 Å, and are
characterized by �v consistent with a static medium. Instead the
sub-samples of R faint and Ly↵ bright galaxies, characterized by
large �v (and so large outflow velocities), present the Ly↵ red
peak close to the systemic redshift, less extended Ly↵ spatial
profiles, and larger Ly↵ equivalent widths. These behaviours are
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Ly↵ photons. As a consequence, the majority of the Ly↵ flux is
peaked in the center of the galaxy and does not produce an ex-
tended Ly↵ spatial profile. The models from Barnes & Haehnelt
(2010) also indicate that the Ly↵ emission becomes more cen-
trally peaked with the increase of the velocity of the HI bulk
(see also Gronke & Dijkstra 2016).

With the Verhamme et al. (2006) model, it is possible to
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parameters. The model predicts that the Ly↵ spatial extension
is proportional to NHI and depends on the scattering capability
of the HI gas. For NHI > 1019 cm�2, the scattering is e�cient.
So, a very large Vexp would be needed to make a compact Ly↵
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compact independently on Vexp (Verhamme et al. in prep). Also,
it is possible to predict that EW(Ly↵) increases when the optical
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photons, it reduces the amount of photons coming out towards
the center and those that will be distributed on large scale. As a
consequence EW(Ly↵) and Ext(Ly↵-C) decreases. On the other
hand, the HI gas scatters Ly↵ photons away from the line of sight
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As described in Sec. 4, the sub-samples of the galaxies that are
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peak close to the systemic redshift, less extended Ly↵ spatial
profiles, and larger Ly↵ equivalent widths. These behaviours are

9

Guaita L.: Escape of Ly↵ photons

Fig. 6: For the sub-samples listed in Table 1, we show the measurements of EW(Ly↵) ( f irst panel), Ext(Ly↵-C) (second panel), Ly↵ peak shift
(third panel), and �v ( f ourth panel), together with the bootstrapping (see text) error bars. The symbols correspond to the subsets listed in Table 1:
galaxies fainter(brighter) than the median R magnitude of the entire sample are shown as red(blue) triangles; galaxies characterized by EW(Ly↵)
larger(smaller) than the median value are shown as red(blue) filled circles; galaxies characterized by EW(CIII]1908) larger(smaller) than the
median value as red(blue) diamonds; galaxies with rest-frame UV concentration larger(smaller) than the median value as red(blue) hexagons;
galaxies with Ext(Ly↵-C) larger(smaller) than the median value as red(blue) squares; galaxies in over-dense(under-dense) regions as red(blue)
tilted triangles; galaxies more(less) massive than the median value as red(blue) pentagons.

Fig. 7: Ly↵ equivalent width versus Ly↵ spatial extension in kpc. The color coding follows the values of the Ly↵ peak shift. The symbols represent
the di↵erent subset listed in Table 1 as shown in Fig. 6.

photons to escape at the systemic redshift (the Ly↵ peak would
be significantly red-shifted if NHI > 1020 cm�2, see Fig. 2 in
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Ly↵ photons. As a consequence, the majority of the Ly↵ flux is
peaked in the center of the galaxy and does not produce an ex-
tended Ly↵ spatial profile. The models from Barnes & Haehnelt
(2010) also indicate that the Ly↵ emission becomes more cen-
trally peaked with the increase of the velocity of the HI bulk
(see also Gronke & Dijkstra 2016).

With the Verhamme et al. (2006) model, it is possible to
study Ly↵ spatial extension and equivalent width at given shell
parameters. The model predicts that the Ly↵ spatial extension
is proportional to NHI and depends on the scattering capability
of the HI gas. For NHI > 1019 cm�2, the scattering is e�cient.
So, a very large Vexp would be needed to make a compact Ly↵
emission. For NHI < 1019 cm�2, the Ly↵ emission is spatially
compact independently on Vexp (Verhamme et al. in prep). Also,
it is possible to predict that EW(Ly↵) increases when the optical

depth of the ISM decreases. Since dust completely absorbs Ly↵
photons, it reduces the amount of photons coming out towards
the center and those that will be distributed on large scale. As a
consequence EW(Ly↵) and Ext(Ly↵-C) decreases. On the other
hand, the HI gas scatters Ly↵ photons away from the line of sight
(Verhamme et al. in prep).
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small Ly↵ equivalent width, and large Ly↵ spatial

extension

As described in Sec. 4, the sub-samples of the galaxies that are
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sec�1, Ext(Ly↵-C) larger than 6 kpc, EW(Ly↵) < 40 Å, and are
characterized by �v consistent with a static medium. Instead the
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peak close to the systemic redshift, less extended Ly↵ spatial
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Guaita L.: Escape of Ly↵ photons

Fig. 8: Stack physical properties versus Ly↵ properties. From the top row: �v, rest-frame UV concentration, rest-frame UV magnitude,
EW(CIII]1908), and stellar mass versus EW(Ly↵) ( f irst column), Ext(Ly↵-C) (second column), and Ly↵ peak shift (third column). Symbols
are like in Fig. 6. For each subset, �v, EW(Ly↵), EW(CIII]1908), and Ly↵ peak shift are measured in the stacks, while CUV , R, and M⇤ correspond
to the median values of the galaxies within the subset. The black star represent a subset of sources with extreme Ext(Ly↵-C) in the individual
spectra. They are characterized by moderate EW(Ly↵), Ly↵ peak shift larger than 300 km sec�1, and �v consistent with zero.

also seen for the sub-samples separated based on rest-frame UV
concentration and local density. In particular, for the most com-
pact galaxies we measured �v consistent with an out-flowing
gas and larger EW(Ly↵) than for the least compact. The galax-
ies located in underdense regions present larger �v, Ly↵ peak
shift, Ext(Ly↵-C), and smaller EW(Ly↵) than the galaxies lo-
cated in overdense regions. For a subset of ten galaxies with ex-
treme Ext(Ly↵-C) values (black stars in Fig.8), we measure a �v
value consistent with a static medium and EW(Ly↵) = 40 Å.

From the first row of Fig. 8, we can see that kinematics
is important for the propagation and escape of Ly↵ photons.
However, to investigate if the kinematics alone is enough to ex-
plain the trend of large Ly↵ peak shift, large Ext(Ly↵-C), small
EW(Ly↵), we compare our results with the theoretical models
by Verhamme et al. (2006) (Sec. 5.2). We first simulate the 1D

Ly↵ emission line for di↵erent shell expansion velocities and for
three HI column densities (Fig. 9 upper row). Expansion veloci-
ties of 50-400 km sec�1 would produce almost-overlapping Ly↵
peaks if the spectral resolution is comparable to that of VUDS
(R  300) and NHI  1019 cm�2. This tells us that the kine-
matics alone would have too a small e↵ect on the Ly↵ peak
shifts to be seen at VUDS resolution. For small HI column den-
sities, shift di↵erences of the order of 100 km sec�1 are not dis-
cernible. Increasing NHI, the separation between Ly↵ peaks at
di↵erent Vexp enlarges. In this model, the e↵ect of the intergalac-
tic medium (IGM) on the shape of the Ly↵ line is not included.
It has been shown that the e↵ect of the IGM is marginal in com-
parison to that of the ISM, even more if the ISM gas is already
outflowing (e.g., Dijkstra 2016). In fact, a typical red shift of
the Ly↵ line is also seen in star-forming galaxies in the local
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Fig. 8. Stack physical properties vs. Ly↵ properties. From the top row: the plots show �v, rest-frame UV concentration, rest-frame UV magnitude,
EW(CIII]1908), and stellar mass vs. EW(Ly↵) (first column), Ext(Ly↵-C) (second column), and Ly↵ peak shift (third column). Symbols are as
in Fig. 6. For each subset, �v, EW(Ly↵), EW(CIII]1908), and Ly↵ peak shift are measured in the stacks, while CUV , R, and M⇤ correspond to the
median values of the galaxies within the subset. The black star represents a subset of sources with extreme Ext(Ly↵-C) in the individual spectra.
These sources are characterized by moderate EW(Ly↵), Ly↵ peak shift larger than 300 km s�1 and �v consistent with zero.

The Ly↵ photons emitted from galaxies that are bright in the1

rest-frame UV show larger Ext(Ly↵-C) values and larger Ly↵2

peak shifts than the paired subsets. Low-EW(CIII]1908) sources3

are characterized by a large HI column density and hence large4

Ext(Ly↵-C) values. These sources also show larger Ly↵ peak5

shifts than the subset of high-EW(CIII]1908) galaxies. We do6

not observe significant trends between Ly↵ properties and stel-7

lar mass.8

5. Discussion9

The aim of this work is to investigate the e↵ect of HI gas kine-10

matics and other gas/galaxy properties, such as the HI column11

density, on the escape and large-scale propagation of Ly↵ pho-12

tons in star-forming galaxies. We investigate the gas kinematics13

in terms of the velocity of the outflowing HI gas and we study the14

dependency of the outflow velocity inferred by SiII as a function15

of the equivalent width, spatial extension, and red peak shift of16

Ly↵ with respect to the systemic redshift.17

Before interpreting the kinematics of the gas in the galaxies 18

of our sample, we comment on the dependency of outflow ve- 19

locity on star formation properties (Sec. 5.1). Then, we propose 20

a model to explain our results (Sect. 5.2) and we interpret the 21

observed trends in Sect. 5.3. 22

5.1. Star formation properties 23

Based on a simple model, when the pressure created by super- 24

novae, stellar winds, and the radiation field from the star for- 25

mation exceed the weight of the galaxy disk, an outflow can be 26

launched perpendicular to the galactic plane. The strength of this 27

outflow depends on the SFR per unit of area. Heckman (2001) 28

proposed the existence of a ⌃SFR threshold above which a galaxy 29

would be able to support outflows. Later on, they investigated the 30

scaling relations of the outflow velocity with physical parameters 31

and found that it weakly correlates with stellar mass, but strongly 32

with SFR and ⌃SFR (Heckman et al. 2015; Alexandro↵ et al. 33

2015; Heckman & Borthakur 2016). Newman et al. (2012) stud- 34

ied the kinematics in a sample of z ⇠ 2 star-forming galaxies 35
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Fig. 6: For the sub-samples listed in Table 1, we show the measurements of EW(Ly↵) ( f irst panel), Ext(Ly↵-C) (second panel), Ly↵ peak shift
(third panel), and �v ( f ourth panel), together with the bootstrapping (see text) error bars. The symbols correspond to the subsets listed in Table 1:
galaxies fainter(brighter) than the median R magnitude of the entire sample are shown as red(blue) triangles; galaxies characterized by EW(Ly↵)
larger(smaller) than the median value are shown as red(blue) filled circles; galaxies characterized by EW(CIII]1908) larger(smaller) than the
median value as red(blue) diamonds; galaxies with rest-frame UV concentration larger(smaller) than the median value as red(blue) hexagons;
galaxies with Ext(Ly↵-C) larger(smaller) than the median value as red(blue) squares; galaxies in over-dense(under-dense) regions as red(blue)
tilted triangles; galaxies more(less) massive than the median value as red(blue) pentagons.

Fig. 7: Ly↵ equivalent width versus Ly↵ spatial extension in kpc. The color coding follows the values of the Ly↵ peak shift. The symbols represent
the di↵erent subset listed in Table 1 as shown in Fig. 6.

photons to escape at the systemic redshift (the Ly↵ peak would
be significantly red-shifted if NHI > 1020 cm�2, see Fig. 2 in
Verhamme et al. 2015). An HI gas characterized by those high
velocities and low to moderate NHI is not e�cient in scattering
Ly↵ photons. As a consequence, the majority of the Ly↵ flux is
peaked in the center of the galaxy and does not produce an ex-
tended Ly↵ spatial profile. The models from Barnes & Haehnelt
(2010) also indicate that the Ly↵ emission becomes more cen-
trally peaked with the increase of the velocity of the HI bulk
(see also Gronke & Dijkstra 2016).

With the Verhamme et al. (2006) model, it is possible to
study Ly↵ spatial extension and equivalent width at given shell
parameters. The model predicts that the Ly↵ spatial extension
is proportional to NHI and depends on the scattering capability
of the HI gas. For NHI > 1019 cm�2, the scattering is e�cient.
So, a very large Vexp would be needed to make a compact Ly↵
emission. For NHI < 1019 cm�2, the Ly↵ emission is spatially
compact independently on Vexp (Verhamme et al. in prep). Also,
it is possible to predict that EW(Ly↵) increases when the optical

depth of the ISM decreases. Since dust completely absorbs Ly↵
photons, it reduces the amount of photons coming out towards
the center and those that will be distributed on large scale. As a
consequence EW(Ly↵) and Ext(Ly↵-C) decreases. On the other
hand, the HI gas scatters Ly↵ photons away from the line of sight
(Verhamme et al. in prep).

5.3. Interpretation of the observed small outflow velocity,

small Ly↵ equivalent width, and large Ly↵ spatial

extension

As described in Sec. 4, the sub-samples of the galaxies that are
bright in UV and faint in Ly↵ show Ly↵ peak shifts up to 500 km
sec�1, Ext(Ly↵-C) larger than 6 kpc, EW(Ly↵) < 40 Å, and are
characterized by �v consistent with a static medium. Instead the
sub-samples of R faint and Ly↵ bright galaxies, characterized by
large �v (and so large outflow velocities), present the Ly↵ red
peak close to the systemic redshift, less extended Ly↵ spatial
profiles, and larger Ly↵ equivalent widths. These behaviours are
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Fig. 8: Stack physical properties versus Ly↵ properties. From the top row: �v, rest-frame UV concentration, rest-frame UV magnitude,
EW(CIII]1908), and stellar mass versus EW(Ly↵) ( f irst column), Ext(Ly↵-C) (second column), and Ly↵ peak shift (third column). Symbols
are like in Fig. 6. For each subset, �v, EW(Ly↵), EW(CIII]1908), and Ly↵ peak shift are measured in the stacks, while CUV , R, and M⇤ correspond
to the median values of the galaxies within the subset. The black star represent a subset of sources with extreme Ext(Ly↵-C) in the individual
spectra. They are characterized by moderate EW(Ly↵), Ly↵ peak shift larger than 300 km sec�1, and �v consistent with zero.

also seen for the sub-samples separated based on rest-frame UV
concentration and local density. In particular, for the most com-
pact galaxies we measured �v consistent with an out-flowing
gas and larger EW(Ly↵) than for the least compact. The galax-
ies located in underdense regions present larger �v, Ly↵ peak
shift, Ext(Ly↵-C), and smaller EW(Ly↵) than the galaxies lo-
cated in overdense regions. For a subset of ten galaxies with ex-
treme Ext(Ly↵-C) values (black stars in Fig.8), we measure a �v
value consistent with a static medium and EW(Ly↵) = 40 Å.

From the first row of Fig. 8, we can see that kinematics
is important for the propagation and escape of Ly↵ photons.
However, to investigate if the kinematics alone is enough to ex-
plain the trend of large Ly↵ peak shift, large Ext(Ly↵-C), small
EW(Ly↵), we compare our results with the theoretical models
by Verhamme et al. (2006) (Sec. 5.2). We first simulate the 1D

Ly↵ emission line for di↵erent shell expansion velocities and for
three HI column densities (Fig. 9 upper row). Expansion veloci-
ties of 50-400 km sec�1 would produce almost-overlapping Ly↵
peaks if the spectral resolution is comparable to that of VUDS
(R  300) and NHI  1019 cm�2. This tells us that the kine-
matics alone would have too a small e↵ect on the Ly↵ peak
shifts to be seen at VUDS resolution. For small HI column den-
sities, shift di↵erences of the order of 100 km sec�1 are not dis-
cernible. Increasing NHI, the separation between Ly↵ peaks at
di↵erent Vexp enlarges. In this model, the e↵ect of the intergalac-
tic medium (IGM) on the shape of the Ly↵ line is not included.
It has been shown that the e↵ect of the IGM is marginal in com-
parison to that of the ISM, even more if the ISM gas is already
outflowing (e.g., Dijkstra 2016). In fact, a typical red shift of
the Ly↵ line is also seen in star-forming galaxies in the local
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Fig. 8. Stack physical properties vs. Ly↵ properties. From the top row: the plots show �v, rest-frame UV concentration, rest-frame UV magnitude,
EW(CIII]1908), and stellar mass vs. EW(Ly↵) (first column), Ext(Ly↵-C) (second column), and Ly↵ peak shift (third column). Symbols are as
in Fig. 6. For each subset, �v, EW(Ly↵), EW(CIII]1908), and Ly↵ peak shift are measured in the stacks, while CUV , R, and M⇤ correspond to the
median values of the galaxies within the subset. The black star represents a subset of sources with extreme Ext(Ly↵-C) in the individual spectra.
These sources are characterized by moderate EW(Ly↵), Ly↵ peak shift larger than 300 km s�1 and �v consistent with zero.

The Ly↵ photons emitted from galaxies that are bright in the1

rest-frame UV show larger Ext(Ly↵-C) values and larger Ly↵2

peak shifts than the paired subsets. Low-EW(CIII]1908) sources3

are characterized by a large HI column density and hence large4

Ext(Ly↵-C) values. These sources also show larger Ly↵ peak5

shifts than the subset of high-EW(CIII]1908) galaxies. We do6

not observe significant trends between Ly↵ properties and stel-7

lar mass.8

5. Discussion9

The aim of this work is to investigate the e↵ect of HI gas kine-10

matics and other gas/galaxy properties, such as the HI column11

density, on the escape and large-scale propagation of Ly↵ pho-12

tons in star-forming galaxies. We investigate the gas kinematics13

in terms of the velocity of the outflowing HI gas and we study the14

dependency of the outflow velocity inferred by SiII as a function15

of the equivalent width, spatial extension, and red peak shift of16

Ly↵ with respect to the systemic redshift.17

Before interpreting the kinematics of the gas in the galaxies 18

of our sample, we comment on the dependency of outflow ve- 19

locity on star formation properties (Sec. 5.1). Then, we propose 20

a model to explain our results (Sect. 5.2) and we interpret the 21

observed trends in Sect. 5.3. 22

5.1. Star formation properties 23

Based on a simple model, when the pressure created by super- 24

novae, stellar winds, and the radiation field from the star for- 25

mation exceed the weight of the galaxy disk, an outflow can be 26

launched perpendicular to the galactic plane. The strength of this 27

outflow depends on the SFR per unit of area. Heckman (2001) 28

proposed the existence of a ⌃SFR threshold above which a galaxy 29

would be able to support outflows. Later on, they investigated the 30

scaling relations of the outflow velocity with physical parameters 31

and found that it weakly correlates with stellar mass, but strongly 32

with SFR and ⌃SFR (Heckman et al. 2015; Alexandro↵ et al. 33

2015; Heckman & Borthakur 2016). Newman et al. (2012) stud- 34

ied the kinematics in a sample of z ⇠ 2 star-forming galaxies 35
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Fig. 6: For the sub-samples listed in Table 1, we show the measurements of EW(Ly↵) ( f irst panel), Ext(Ly↵-C) (second panel), Ly↵ peak shift
(third panel), and �v ( f ourth panel), together with the bootstrapping (see text) error bars. The symbols correspond to the subsets listed in Table 1:
galaxies fainter(brighter) than the median R magnitude of the entire sample are shown as red(blue) triangles; galaxies characterized by EW(Ly↵)
larger(smaller) than the median value are shown as red(blue) filled circles; galaxies characterized by EW(CIII]1908) larger(smaller) than the
median value as red(blue) diamonds; galaxies with rest-frame UV concentration larger(smaller) than the median value as red(blue) hexagons;
galaxies with Ext(Ly↵-C) larger(smaller) than the median value as red(blue) squares; galaxies in over-dense(under-dense) regions as red(blue)
tilted triangles; galaxies more(less) massive than the median value as red(blue) pentagons.

Fig. 7: Ly↵ equivalent width versus Ly↵ spatial extension in kpc. The color coding follows the values of the Ly↵ peak shift. The symbols represent
the di↵erent subset listed in Table 1 as shown in Fig. 6.

photons to escape at the systemic redshift (the Ly↵ peak would
be significantly red-shifted if NHI > 1020 cm�2, see Fig. 2 in
Verhamme et al. 2015). An HI gas characterized by those high
velocities and low to moderate NHI is not e�cient in scattering
Ly↵ photons. As a consequence, the majority of the Ly↵ flux is
peaked in the center of the galaxy and does not produce an ex-
tended Ly↵ spatial profile. The models from Barnes & Haehnelt
(2010) also indicate that the Ly↵ emission becomes more cen-
trally peaked with the increase of the velocity of the HI bulk
(see also Gronke & Dijkstra 2016).

With the Verhamme et al. (2006) model, it is possible to
study Ly↵ spatial extension and equivalent width at given shell
parameters. The model predicts that the Ly↵ spatial extension
is proportional to NHI and depends on the scattering capability
of the HI gas. For NHI > 1019 cm�2, the scattering is e�cient.
So, a very large Vexp would be needed to make a compact Ly↵
emission. For NHI < 1019 cm�2, the Ly↵ emission is spatially
compact independently on Vexp (Verhamme et al. in prep). Also,
it is possible to predict that EW(Ly↵) increases when the optical

depth of the ISM decreases. Since dust completely absorbs Ly↵
photons, it reduces the amount of photons coming out towards
the center and those that will be distributed on large scale. As a
consequence EW(Ly↵) and Ext(Ly↵-C) decreases. On the other
hand, the HI gas scatters Ly↵ photons away from the line of sight
(Verhamme et al. in prep).

5.3. Interpretation of the observed small outflow velocity,

small Ly↵ equivalent width, and large Ly↵ spatial

extension

As described in Sec. 4, the sub-samples of the galaxies that are
bright in UV and faint in Ly↵ show Ly↵ peak shifts up to 500 km
sec�1, Ext(Ly↵-C) larger than 6 kpc, EW(Ly↵) < 40 Å, and are
characterized by �v consistent with a static medium. Instead the
sub-samples of R faint and Ly↵ bright galaxies, characterized by
large �v (and so large outflow velocities), present the Ly↵ red
peak close to the systemic redshift, less extended Ly↵ spatial
profiles, and larger Ly↵ equivalent widths. These behaviours are
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Fig. 2. Correlation between the Ly↵ peak positions and the neutral gas column density, as measured in the grid of McLya radiation transfer models
in spherical homogeneous shells (Verhamme et al. 2006; Schaerer et al. 2011). Left: Ly↵ peak o↵set vpeak. We colour-code 3 ranges of the outflow
velocity: static models in blue, moderate outflow velocity models in green, high velocity wind models in red. Right: Separation S peak of peaks
in the double-peak Ly↵ profiles, i.e. those resulting from Ly↵ radiative transfer in low-velocity outflows (the profiles become single-peaked for
velocities higher than 100 km s�1). The black curves in both panels depict the analytically derived Ly↵ peak positions for radiative transfer in a
static uniform sphere (Dijkstra et al. 2006). From top to bottom, they correspond to b = 40 km s�1, b = 20 km s�1 and b = 10 km s�1. Some
discrepancy between the analytical estimate of Vpeak and the numerical experiment is expected at the low NHI end, since the analytical solution
is only valid in an optically thick regime (see for example Fig.2 in Verhamme et al. 2006). We checked that these results are independent of
instrumental resolution.

be confirmed by independent indicators or direct LyC observa-
tion. Also, an estimate of outflow velocities from the blueshift of
metallic Low Ionisation State (LIS) absorption lines should be
able to distinguish between objects with small vpeak due to high
vexp, and objects with a small vpeak due to a low column density.
We tested that the location of vpeak is not very sensitive to the
spectral resolution (see the left panel of Fig. 3). The width of
the Ly↵ peaks would be yet another characteristics that is de-
pendent on the Hi column density. However, the line width is
also a↵ected by spectral resolution, and therefore we provide no
selection criteria for this parameter.

The vpeak reliability critically depends on the redshift pre-
cision. We therefore propose a complementary criterion, inde-
pendent of redshift: in double-peaked Ly↵ profiles, a small peak
separation (S peak < 300 km s�1) is a good tentative indication
of transfer in a low column density medium, as illustrated in the
right panel of Fig. 2. Similar to the vpeak prediction, S peak in-
creases with NHI, and peak separation > 300 km s�1 rules out
low optical depth of ionising radiation. However, S peak < 300
can exist for NHI as high as 1020 cm�2. A small peak separation
is a good indication of low column density, but not a definitive
probe of LyC leaking. Although the method is simple, it holds
only for double peaked spectra, which appear in static to slowly
expanding media: vexp  100 km s�1 from our library. Synthetic
spectra with higher vexp have a weak blue peak, which dimin-
ishes as vexp increases (See the right panel on Fig 3).

We identify a potential di�culty when using this prediction
on observed spectra with unknown redshift: the peaks are sup-
posed to be each side of the line center, which is not always
the case from Kulas et al. (2012) sample. Furthermore, some
observed spectra have complex substructures (bumps, multiple
peaks, see Sect. 3), and the main peak location may not be easy
to determine.

2.2.3. Discussion

High spectral resolution is needed to recover extremely narrow
profiles. The actual canonical “good” spectral resolution at high
redshift is typically R ⇠ 3000 on VLT-FORS or Mitchell spectro-
graph (Chonis et al. 2013; Tapken et al. 2007), or even R ⇠ 5000
with Xshooter on lensed targets (Christensen et al. 2012b,a; No-
terdaeme et al. 2012). On the left panel of Fig. 3, we illustrate
the broadening of a theoretical Ly↵ profile due to instrumental
resolution. The orange, sharp, profile is the theoretical one, un-
convolved, labeled R > 15000 since the binning corresponds to
�v  20 km s�1. The green curve has been convolved with a
gaussian of FWHM = 75 km s�1 corresponding to an observa-
tion of the orange profile with a spectral resolution of R = 4000.
The peaks are slightly broader, but the shape of the profile is rela-
tively well conserved. The blue profile corresponds to R = 2000.
The two peaks are still identifiable, but much broader; the central
absorption disappears, the whole profile is detected in emission.
The black curve corresponds to R = 1000. The peaks are not
identifiable any more, and the spectrum presents a blue bump,
or is elongated towards the blue. When the spectral resolution
decreases, the location of the main peak of the profile, vpeak,
is rather well conserved. It slightly shifts towards lower values.
vpeak is much less sensitive to the spectral resolution than the
peak width, or the overall spectral shape.

By comparing dust-free and dusty models of density-
bounded ISMs, we checked that dust has a small e↵ect on the
Ly↵ profiles: the static case is only a↵ected by a global flux re-
duction, but the double-peaked shape is conserved. When the
medium is non-static, the e↵ective Ly↵ optical depth decreases
strongly and the transfer becomes almost insensible to the dust
content. The location of vpeak does not depend on ⌧d.

Neutral column densities as low as 1017cm�2 are certainly
unusual for the intervening interstellar medium of galaxies. Pe-
culiar lines of sight, aligned by chance with an outflow axis, or
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Guaita L.: Escape of Ly↵ photons

Fig. 9: Theoretical 1D Ly↵ emission line (in velocity space) profiles obtained with the adopted (dust-free) shell model. The Ly↵ profiles (I) are
normalized to the level of the continuum (I0). The maximum resolution profiles are shown as dashed lines. Solid lines correspond to VUDS
resolution, R ⇠ 300. U pper row : we assumed di↵erent shell expansion velocities and three HI column densities, log(NHI)=19 (le f t panel), 20
(middle panel), and 21 (right panel). Lower row : we assumed di↵erent values of HI column density and three shell expansion velocities, Vexp =
50 (le f t panel), 200 (middle panel), and 300 (right panel) km sec�1.

sec�1 and NHI ⇠ 1021 cm�2, the Ly↵ peak shift is even larger
than 1000 km sec�1. Variations of 500 km sec�1 in the shift of
the Ly↵ peak could be related to a �log(NHI) = 2. At VUDS res-
olution, the strongest variations in the location of the Ly↵ peak
shift are therefore probably due to variations in NHI. The pro-
files in Fig. 9 are shown for stellar reddening, E(B-V)=0.0. The
inclusion of dust in the simulation would reduce the entire Ly↵
flux, preserving the way the Ly↵ profile changes when NHI and
Vexp vary.

Our data show that for the subsamples with �v smaller
than 100 km sec�1 and Ly↵ peak shifts larger than 300 km
sec�1, Ext(Ly↵-C) is larger than 5 kpc. These values can be ex-
plained with NHI = 1020-1021 cm�2 in the framework of the shell
model. The scattering of the gas with this NHI would favour low
EW(Ly↵). On the other hand, for the subsample with �v larger
than 300 km sec�1 and Ly↵ peak shifts smaller than 300 km
sec�1, Ext(Ly↵-C) is less than 5 kpc. This is consistent with
a NHI < 1020 cm�2 gas. In this case we could expect a large
EW(Ly↵).

If kinematics alone was the main cause of the three Ly↵
properties, we would note a large Ly↵ peak shift and Ly↵ spatial
extension in the cases of large outflow velocities. This is not ob-
served in our data. Therefore, the HI column density has a key
role in shaping the Ly↵ emission.

In Fig. 7 and 8, we show that extended Ly↵ spatial profiles
are most likely to be produced by scattered light. They could
also be due to the ionization of the external shell of the circum-
galactic medium by the UV background, which recombines and
emits Ly↵ in situ as fluorescence (e.g. Kollmeier et al. 2010;
Cantalupo et al. 2012). Another scenario is that of the gravita-
tional cooling of the gas falling onto galaxies (e.g. Rosdahl &
Blaizot 2012), which may also lead to some level of scattering
of the Ly↵ photons on their way out. This happens since the Ly↵
emissivity is proportional to the density, i.e. higher at the center.

The scattering process naturally links the spatial extent with the
shift of the Ly↵ peak and the small EW(Ly↵). The fluorescence
and gravitational cooling scenarios can explain any Ly↵ spatial
extension, but does not explain the correlation with the shift of
the peak nor with the equivalent width.

Here, we considered the interpretation of the data from ho-
mogeneous shell models, but it remains to be studied if other
geometries would also show the same behaviour. According to
Verhamme et al. (2015), a scattering medium with holes would
produce the direct escape of Ly↵ photons and hence lines at sys-
temic redshift. Our data do not seem to favour the presence of
holes. According to Gronke & Dijkstra (2016), clumpy outflows
decrease the e↵ective optical depth seen by the Ly↵ photons
compared to the “real” column density seen by non-resonant
photons along the line of sight, and lead to a small peak shift
and boosted escape fraction in comparison to a homogeneous
medium of the same outflow velocity and same column density.
It remains to be studied if a correlation with the spatial extension,
as observed in Fig. 7, would be conserved by clumpy geometries.

The galaxies in our sample characterized by a large NHI
(NHI ' 1020 cm�2) would be those with �v that is consistent
with a static medium, which is bright in UV, faint in Ly↵ with
CUV < 2.4, localized in overdense regions, and that has most
extended Ly↵ spatial profiles. This means that Ly↵ properties
are clearly related to some galactic properties and so that Ly↵
photons are mainly produced inside the ISM. We find that con-
centration has the strongest impact on kinematics and that there
is a clear (anti-)correlation between Ly↵ and rest-frame UV con-
centration.

Results in the literature (e.g. Verhamme et al. 2008;
Hashimoto et al. 2015) have shown that the star-forming galax-
ies that are bright in UV, faint in Ly↵, and more extended in the
rest-frame UV are also more massive. It is not surprising that
they could also be characterized by large HI amount and possi-
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Fig. 2. Correlation between the Ly↵ peak positions and the neutral gas column density, as measured in the grid of McLya radiation transfer models
in spherical homogeneous shells (Verhamme et al. 2006; Schaerer et al. 2011). Left: Ly↵ peak o↵set vpeak. We colour-code 3 ranges of the outflow
velocity: static models in blue, moderate outflow velocity models in green, high velocity wind models in red. Right: Separation S peak of peaks
in the double-peak Ly↵ profiles, i.e. those resulting from Ly↵ radiative transfer in low-velocity outflows (the profiles become single-peaked for
velocities higher than 100 km s�1). The black curves in both panels depict the analytically derived Ly↵ peak positions for radiative transfer in a
static uniform sphere (Dijkstra et al. 2006). From top to bottom, they correspond to b = 40 km s�1, b = 20 km s�1 and b = 10 km s�1. Some
discrepancy between the analytical estimate of Vpeak and the numerical experiment is expected at the low NHI end, since the analytical solution
is only valid in an optically thick regime (see for example Fig.2 in Verhamme et al. 2006). We checked that these results are independent of
instrumental resolution.

be confirmed by independent indicators or direct LyC observa-
tion. Also, an estimate of outflow velocities from the blueshift of
metallic Low Ionisation State (LIS) absorption lines should be
able to distinguish between objects with small vpeak due to high
vexp, and objects with a small vpeak due to a low column density.
We tested that the location of vpeak is not very sensitive to the
spectral resolution (see the left panel of Fig. 3). The width of
the Ly↵ peaks would be yet another characteristics that is de-
pendent on the Hi column density. However, the line width is
also a↵ected by spectral resolution, and therefore we provide no
selection criteria for this parameter.

The vpeak reliability critically depends on the redshift pre-
cision. We therefore propose a complementary criterion, inde-
pendent of redshift: in double-peaked Ly↵ profiles, a small peak
separation (S peak < 300 km s�1) is a good tentative indication
of transfer in a low column density medium, as illustrated in the
right panel of Fig. 2. Similar to the vpeak prediction, S peak in-
creases with NHI, and peak separation > 300 km s�1 rules out
low optical depth of ionising radiation. However, S peak < 300
can exist for NHI as high as 1020 cm�2. A small peak separation
is a good indication of low column density, but not a definitive
probe of LyC leaking. Although the method is simple, it holds
only for double peaked spectra, which appear in static to slowly
expanding media: vexp  100 km s�1 from our library. Synthetic
spectra with higher vexp have a weak blue peak, which dimin-
ishes as vexp increases (See the right panel on Fig 3).

We identify a potential di�culty when using this prediction
on observed spectra with unknown redshift: the peaks are sup-
posed to be each side of the line center, which is not always
the case from Kulas et al. (2012) sample. Furthermore, some
observed spectra have complex substructures (bumps, multiple
peaks, see Sect. 3), and the main peak location may not be easy
to determine.

2.2.3. Discussion

High spectral resolution is needed to recover extremely narrow
profiles. The actual canonical “good” spectral resolution at high
redshift is typically R ⇠ 3000 on VLT-FORS or Mitchell spectro-
graph (Chonis et al. 2013; Tapken et al. 2007), or even R ⇠ 5000
with Xshooter on lensed targets (Christensen et al. 2012b,a; No-
terdaeme et al. 2012). On the left panel of Fig. 3, we illustrate
the broadening of a theoretical Ly↵ profile due to instrumental
resolution. The orange, sharp, profile is the theoretical one, un-
convolved, labeled R > 15000 since the binning corresponds to
�v  20 km s�1. The green curve has been convolved with a
gaussian of FWHM = 75 km s�1 corresponding to an observa-
tion of the orange profile with a spectral resolution of R = 4000.
The peaks are slightly broader, but the shape of the profile is rela-
tively well conserved. The blue profile corresponds to R = 2000.
The two peaks are still identifiable, but much broader; the central
absorption disappears, the whole profile is detected in emission.
The black curve corresponds to R = 1000. The peaks are not
identifiable any more, and the spectrum presents a blue bump,
or is elongated towards the blue. When the spectral resolution
decreases, the location of the main peak of the profile, vpeak,
is rather well conserved. It slightly shifts towards lower values.
vpeak is much less sensitive to the spectral resolution than the
peak width, or the overall spectral shape.

By comparing dust-free and dusty models of density-
bounded ISMs, we checked that dust has a small e↵ect on the
Ly↵ profiles: the static case is only a↵ected by a global flux re-
duction, but the double-peaked shape is conserved. When the
medium is non-static, the e↵ective Ly↵ optical depth decreases
strongly and the transfer becomes almost insensible to the dust
content. The location of vpeak does not depend on ⌧d.

Neutral column densities as low as 1017cm�2 are certainly
unusual for the intervening interstellar medium of galaxies. Pe-
culiar lines of sight, aligned by chance with an outflow axis, or
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Fig. 6: For the sub-samples listed in Table 1, we show the measurements of EW(Ly↵) ( f irst panel), Ext(Ly↵-C) (second panel), Ly↵ peak shift
(third panel), and �v ( f ourth panel), together with the bootstrapping (see text) error bars. The symbols correspond to the subsets listed in Table 1:
galaxies fainter(brighter) than the median R magnitude of the entire sample are shown as red(blue) triangles; galaxies characterized by EW(Ly↵)
larger(smaller) than the median value are shown as red(blue) filled circles; galaxies characterized by EW(CIII]1908) larger(smaller) than the
median value as red(blue) diamonds; galaxies with rest-frame UV concentration larger(smaller) than the median value as red(blue) hexagons;
galaxies with Ext(Ly↵-C) larger(smaller) than the median value as red(blue) squares; galaxies in over-dense(under-dense) regions as red(blue)
tilted triangles; galaxies more(less) massive than the median value as red(blue) pentagons.

Fig. 7: Ly↵ equivalent width versus Ly↵ spatial extension in kpc. The color coding follows the values of the Ly↵ peak shift. The symbols represent
the di↵erent subset listed in Table 1 as shown in Fig. 6.

photons to escape at the systemic redshift (the Ly↵ peak would
be significantly red-shifted if NHI > 1020 cm�2, see Fig. 2 in
Verhamme et al. 2015). An HI gas characterized by those high
velocities and low to moderate NHI is not e�cient in scattering
Ly↵ photons. As a consequence, the majority of the Ly↵ flux is
peaked in the center of the galaxy and does not produce an ex-
tended Ly↵ spatial profile. The models from Barnes & Haehnelt
(2010) also indicate that the Ly↵ emission becomes more cen-
trally peaked with the increase of the velocity of the HI bulk
(see also Gronke & Dijkstra 2016).

With the Verhamme et al. (2006) model, it is possible to
study Ly↵ spatial extension and equivalent width at given shell
parameters. The model predicts that the Ly↵ spatial extension
is proportional to NHI and depends on the scattering capability
of the HI gas. For NHI > 1019 cm�2, the scattering is e�cient.
So, a very large Vexp would be needed to make a compact Ly↵
emission. For NHI < 1019 cm�2, the Ly↵ emission is spatially
compact independently on Vexp (Verhamme et al. in prep). Also,
it is possible to predict that EW(Ly↵) increases when the optical

depth of the ISM decreases. Since dust completely absorbs Ly↵
photons, it reduces the amount of photons coming out towards
the center and those that will be distributed on large scale. As a
consequence EW(Ly↵) and Ext(Ly↵-C) decreases. On the other
hand, the HI gas scatters Ly↵ photons away from the line of sight
(Verhamme et al. in prep).

5.3. Interpretation of the observed small outflow velocity,

small Ly↵ equivalent width, and large Ly↵ spatial

extension

As described in Sec. 4, the sub-samples of the galaxies that are
bright in UV and faint in Ly↵ show Ly↵ peak shifts up to 500 km
sec�1, Ext(Ly↵-C) larger than 6 kpc, EW(Ly↵) < 40 Å, and are
characterized by �v consistent with a static medium. Instead the
sub-samples of R faint and Ly↵ bright galaxies, characterized by
large �v (and so large outflow velocities), present the Ly↵ red
peak close to the systemic redshift, less extended Ly↵ spatial
profiles, and larger Ly↵ equivalent widths. These behaviours are
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Fig. 6: For the sub-samples listed in Table 1, we show the measurements of EW(Ly↵) ( f irst panel), Ext(Ly↵-C) (second panel), Ly↵ peak shift
(third panel), and �v ( f ourth panel), together with the bootstrapping (see text) error bars. The symbols correspond to the subsets listed in Table 1:
galaxies fainter(brighter) than the median R magnitude of the entire sample are shown as red(blue) triangles; galaxies characterized by EW(Ly↵)
larger(smaller) than the median value are shown as red(blue) filled circles; galaxies characterized by EW(CIII]1908) larger(smaller) than the
median value as red(blue) diamonds; galaxies with rest-frame UV concentration larger(smaller) than the median value as red(blue) hexagons;
galaxies with Ext(Ly↵-C) larger(smaller) than the median value as red(blue) squares; galaxies in over-dense(under-dense) regions as red(blue)
tilted triangles; galaxies more(less) massive than the median value as red(blue) pentagons.

Fig. 7: Ly↵ equivalent width versus Ly↵ spatial extension in kpc. The color coding follows the values of the Ly↵ peak shift. The symbols represent
the di↵erent subset listed in Table 1 as shown in Fig. 6.

photons to escape at the systemic redshift (the Ly↵ peak would
be significantly red-shifted if NHI > 1020 cm�2, see Fig. 2 in
Verhamme et al. 2015). An HI gas characterized by those high
velocities and low to moderate NHI is not e�cient in scattering
Ly↵ photons. As a consequence, the majority of the Ly↵ flux is
peaked in the center of the galaxy and does not produce an ex-
tended Ly↵ spatial profile. The models from Barnes & Haehnelt
(2010) also indicate that the Ly↵ emission becomes more cen-
trally peaked with the increase of the velocity of the HI bulk
(see also Gronke & Dijkstra 2016).

With the Verhamme et al. (2006) model, it is possible to
study Ly↵ spatial extension and equivalent width at given shell
parameters. The model predicts that the Ly↵ spatial extension
is proportional to NHI and depends on the scattering capability
of the HI gas. For NHI > 1019 cm�2, the scattering is e�cient.
So, a very large Vexp would be needed to make a compact Ly↵
emission. For NHI < 1019 cm�2, the Ly↵ emission is spatially
compact independently on Vexp (Verhamme et al. in prep). Also,
it is possible to predict that EW(Ly↵) increases when the optical

depth of the ISM decreases. Since dust completely absorbs Ly↵
photons, it reduces the amount of photons coming out towards
the center and those that will be distributed on large scale. As a
consequence EW(Ly↵) and Ext(Ly↵-C) decreases. On the other
hand, the HI gas scatters Ly↵ photons away from the line of sight
(Verhamme et al. in prep).

5.3. Interpretation of the observed small outflow velocity,

small Ly↵ equivalent width, and large Ly↵ spatial

extension
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Guaita L.: Escape of Ly↵ photons

Fig. 8: Stack physical properties versus Ly↵ properties. From the top row: �v, rest-frame UV concentration, rest-frame UV magnitude,
EW(CIII]1908), and stellar mass versus EW(Ly↵) ( f irst column), Ext(Ly↵-C) (second column), and Ly↵ peak shift (third column). Symbols
are like in Fig. 6. For each subset, �v, EW(Ly↵), EW(CIII]1908), and Ly↵ peak shift are measured in the stacks, while CUV , R, and M⇤ correspond
to the median values of the galaxies within the subset. The black star represent a subset of sources with extreme Ext(Ly↵-C) in the individual
spectra. They are characterized by moderate EW(Ly↵), Ly↵ peak shift larger than 300 km sec�1, and �v consistent with zero.

also seen for the sub-samples separated based on rest-frame UV
concentration and local density. In particular, for the most com-
pact galaxies we measured �v consistent with an out-flowing
gas and larger EW(Ly↵) than for the least compact. The galax-
ies located in underdense regions present larger �v, Ly↵ peak
shift, Ext(Ly↵-C), and smaller EW(Ly↵) than the galaxies lo-
cated in overdense regions. For a subset of ten galaxies with ex-
treme Ext(Ly↵-C) values (black stars in Fig.8), we measure a �v
value consistent with a static medium and EW(Ly↵) = 40 Å.

From the first row of Fig. 8, we can see that kinematics
is important for the propagation and escape of Ly↵ photons.
However, to investigate if the kinematics alone is enough to ex-
plain the trend of large Ly↵ peak shift, large Ext(Ly↵-C), small
EW(Ly↵), we compare our results with the theoretical models
by Verhamme et al. (2006) (Sec. 5.2). We first simulate the 1D

Ly↵ emission line for di↵erent shell expansion velocities and for
three HI column densities (Fig. 9 upper row). Expansion veloci-
ties of 50-400 km sec�1 would produce almost-overlapping Ly↵
peaks if the spectral resolution is comparable to that of VUDS
(R  300) and NHI  1019 cm�2. This tells us that the kine-
matics alone would have too a small e↵ect on the Ly↵ peak
shifts to be seen at VUDS resolution. For small HI column den-
sities, shift di↵erences of the order of 100 km sec�1 are not dis-
cernible. Increasing NHI, the separation between Ly↵ peaks at
di↵erent Vexp enlarges. In this model, the e↵ect of the intergalac-
tic medium (IGM) on the shape of the Ly↵ line is not included.
It has been shown that the e↵ect of the IGM is marginal in com-
parison to that of the ISM, even more if the ISM gas is already
outflowing (e.g., Dijkstra 2016). In fact, a typical red shift of
the Ly↵ line is also seen in star-forming galaxies in the local
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Fig. 8: Stack physical properties versus Ly↵ properties. From the top row: �v, rest-frame UV concentration, rest-frame UV magnitude,
EW(CIII]1908), and stellar mass versus EW(Ly↵) ( f irst column), Ext(Ly↵-C) (second column), and Ly↵ peak shift (third column). Symbols
are like in Fig. 6. For each subset, �v, EW(Ly↵), EW(CIII]1908), and Ly↵ peak shift are measured in the stacks, while CUV , R, and M⇤ correspond
to the median values of the galaxies within the subset. The black star represent a subset of sources with extreme Ext(Ly↵-C) in the individual
spectra. They are characterized by moderate EW(Ly↵), Ly↵ peak shift larger than 300 km sec�1, and �v consistent with zero.
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Fig. 6: For the sub-samples listed in Table 1, we show the measurements of EW(Ly↵) ( f irst panel), Ext(Ly↵-C) (second panel), Ly↵ peak shift
(third panel), and �v ( f ourth panel), together with the bootstrapping (see text) error bars. The symbols correspond to the subsets listed in Table 1:
galaxies fainter(brighter) than the median R magnitude of the entire sample are shown as red(blue) triangles; galaxies characterized by EW(Ly↵)
larger(smaller) than the median value are shown as red(blue) filled circles; galaxies characterized by EW(CIII]1908) larger(smaller) than the
median value as red(blue) diamonds; galaxies with rest-frame UV concentration larger(smaller) than the median value as red(blue) hexagons;
galaxies with Ext(Ly↵-C) larger(smaller) than the median value as red(blue) squares; galaxies in over-dense(under-dense) regions as red(blue)
tilted triangles; galaxies more(less) massive than the median value as red(blue) pentagons.

Fig. 7: Ly↵ equivalent width versus Ly↵ spatial extension in kpc. The color coding follows the values of the Ly↵ peak shift. The symbols represent
the di↵erent subset listed in Table 1 as shown in Fig. 6.

photons to escape at the systemic redshift (the Ly↵ peak would
be significantly red-shifted if NHI > 1020 cm�2, see Fig. 2 in
Verhamme et al. 2015). An HI gas characterized by those high
velocities and low to moderate NHI is not e�cient in scattering
Ly↵ photons. As a consequence, the majority of the Ly↵ flux is
peaked in the center of the galaxy and does not produce an ex-
tended Ly↵ spatial profile. The models from Barnes & Haehnelt
(2010) also indicate that the Ly↵ emission becomes more cen-
trally peaked with the increase of the velocity of the HI bulk
(see also Gronke & Dijkstra 2016).

With the Verhamme et al. (2006) model, it is possible to
study Ly↵ spatial extension and equivalent width at given shell
parameters. The model predicts that the Ly↵ spatial extension
is proportional to NHI and depends on the scattering capability
of the HI gas. For NHI > 1019 cm�2, the scattering is e�cient.
So, a very large Vexp would be needed to make a compact Ly↵
emission. For NHI < 1019 cm�2, the Ly↵ emission is spatially
compact independently on Vexp (Verhamme et al. in prep). Also,
it is possible to predict that EW(Ly↵) increases when the optical

depth of the ISM decreases. Since dust completely absorbs Ly↵
photons, it reduces the amount of photons coming out towards
the center and those that will be distributed on large scale. As a
consequence EW(Ly↵) and Ext(Ly↵-C) decreases. On the other
hand, the HI gas scatters Ly↵ photons away from the line of sight
(Verhamme et al. in prep).

5.3. Interpretation of the observed small outflow velocity,

small Ly↵ equivalent width, and large Ly↵ spatial

extension

As described in Sec. 4, the sub-samples of the galaxies that are
bright in UV and faint in Ly↵ show Ly↵ peak shifts up to 500 km
sec�1, Ext(Ly↵-C) larger than 6 kpc, EW(Ly↵) < 40 Å, and are
characterized by �v consistent with a static medium. Instead the
sub-samples of R faint and Ly↵ bright galaxies, characterized by
large �v (and so large outflow velocities), present the Ly↵ red
peak close to the systemic redshift, less extended Ly↵ spatial
profiles, and larger Ly↵ equivalent widths. These behaviours are
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Fig. 8. Stack physical properties vs. Ly↵ properties. From the top row: the plots show �v, rest-frame UV concentration, rest-frame UV magnitude,
EW(CIII]1908), and stellar mass vs. EW(Ly↵) (first column), Ext(Ly↵-C) (second column), and Ly↵ peak shift (third column). Symbols are as
in Fig. 6. For each subset, �v, EW(Ly↵), EW(CIII]1908), and Ly↵ peak shift are measured in the stacks, while CUV , R, and M⇤ correspond to the
median values of the galaxies within the subset. The black star represents a subset of sources with extreme Ext(Ly↵-C) in the individual spectra.
These sources are characterized by moderate EW(Ly↵), Ly↵ peak shift larger than 300 km s�1 and �v consistent with zero.
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Fig. 8. Stack physical properties vs. Ly↵ properties. From the top row: the plots show �v, rest-frame UV concentration, rest-frame UV magnitude,
EW(CIII]1908), and stellar mass vs. EW(Ly↵) (first column), Ext(Ly↵-C) (second column), and Ly↵ peak shift (third column). Symbols are as
in Fig. 6. For each subset, �v, EW(Ly↵), EW(CIII]1908), and Ly↵ peak shift are measured in the stacks, while CUV , R, and M⇤ correspond to the
median values of the galaxies within the subset. The black star represents a subset of sources with extreme Ext(Ly↵-C) in the individual spectra.
These sources are characterized by moderate EW(Ly↵), Ly↵ peak shift larger than 300 km s�1 and �v consistent with zero.
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Fig. 8. Stack physical properties vs. Ly↵ properties. From the top row: the plots show �v, rest-frame UV concentration, rest-frame UV magnitude,
EW(CIII]1908), and stellar mass vs. EW(Ly↵) (first column), Ext(Ly↵-C) (second column), and Ly↵ peak shift (third column). Symbols are as
in Fig. 6. For each subset, �v, EW(Ly↵), EW(CIII]1908), and Ly↵ peak shift are measured in the stacks, while CUV , R, and M⇤ correspond to the
median values of the galaxies within the subset. The black star represents a subset of sources with extreme Ext(Ly↵-C) in the individual spectra.
These sources are characterized by moderate EW(Ly↵), Ly↵ peak shift larger than 300 km s�1 and �v consistent with zero.
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Fig. 8. Stack physical properties vs. Ly↵ properties. From the top row: the plots show �v, rest-frame UV concentration, rest-frame UV magnitude,
EW(CIII]1908), and stellar mass vs. EW(Ly↵) (first column), Ext(Ly↵-C) (second column), and Ly↵ peak shift (third column). Symbols are as
in Fig. 6. For each subset, �v, EW(Ly↵), EW(CIII]1908), and Ly↵ peak shift are measured in the stacks, while CUV , R, and M⇤ correspond to the
median values of the galaxies within the subset. The black star represents a subset of sources with extreme Ext(Ly↵-C) in the individual spectra.
These sources are characterized by moderate EW(Ly↵), Ly↵ peak shift larger than 300 km s�1 and �v consistent with zero.

The Ly↵ photons emitted from galaxies that are bright in the1

rest-frame UV show larger Ext(Ly↵-C) values and larger Ly↵2

peak shifts than the paired subsets. Low-EW(CIII]1908) sources3

are characterized by a large HI column density and hence large4

Ext(Ly↵-C) values. These sources also show larger Ly↵ peak5

shifts than the subset of high-EW(CIII]1908) galaxies. We do6

not observe significant trends between Ly↵ properties and stel-7

lar mass.8

5. Discussion9

The aim of this work is to investigate the e↵ect of HI gas kine-10

matics and other gas/galaxy properties, such as the HI column11

density, on the escape and large-scale propagation of Ly↵ pho-12

tons in star-forming galaxies. We investigate the gas kinematics13

in terms of the velocity of the outflowing HI gas and we study the14

dependency of the outflow velocity inferred by SiII as a function15

of the equivalent width, spatial extension, and red peak shift of16

Ly↵ with respect to the systemic redshift.17

Before interpreting the kinematics of the gas in the galaxies 18

of our sample, we comment on the dependency of outflow ve- 19

locity on star formation properties (Sec. 5.1). Then, we propose 20

a model to explain our results (Sect. 5.2) and we interpret the 21

observed trends in Sect. 5.3. 22

5.1. Star formation properties 23

Based on a simple model, when the pressure created by super- 24

novae, stellar winds, and the radiation field from the star for- 25

mation exceed the weight of the galaxy disk, an outflow can be 26

launched perpendicular to the galactic plane. The strength of this 27

outflow depends on the SFR per unit of area. Heckman (2001) 28

proposed the existence of a ⌃SFR threshold above which a galaxy 29

would be able to support outflows. Later on, they investigated the 30

scaling relations of the outflow velocity with physical parameters 31

and found that it weakly correlates with stellar mass, but strongly 32

with SFR and ⌃SFR (Heckman et al. 2015; Alexandro↵ et al. 33

2015; Heckman & Borthakur 2016). Newman et al. (2012) stud- 34

ied the kinematics in a sample of z ⇠ 2 star-forming galaxies 35

Article number, page 9 of 17

Thanks!	


