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Figure 1. False-color images of the LARS galaxies 01–08. Red encodes continuum-subtracted Hα, green the FUV continuum, and blue shows continuum-subtracted
Lyα. Images have been adaptively filtered to show detail. Scales in kiloparsec are given on the side. Intensity scales are logarithmic, with intensity cut levels set to
show detail.
(A color version of this figure is available in the online journal.)
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Figure 2. Same as Figure 1 except for LARS galaxies 09–14. The black square in LARS 09 masks a UV-bright field star.
(A color version of this figure is available in the online journal.)

η ∼ 1 (R > 12 kpc) and can expect the true extent of Lyα

to be much larger. For the 11 galaxies in which R
Lyα
P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
Hayes et al., in preparation).

We compare the light radii graphically in Figure 3. The plots
show R

Lyα
P20 versus RFUV

P20 , a comparison that could be made at

high-z, and R
Lyα
P20 versus RHα

P20, a comparison that more directly
conveys the difference between the observed and intrinsic Lyα
sizes. Clearly, though, there is little difference in the result: Lyα
radii are, on average, substantially larger than corresponding
FUV or Hα radii. In Table 1 we also report the Relative Petrosian
Extension of Lyα compared to Hα, ξLyα , which is simply defined
as R

Lyα
P20 /RHα

P20. Twelve galaxies show net emission of Lyα,
where all except for one (LARS 03) has ξLyα > 1. The galaxy
with the largest extension is LARS 14, for which we measure
ξLyα = 3.6. It is not clear whether the globally absorbing galaxies
LARS 04 and 06 become emitters on larger scales, but if so their
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Figure 1. False-color images of the LARS galaxies 01–08. Red encodes continuum-subtracted Hα, green the FUV continuum, and blue shows continuum-subtracted
Lyα. Images have been adaptively filtered to show detail. Scales in kiloparsec are given on the side. Intensity scales are logarithmic, with intensity cut levels set to
show detail.
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η ∼ 1 (R > 12 kpc) and can expect the true extent of Lyα

to be much larger. For the 11 galaxies in which R
Lyα
P20 is well

measured, its determination is robust, and would not change
were the observations deeper or the field-of-view larger. RP20
is computed for Lyα, Hα, and the FUV continuum, and listed
in Table 1. Based upon aperture-matched Hα and Hβ imaging
and standard Case B assumptions, we recover up to 60% of the
intrinsic Lyα flux, although the median value is just ∼3% (M.
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is computed for Lyα, Hα, and the FUV continuum, and listed
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and standard Case B assumptions, we recover up to 60% of the
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ξLyα = 3.6. It is not clear whether the globally absorbing galaxies
LARS 04 and 06 become emitters on larger scales, but if so their
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Some LARS galaxies Blue = Lyα, 
Green = UV continuum, Red = Hα
Lyα is extended

ticularly problematic at high redshift due to something called cosmic surface
brightness dimming. Essentially this describes how much fainter a surface of
a particular angular extent is depending on what redshift you are observing it
at. It turns out that this dimming is a very strong function of redshift—it is
µ (1+ z)4 in fact– meaning that it is very difficult to detect faint extended Lya
emission around high-z galaxies. One way to get around this is to use the fact
that you can observe large samples to your advantage by stacking the observed
galaxies together. Steidel et al. (2011) did this with a sample of continuum
selected Lyman Break Galaxies (LBGs) and they found, not only significant
Lya emission, but that it seems very extended compared to the stellar compo-
nents. The stacks of the UV light and the Lya are shown in Figure 4.1 and
very clearly shows the UV emission to be much more compact than the Lya .

They fit the Lya halos using a declining exponential of the form

SB(r) = Ae
�r
rsc

where SB is the surface brightness at a given radius, A is the amplitude and
rsc is the scale length, i.e. how fast the function declines with radius. Similar
models have been used in many subsequent works. They found halo scale
lengths around 25 kpc, compared to the 3.3 kpc of the UV emission. It was
clear from this that the galaxies had a strong halo of Lya emission.

Figure 4.1: Left panel shows the stack of UV emission of LBGs from Steidel
et al. (2011) and the right shows the corresponding Lya stack. Lya is clearly far
more extended than the stellar emission.

47

Continuum Lya
(Steidel+2010)

3D spectroscopy with MUSE 
(Wisotzki et al 2016, 2018)

Lyα from starburst galaxies tend bo be extended

(Östlin+2014, Hayes+2014, 
Melinder+2023)



HST program 16245
• 34 orbits, Cycle 28, but scheduling problems, data just arrived (95%)
• Sample: the three highest f_esc galaxies from Izotov et al (2018a,b):

• J1256+4509, z=0.35, fesc = 38%
• J1154+2443, z=0.36, fesc = 46%
• J1243+4646, z=0.43, fesc = 72%

-What are their Ly𝛼 extensions and ionization structure at HST resolution?
Prior to LzLCS results known, but these remain among the leakiest ones
41 LzLCS galaxies will be imaged in 5 filters -> Ly𝛼 + continuum (LaCOS)
Here we use more filters, e.g. H𝛼 H𝛽 [OII] and [OIII]
- See talk by Melinder on Ly𝛼 and H𝛼 of six GPs (including 3 moderate leakers)
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Figure 7. Lyα profiles. Vertical dashed lines and short vertical solid lines indicate the centres of profiles and profile peaks, respectively. Flux densities are in
10−16 erg s−1 cm−2 Å−1, wavelengths are in Å and velocities are in km s−1.
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Figure 8. Segments of COS G140L spectra with the LyC. Filled circles show the average observed values with the 3σ error bars. The observed mean LyC
flux densities and flux densities after correction for the Milky Way extinction are indicated by short solid horizontal lines and short dotted horizontal lines,
respectively. The Lyman limit at 912 Å rest-frame wavelength is indicated by dotted vertical lines. Zero flux densities are shown by horizontal lines. Flux
densities are in 10−16 erg s−1 cm−2 Å−1, wavelengths are in Å.

of the H II region. The spread of galaxies in the fesc(LyC)–O32 dia-
gram can also be caused by their different orientations relative to the
observer and by inhomogeneous LyC leakage. For example, it was
demonstrated by Thuan & Izotov (1997) that the low-metallicity
galaxy SBS 0335−052E with a high O32 ∼ 15 shows very strong
Lyα absorption in its UV spectrum, indicating an extremely high
neutral hydrogen column density N(H I) ∼ 7 × 1021 cm−2 along

the line of sight, preventing leakage of LyC radiation. However,
recently Herenz et al. (2017) discovered holes in the H I envelope
of this galaxy probably oriented nearly perpendicularly to the line
of sight, which could allow for LyC leakage in some directions.

It has also been suggested that fesc(LyC) tends to be higher in
low-mass galaxies (Wise et al. 2014; Trebitsch et al. 2017). Stel-
lar masses M# are available for a large number of SFGs because

MNRAS 478, 4851–4865 (2018)
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of the H II region. The spread of galaxies in the fesc(LyC)–O32 dia-
gram can also be caused by their different orientations relative to the
observer and by inhomogeneous LyC leakage. For example, it was
demonstrated by Thuan & Izotov (1997) that the low-metallicity
galaxy SBS 0335−052E with a high O32 ∼ 15 shows very strong
Lyα absorption in its UV spectrum, indicating an extremely high
neutral hydrogen column density N(H I) ∼ 7 × 1021 cm−2 along

the line of sight, preventing leakage of LyC radiation. However,
recently Herenz et al. (2017) discovered holes in the H I envelope
of this galaxy probably oriented nearly perpendicularly to the line
of sight, which could allow for LyC leakage in some directions.

It has also been suggested that fesc(LyC) tends to be higher in
low-mass galaxies (Wise et al. 2014; Trebitsch et al. 2017). Stel-
lar masses M# are available for a large number of SFGs because
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Figure 4. The HST NUV acquisition images of the LyC leaking galaxies in log SB scale. The COS spectroscopic aperture with a diameter of 2.5 arcsec is
shown in all panels by a circle. The linear scale in each panel is derived adopting an angular size distance.
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Figure 5. NUV SB profiles of galaxies. The linear fits are shown for the range of radii used for fitting.
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Figure 10. Relations between the LyC escape fraction fesc(LyC) in low-redshift LyC leaking galaxies and (a) the [O III] λ5007/[O II] λ3727 emission-line ratio,
(b) the stellar mass M", and (c) the separation Vsep between the Lyα profile peaks. LyC leakers from Izotov et al. (2018) and this paper are shown by filled stars,
the LyC leakers from Izotov et al. (2016a,c) are represented by open stars and other LyC leaking galaxies from Leitet et al. (2013), Borthakur et al. (2014),
and Leitherer et al. (2016) with fesc(LyC) derived by Chisholm et al. (2017) are shown by open circles. The two separations in the galaxy J1243+4646 with the
highest fesc(LyC) are shown (see Fig. 7c and Table 7).

Vsep and fesc(LyC), as it is in Fig. 10(c). This relation described by
equation (2) should constitute a strong constraint for constructing
radiative transfer and kinematical models which simultaneously
reproduce fesc(LyC) and the Lyα profile.

Another potential indicator is shown in Fig. 11, where we present
segments of COS G140L spectra of the LyC leakers we have studied
previously and in this paper, in the wavelength range ∼1000–1300Å
which includes the stellar lines O VI λ1035 and N V λ1240 with P-
Cygni profiles, indicative of stellar winds from hot massive stars
(this paper, Izotov et al. 2016a,c, 2018). The spectra are shown in
order of increasing fesc(LyC). The stellar lines are very weak in
spectra of galaxies with lowest fesc(LyC) ! 5 per cent ( Figs11a–
c). In spectra of all other LyC leakers with higher fesc(LyC) these
lines are clearly seen, implying that, in principle, stellar lines with
P-Cygni profiles from hot massive stars could also be considered as
indicators of LyC leakage.

Finally, a coherent analysis of UV absorption lines (including H
lines of the Lyman series and metallic lines such as Si II λ1260) and
the UV attenuation also provide a consistent and accurate measure
of the LyC escape fraction, as shown in detail by Gazagnes et al.
(2018) and Chisholm et al. (2018).

Overall we conclude that the most reliable and simple empirical
indicator of LyC leakage is the separation between the peaks of the
Lyα profile. There are, however, several problems with the use of
this indicator. First, the Lyα line must be resolved for the study
of its profile. Additionally, for low-redshift galaxies, UV observa-
tions are needed. Finally, at redshifts corresponding to the epoch
of recombination, Lyα is effectively absorbed by the intergalactic
neutral medium.

8 D ISCUSSION

We now briefly compare our sources with those studied in other
recent papers. Hernandez et al. (2018) have observed seven z ∼ 0.3
SFGs with the COS spectrograph targeting also the LyC. No LyC
emission is detected, translating to an absolute LyC escape frac-
tion of fesc(LyC) = 0.4+10

−0.4 per cent from the stacked (combined)
spectrum, excluding thus strong LyC leakage. The galaxies were
selected from the COSMOS survey as SFGs, applying a few addi-
tional selection criteria. Both the rest-frame UV (Lyα) and optical
emission lines of their sources are relatively weak compared to our
galaxies, as measured by their equivalent widths which are quite
low, EW(H β) ∼7−77 Å, compared to our median value of ∼220
Å. Correspondingly, the specific star formation rate sSFR of these
galaxies is fairly modest (sSFR ∼10−9.7–10−8.1 yr−1). Comparing
these properties with those of our sources, the LyC non-detection in

the galaxies of Hernandez et al. (2018) may not be surprising. In-
deed, the strong LyC leakers detected so far are all characterized by
their compactness, very strong emission lines and very high sSFR.
These properties are also typical of those of normal z > 6 SFGs,
making our compact leakers good analogues of the sources of cos-
mic reionization, as shown by Schaerer et al. (cf. 2016), whereas
the galaxies observed by Hernandez et al. (2018) are more typical
of low-z non-compact SFGs.

A recent study by Naidu et al. (2018) has examined LyC escape
in z ∼ 3.5 galaxies with strong [O III] emission lines, finding a low
escape fraction of <10 per cent and questioning the usefulness of
high O32 ratios for finding strong LyC emitters. Using an overdensity
at z = 3.42−3.58, these authors have selected 73 SFGs to search
for LyC emission probed by a deep VIMOS U-band image. Again,
the LyC remains undetected both for the individual sources and in
stacks, from which they derive a 1σ upper limit of fesc(LyC) <6.3 ±
0.7 per cent on the relative LyC escape fraction of the total sample.
They also examine ‘strong [OIII]’ emitters, finding fesc(LyC) <8.2
± 0.8 per cent for this subsample of 54 sources with rest-frame
EW([O III]λ5007) ∼400 Å and an estimated O32 ∼ 4.3. From this,
Naidu et al. (2018) conclude that their result raises questions about
the reliability of extreme EW([O III]λ5007) and O32 as effective
tracers of LyC escape.

A quick comparison with the properties of the z ∼ 0.3 galaxies
studied in our work (Izotov et al. 2016c, 2018, and the present
work) shows that our sources have significantly stronger emission
lines (EW([O III]λ5007) ∼1400−2100 Å compared to ∼400 Å rest-
frame) and higher O32 line ratios (extinction-corrected O32 " 5
compared to ∼4 before extinction correction). At O32 < 4 we do
not find any source with absolute LyC escape fractions above ∼2
per cent, which is compatible with their non-detections. In short,
the result of Naidu et al. (2018) does not contradict our findings
and hence does not exclude that galaxies with very strong emission
lines and a high ratio O32 are LyC emitters, as we found at z ∼ 0.3,
although there is no tight correlation between O32 and LyC escape
in our sample.

Another recent study examined the LyC escape fraction of emis-
sion line-selected z ∼ 2.5 galaxies, finding 1σ upper limits on the
absolute escape fraction of fesc < 6−14 per cent (Rutkowski et al.
2017), where the latter value is applicable to a subsample of 13
sources with O32 > 5. As mentioned by these authors, their obser-
vations are not deep enough to detect escape fractions of ∼2−15
per cent as measured for the majority of our sources (8 out of 11).
On the other hand, the three galaxies with the highest LyC escape
fractions in our sample have all fairly low stellar masses M" !
109 M#, clearly outside the mass range of the galaxies observed
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Figure 1. 25 arcsec × 25 arcsec SDSS composite images of selected galaxies.
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Figure 2. (a) The BPT diagram (Baldwin, Phillips & Terlevich 1981) for SFGs. (b) The O32–R23 diagram for SFGs where R23 = ([O II]3727 + [O III]4959
+ [O III]5007)/H β. The LyC leaking galaxies (this paper) and J1154+2443 (Izotov et al. 2018) are shown by filled stars in both panels. The location of LyC
leaking galaxies by Borthakur et al. (2014) and Chisholm et al. (2017) are shown by open circles while LyC leaking galaxies by Izotov et al. (2016a,c) are
represented by open stars. The compact SFGs (Izotov et al. 2016b) are represented by grey dots. The solid line in (a) (Kauffmann et al. 2003) separates SFGs
from AGN.

regions and be potential LyC leakers as suggested e.g. by Jaskot &
Oey (2013) and Nakajima & Ouchi (2014).

Izotov et al. (2016a,c, 2018) selected six compact SFGs at red-
shifts ∼0.3 with high O32 ! 5 for observations with the Hubble
Space Telescope (HST)/Cosmic Origins Spectrograph (COS). They
showed that all six galaxies are LyC leakers with fesc(LyC) rang-
ing between 6 and 46 per cent. These values are much higher than
fesc(LyC) of ∼0–4.5 per cent derived e.g. by Borthakur et al. (2014)
and Chisholm et al. (2017) in SFGs with lower O32 or with lower
equivalent widths of the H β emission line (Hernandez et al. 2018).

In this paper we present new HST/COS observations of the LyC
in five compact SFGs with the highest O32 ∼ 8–27 ever observed in
order to detect ionizing radiation, and examine its behaviour over
a wide range of O32. The properties of selected SFGs derived from
observations in the optical range are presented in Section 2. The
HST observations and data reduction are described in Section 3.
The surface brightness (SB) profiles in the UV range are discussed
in Section 4. In Section 5 we compare the HST/COS spectra with the
extrapolation of the modelled SEDs to the UV range. Lyα emission
is considered in Section 6. The escaping LyC emission is discussed
in Section 7 together with the corresponding escape fractions. In
Section 8 our results are compared with the LyC escape fractions
for other galaxies obtained in some recent studies. We summarize
our findings in Section 9.

2 PRO P E RT I E S O F SE L E C T E D G A L A X I E S
DERIVED FROM OBSERVATI ONS I N THE
O P T I C A L R A N G E

2.1 Emission-line diagnostic diagrams

Our LyC leaker candidates were selected from the SDSS Data Re-
lease 12 (DR12) (Alam et al. 2015) by adopting the selection criteria
described in Izotov et al. (2016a,c, 2018). All of them have a com-
pact structure on SDSS images (Fig. 1) and high equivalent widths
EW(H β) > 200 Å of the H β emission line in the SDSS spectra,
indicating very recent star formation. These galaxies are located in
the upper part of the SFG branch in the Baldwin–Phillips–Terlevich
(BPT) diagram (filled stars in Fig. 2a) implying the presence of
high-excitation H II regions. Izotov et al. (2016a,c) discussed only
galaxies with O32 ∼ 5–7. In this paper and in Izotov et al. (2018) we
report observations of galaxies with the considerably larger range
of O32 ∼ 8–27 (Table 1), aiming to study the applicability of the O32

criterion to select galaxies with high escape fractions of ionizing
radiation. It is seen in Fig. 2(b) that the selected galaxies have the
highest O32 ratios among all local LyC leaking galaxies observed
so far.

The SDSS, GALEX, and WISE apparent magnitudes of the se-
lected galaxies are shown in Table 2, indicating that these SFGs are
among the faintest low-redshift LyC leakers that have been observed
with HST.
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(Izotov et al. 2018)

O/H = 7.9
O32 = 13.5
MFUV = −20.5
EW(Ly𝛼) = 98Å
Ly𝛼/H𝛼 = 4.5
vsep∼150 km/s



HST imaging observations SDSS J1243+4646
Filter feature probed
• SBC/F125LP LyC
• SBC/ F140LP 1000 Å
• SBC/ F150LP 1100 Å
• SBC/ F165LP Ly𝛼
• UVIS/F225W 1500 Å
• UVIS/F438W 3000 Å
• ACS/FR551N [OII]
• UVIS/F621M 4300 Å
• ACS/FR716N H𝛽
• ACS/FR716N [OIII]
• UVIS/F845M 5800 Å
• ACS/FR931N H𝛼
• IR/F140W 1 𝜇m Figure 3: Left: Observational setup, with the proposed broad band filters shown as dotted lines

(NB the filters profiles are logarithmic and normalized to the same peak transmission for clarity).
The Ly↵ filter (F165LP) has a purple shading. The other emission lines of interest are shown at
their location for z = 0.43 but the profiles of the narrow-band filters are not drawn. The leftmost,
dashed line, filter is F125LP and will be used for J1243+4646 to image the escaping LyC
emission. Overplotted are 3 di↵erent SED models: a 2 Myr unreddened population (blue), the
same population but reddened by E(B � V ) = 0.2 (orange) and a 20 Myr old unreddened
population (green). Both axes have logarithmic scaling. Right: Illustrating the continuum
subtraction from F165LP to generate Ly↵ images. Ly↵ = F165LP � k ⇥ F225W , the color code
shows values of k, i.e. for a given location in the F140LP-F225W vs F438W-F621M space for a
range of ages (1Myr to 1 Gyr) and reddenings (E(B-V)=0 to 1) we can uniquely determine a
non-degenerate k and obtain an accurate continuum subtraction (see Hayes+2005). In reality, we
will use a 2 component+nebular SED fitting technique, e.g. LaXs developed by the LARS team
for this purpose (Hayes+2009,Östlin+2014), and made available to us (Melinder, private corr.)

wide annulus. The angular scale di↵erence between LARS#14 (z=0.18) and J1243+4646
(z=0.43) is a factor of 1.8 and the relative surface brightness dimming of Ly↵ in J1243+4646
is a factor of 2.1 compared to LARS#14. Hence our request is to reach 2e-17 erg/s/cm2/ut00

at r = 5.600. A annulus 2 00 wide here has an area of 70 arcsec2 (ut00), hence for S/N=1.0 per

51x51 pixels (1.700x1.700) the integrated S/N will be
q

70/1.72 = 5 which is achieved in 10 800
seconds (4 orbits), and is our aimed detection limit. This assumes the standard HST and
ACS overheads, an orbital visibility of 55 minutes, and 2 dithered exposures per orbit. Here
we have assumed Ly↵ a equivalent width of 500Å in the halo, as observed in LARS#14,
since we don’t expect much UV continuum at such radii (30 kpc). Hence, these observations
would allow us to firmly detect large Ly↵ haloes around the strong leakers, if they exist.

The two other targets have slightly lower redshift and the dimming will be lower, and a
corresponding halo slightly bigger, and we aim for a target surface brightness limit of 3e-17
erg/s/cm2/ut00 in an area of 90 ut00 which is achieved in 6600 s (2.5 orbits).
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Images
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F125LP, Filter contains LyC (down to 865Å) but also nonionizing continuum
LaXS produce intrinsic LyC flux which is subtracted to yield LyC image 
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LyC



Summary and outlook

• J1243+46 shows widespread Ly𝛼 emission, more extended than H𝛼
and UV
• LyC detected in imaging

• Derive ionisation maps from [OIII]/[OII], [OIII]/H𝛼
• Alalyse LyC and fesc as compared to ionization, age, E(B-V) etc
• Do strong leakers have smaller (fewer Ly𝛼 photons produced) or 

larger (longer mean free paths for LyC) Ly𝛼 halos?
• Include J1256+4509, J1154+2443, sample from Melinder and LaCOS


