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Figure 3. Color composite images of the whole sample. The blue channel shows continuum subtracted Lyα, adaptively smoothed for the sake of presentation.
Continuum subtracted Hα is shown in red. 1500 Å continuum is shown in green. The intensity scaling is logarithmic and arbitrary and has been adjusted to show
interesting details. Each image has a size of 15′′ × 15′′, except for SBS 0335−052 (5′′ × 5′′) and Tol 65 (7.′′5 × 7.′′5). For Tol 65 the red channel shows a mixture
of Hβ, [O iii] and Hα (see the text for details). East is left and north is up. Low surface brightness Lyα emission can clearly be seen surrounding compact UV point
sources, particularly in ESO 338−04, Haro 11, and the south west knot of NGC 6090.
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Table 2. Properties of the Lyαmedium-resolution sample. The continuum slope β is taken fromNoll et al. (2004). They measured
the continuum slope β in the low-resolution spectra of the FDF spectroscopic survey following Leitherer et al. (2002). The Lyα
fluxes FLyα and equivalent widths EW(Lyα) refer only to the emission component (Sect. 3.1.1). No Lyα emission line was
detected in the medium-resolution spectra of FDF-6063. The star-formation rates S FRUV and S FRLyα were derived from the
UV flux, respectively Lyα flux, using the calibration of Kennicutt (1998) and assuming Case B recombination. The line width
FWHM(Lyα) refers to the complete profile (Sect 3.1.2) .

ID z S FRUV[M!yr−1] β FLyα[10−21Wm−2] S FRLyα[M!yr−1] EW(LyαEM) [Å] FWHM(Lyα) [km/s]
1267 2.788 ± 0.001 1.16 ± 0.25 - 25.38 ± 1.30 1.49 ± 0.08 129.8 ± 27.41 235 ± 32
1337 3.403 ± 0.004 27.28 ± 1.15 -2.43 22.09 ± 1.52 2.10 ± 0.14 6.69 ± 0.46 597 ± 84
2384 3.314 ± 0.004 22.74 ± 0.77 -0.55 121.08 ± 3.01 10.8 ± 0.27 83.19 ± 3.89 283 ± 47
3389 4.583 ± 0.006 14.85 ± 2.47 - 46.51 ± 2.23 9.2 ± 0.38 38.82 ± 10.95 354 ± 70
4454 3.085 ± 0.004 1.98 ± 0.49 -2.42 29.91 ± 1.02 2.25 ± 0.08 74.38 ± 11.84 323 ± 47
4691 3.304 ± 0.004 17.88 ± 0.75 -2.46 184.33 ± 1.61 16.31 ± 0.14 79.44 ± 1.61 840 ± 115
5215 3.148 ± 0.004 26.20 ± 0.80 -1.71 121.55 ± 2.63 9.57 ± 0.21 32.48 ± 1.06 483 ± 90
5550 3.383 ± 0.004 44.78 ± 1.07 -1.81 34.89 ± 2.14 3.27 ± 0.2 6.36 ± 0.40 424 ± 85
5744 3.401 ± 0.003 21.23 ± 0.87 -1.02 4.63± 1.06 0.44 ± 0.10 3.30± 0.77 -
5812 4.995 ± 0.006 5.24 ± 0.79 - 40.83 ± 0.78 9.60 ± 0.18 153.8± 26.6 226 ± 23
5903 2.774 ± 0.003 63.14 ± 0.75 -1.15 6.73 ± 1.53 0.39 ± 0.09 0.60 ± 0.14 627 ± 140
6063 3.397 ± 0.004 56.61 ± 1.28 -2.02 - - - -
6557 4.682 ± 0.006 13.85 ± 1.39 - 16.57 ± 0.73 3.35 ± 0.15 30.51 ± 3.04 380 ± 135
7539 3.287 ± 0.003 29.87 ± 0.78 -1.74 28.01 ± 1.84 2.45 ± 0.46 6.84 ± 0.46 1430 ± 230
7683 3.781 ± 0.004 20.40 ± 1.46 -1.16 15.18 ± 1.89 1.85 ± 0.23 9.08 ± 1.16 435 ± 70
8304 4.205 ± 0.003 24.94 ± 5.48 - 5.63 ± 0.74 0.88 ± 0.12 3.21 ± 0.43 500 ± 70

(a) FDF-1267 (b) FDF-1337 (c) FDF-2384 (d) FDF-3389 (e) FDF-4454 (f) FDF-4691 (g) FDF-5215

(h) FDF-5550 (i) FDF-5744 (j) FDF-5812 (k) FDF-5903 (l) FDF-6063 (m) FDF-6557 (n) FDF-7539

(o) FDF-7683 (p) FDF-8304

Fig. 1. The observed medium-resolution spectra of the Lyα line. The abscissa for each figure gives the radial velocity relative to
the redshift of the galaxies (see Table 2). The ordinate gives a normalised flux. The dotted line indicates the noise level.

liers with high line width are FDF-4691 and FDF-7539, both
galaxies with double-peak profiles.

3.2. Slope of the UV continuum

Studies by, e.g., Calzetti et al. (1994) and Heckman et al.
(1998) show that the UV-restframe continuum between 1216
Å and 3000 Å of starburst galaxies can be approximated by

F(λ) ≈ λβ. Noll et al. (2004) measured the slope β for the
galaxies in the FDF spectroscopic survey with 2< z <4 in the
range 1200 to 1800 Å, following Leitherer et al. (2002). The
values of β for the medium-resolution sample are listed in Table
2. In Fig. 4 the continuum slope β is plotted as a function of
the total Lyα equivalent width for the FDF spectroscopic sam-
ple β with 2< z <4 . Figure 4 shows that the scatter of the
total Lyα equivalent width increases towards steeper slopes.
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Figure 3. Color composite images of the whole sample. The blue channel shows continuum subtracted Lyα, adaptively smoothed for the sake of presentation.
Continuum subtracted Hα is shown in red. 1500 Å continuum is shown in green. The intensity scaling is logarithmic and arbitrary and has been adjusted to show
interesting details. Each image has a size of 15′′ × 15′′, except for SBS 0335−052 (5′′ × 5′′) and Tol 65 (7.′′5 × 7.′′5). For Tol 65 the red channel shows a mixture
of Hβ, [O iii] and Hα (see the text for details). East is left and north is up. Low surface brightness Lyα emission can clearly be seen surrounding compact UV point
sources, particularly in ESO 338−04, Haro 11, and the south west knot of NGC 6090.
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Table 2. Properties of the Lyαmedium-resolution sample. The continuum slope β is taken fromNoll et al. (2004). They measured
the continuum slope β in the low-resolution spectra of the FDF spectroscopic survey following Leitherer et al. (2002). The Lyα
fluxes FLyα and equivalent widths EW(Lyα) refer only to the emission component (Sect. 3.1.1). No Lyα emission line was
detected in the medium-resolution spectra of FDF-6063. The star-formation rates S FRUV and S FRLyα were derived from the
UV flux, respectively Lyα flux, using the calibration of Kennicutt (1998) and assuming Case B recombination. The line width
FWHM(Lyα) refers to the complete profile (Sect 3.1.2) .

ID z S FRUV[M!yr−1] β FLyα[10−21Wm−2] S FRLyα[M!yr−1] EW(LyαEM) [Å] FWHM(Lyα) [km/s]
1267 2.788 ± 0.001 1.16 ± 0.25 - 25.38 ± 1.30 1.49 ± 0.08 129.8 ± 27.41 235 ± 32
1337 3.403 ± 0.004 27.28 ± 1.15 -2.43 22.09 ± 1.52 2.10 ± 0.14 6.69 ± 0.46 597 ± 84
2384 3.314 ± 0.004 22.74 ± 0.77 -0.55 121.08 ± 3.01 10.8 ± 0.27 83.19 ± 3.89 283 ± 47
3389 4.583 ± 0.006 14.85 ± 2.47 - 46.51 ± 2.23 9.2 ± 0.38 38.82 ± 10.95 354 ± 70
4454 3.085 ± 0.004 1.98 ± 0.49 -2.42 29.91 ± 1.02 2.25 ± 0.08 74.38 ± 11.84 323 ± 47
4691 3.304 ± 0.004 17.88 ± 0.75 -2.46 184.33 ± 1.61 16.31 ± 0.14 79.44 ± 1.61 840 ± 115
5215 3.148 ± 0.004 26.20 ± 0.80 -1.71 121.55 ± 2.63 9.57 ± 0.21 32.48 ± 1.06 483 ± 90
5550 3.383 ± 0.004 44.78 ± 1.07 -1.81 34.89 ± 2.14 3.27 ± 0.2 6.36 ± 0.40 424 ± 85
5744 3.401 ± 0.003 21.23 ± 0.87 -1.02 4.63± 1.06 0.44 ± 0.10 3.30± 0.77 -
5812 4.995 ± 0.006 5.24 ± 0.79 - 40.83 ± 0.78 9.60 ± 0.18 153.8± 26.6 226 ± 23
5903 2.774 ± 0.003 63.14 ± 0.75 -1.15 6.73 ± 1.53 0.39 ± 0.09 0.60 ± 0.14 627 ± 140
6063 3.397 ± 0.004 56.61 ± 1.28 -2.02 - - - -
6557 4.682 ± 0.006 13.85 ± 1.39 - 16.57 ± 0.73 3.35 ± 0.15 30.51 ± 3.04 380 ± 135
7539 3.287 ± 0.003 29.87 ± 0.78 -1.74 28.01 ± 1.84 2.45 ± 0.46 6.84 ± 0.46 1430 ± 230
7683 3.781 ± 0.004 20.40 ± 1.46 -1.16 15.18 ± 1.89 1.85 ± 0.23 9.08 ± 1.16 435 ± 70
8304 4.205 ± 0.003 24.94 ± 5.48 - 5.63 ± 0.74 0.88 ± 0.12 3.21 ± 0.43 500 ± 70

(a) FDF-1267 (b) FDF-1337 (c) FDF-2384 (d) FDF-3389 (e) FDF-4454 (f) FDF-4691 (g) FDF-5215

(h) FDF-5550 (i) FDF-5744 (j) FDF-5812 (k) FDF-5903 (l) FDF-6063 (m) FDF-6557 (n) FDF-7539
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Fig. 1. The observed medium-resolution spectra of the Lyα line. The abscissa for each figure gives the radial velocity relative to
the redshift of the galaxies (see Table 2). The ordinate gives a normalised flux. The dotted line indicates the noise level.

liers with high line width are FDF-4691 and FDF-7539, both
galaxies with double-peak profiles.

3.2. Slope of the UV continuum

Studies by, e.g., Calzetti et al. (1994) and Heckman et al.
(1998) show that the UV-restframe continuum between 1216
Å and 3000 Å of starburst galaxies can be approximated by

F(λ) ≈ λβ. Noll et al. (2004) measured the slope β for the
galaxies in the FDF spectroscopic survey with 2< z <4 in the
range 1200 to 1800 Å, following Leitherer et al. (2002). The
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Figure 3. Color composite images of the whole sample. The blue channel shows continuum subtracted Lyα, adaptively smoothed for the sake of presentation.
Continuum subtracted Hα is shown in red. 1500 Å continuum is shown in green. The intensity scaling is logarithmic and arbitrary and has been adjusted to show
interesting details. Each image has a size of 15′′ × 15′′, except for SBS 0335−052 (5′′ × 5′′) and Tol 65 (7.′′5 × 7.′′5). For Tol 65 the red channel shows a mixture
of Hβ, [O iii] and Hα (see the text for details). East is left and north is up. Low surface brightness Lyα emission can clearly be seen surrounding compact UV point
sources, particularly in ESO 338−04, Haro 11, and the south west knot of NGC 6090.
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Table 2. Properties of the Lyαmedium-resolution sample. The continuum slope β is taken fromNoll et al. (2004). They measured
the continuum slope β in the low-resolution spectra of the FDF spectroscopic survey following Leitherer et al. (2002). The Lyα
fluxes FLyα and equivalent widths EW(Lyα) refer only to the emission component (Sect. 3.1.1). No Lyα emission line was
detected in the medium-resolution spectra of FDF-6063. The star-formation rates S FRUV and S FRLyα were derived from the
UV flux, respectively Lyα flux, using the calibration of Kennicutt (1998) and assuming Case B recombination. The line width
FWHM(Lyα) refers to the complete profile (Sect 3.1.2) .

ID z S FRUV[M!yr−1] β FLyα[10−21Wm−2] S FRLyα[M!yr−1] EW(LyαEM) [Å] FWHM(Lyα) [km/s]
1267 2.788 ± 0.001 1.16 ± 0.25 - 25.38 ± 1.30 1.49 ± 0.08 129.8 ± 27.41 235 ± 32
1337 3.403 ± 0.004 27.28 ± 1.15 -2.43 22.09 ± 1.52 2.10 ± 0.14 6.69 ± 0.46 597 ± 84
2384 3.314 ± 0.004 22.74 ± 0.77 -0.55 121.08 ± 3.01 10.8 ± 0.27 83.19 ± 3.89 283 ± 47
3389 4.583 ± 0.006 14.85 ± 2.47 - 46.51 ± 2.23 9.2 ± 0.38 38.82 ± 10.95 354 ± 70
4454 3.085 ± 0.004 1.98 ± 0.49 -2.42 29.91 ± 1.02 2.25 ± 0.08 74.38 ± 11.84 323 ± 47
4691 3.304 ± 0.004 17.88 ± 0.75 -2.46 184.33 ± 1.61 16.31 ± 0.14 79.44 ± 1.61 840 ± 115
5215 3.148 ± 0.004 26.20 ± 0.80 -1.71 121.55 ± 2.63 9.57 ± 0.21 32.48 ± 1.06 483 ± 90
5550 3.383 ± 0.004 44.78 ± 1.07 -1.81 34.89 ± 2.14 3.27 ± 0.2 6.36 ± 0.40 424 ± 85
5744 3.401 ± 0.003 21.23 ± 0.87 -1.02 4.63± 1.06 0.44 ± 0.10 3.30± 0.77 -
5812 4.995 ± 0.006 5.24 ± 0.79 - 40.83 ± 0.78 9.60 ± 0.18 153.8± 26.6 226 ± 23
5903 2.774 ± 0.003 63.14 ± 0.75 -1.15 6.73 ± 1.53 0.39 ± 0.09 0.60 ± 0.14 627 ± 140
6063 3.397 ± 0.004 56.61 ± 1.28 -2.02 - - - -
6557 4.682 ± 0.006 13.85 ± 1.39 - 16.57 ± 0.73 3.35 ± 0.15 30.51 ± 3.04 380 ± 135
7539 3.287 ± 0.003 29.87 ± 0.78 -1.74 28.01 ± 1.84 2.45 ± 0.46 6.84 ± 0.46 1430 ± 230
7683 3.781 ± 0.004 20.40 ± 1.46 -1.16 15.18 ± 1.89 1.85 ± 0.23 9.08 ± 1.16 435 ± 70
8304 4.205 ± 0.003 24.94 ± 5.48 - 5.63 ± 0.74 0.88 ± 0.12 3.21 ± 0.43 500 ± 70

(a) FDF-1267 (b) FDF-1337 (c) FDF-2384 (d) FDF-3389 (e) FDF-4454 (f) FDF-4691 (g) FDF-5215

(h) FDF-5550 (i) FDF-5744 (j) FDF-5812 (k) FDF-5903 (l) FDF-6063 (m) FDF-6557 (n) FDF-7539

(o) FDF-7683 (p) FDF-8304

Fig. 1. The observed medium-resolution spectra of the Lyα line. The abscissa for each figure gives the radial velocity relative to
the redshift of the galaxies (see Table 2). The ordinate gives a normalised flux. The dotted line indicates the noise level.

liers with high line width are FDF-4691 and FDF-7539, both
galaxies with double-peak profiles.

3.2. Slope of the UV continuum

Studies by, e.g., Calzetti et al. (1994) and Heckman et al.
(1998) show that the UV-restframe continuum between 1216
Å and 3000 Å of starburst galaxies can be approximated by

F(λ) ≈ λβ. Noll et al. (2004) measured the slope β for the
galaxies in the FDF spectroscopic survey with 2< z <4 in the
range 1200 to 1800 Å, following Leitherer et al. (2002). The
values of β for the medium-resolution sample are listed in Table
2. In Fig. 4 the continuum slope β is plotted as a function of
the total Lyα equivalent width for the FDF spectroscopic sam-
ple β with 2< z <4 . Figure 4 shows that the scatter of the
total Lyα equivalent width increases towards steeper slopes.
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Table 2. Properties of the Lyαmedium-resolution sample. The continuum slope β is taken fromNoll et al. (2004). They measured
the continuum slope β in the low-resolution spectra of the FDF spectroscopic survey following Leitherer et al. (2002). The Lyα
fluxes FLyα and equivalent widths EW(Lyα) refer only to the emission component (Sect. 3.1.1). No Lyα emission line was
detected in the medium-resolution spectra of FDF-6063. The star-formation rates S FRUV and S FRLyα were derived from the
UV flux, respectively Lyα flux, using the calibration of Kennicutt (1998) and assuming Case B recombination. The line width
FWHM(Lyα) refers to the complete profile (Sect 3.1.2) .

ID z S FRUV[M!yr−1] β FLyα[10−21Wm−2] S FRLyα[M!yr−1] EW(LyαEM) [Å] FWHM(Lyα) [km/s]
1267 2.788 ± 0.001 1.16 ± 0.25 - 25.38 ± 1.30 1.49 ± 0.08 129.8 ± 27.41 235 ± 32
1337 3.403 ± 0.004 27.28 ± 1.15 -2.43 22.09 ± 1.52 2.10 ± 0.14 6.69 ± 0.46 597 ± 84
2384 3.314 ± 0.004 22.74 ± 0.77 -0.55 121.08 ± 3.01 10.8 ± 0.27 83.19 ± 3.89 283 ± 47
3389 4.583 ± 0.006 14.85 ± 2.47 - 46.51 ± 2.23 9.2 ± 0.38 38.82 ± 10.95 354 ± 70
4454 3.085 ± 0.004 1.98 ± 0.49 -2.42 29.91 ± 1.02 2.25 ± 0.08 74.38 ± 11.84 323 ± 47
4691 3.304 ± 0.004 17.88 ± 0.75 -2.46 184.33 ± 1.61 16.31 ± 0.14 79.44 ± 1.61 840 ± 115
5215 3.148 ± 0.004 26.20 ± 0.80 -1.71 121.55 ± 2.63 9.57 ± 0.21 32.48 ± 1.06 483 ± 90
5550 3.383 ± 0.004 44.78 ± 1.07 -1.81 34.89 ± 2.14 3.27 ± 0.2 6.36 ± 0.40 424 ± 85
5744 3.401 ± 0.003 21.23 ± 0.87 -1.02 4.63± 1.06 0.44 ± 0.10 3.30± 0.77 -
5812 4.995 ± 0.006 5.24 ± 0.79 - 40.83 ± 0.78 9.60 ± 0.18 153.8± 26.6 226 ± 23
5903 2.774 ± 0.003 63.14 ± 0.75 -1.15 6.73 ± 1.53 0.39 ± 0.09 0.60 ± 0.14 627 ± 140
6063 3.397 ± 0.004 56.61 ± 1.28 -2.02 - - - -
6557 4.682 ± 0.006 13.85 ± 1.39 - 16.57 ± 0.73 3.35 ± 0.15 30.51 ± 3.04 380 ± 135
7539 3.287 ± 0.003 29.87 ± 0.78 -1.74 28.01 ± 1.84 2.45 ± 0.46 6.84 ± 0.46 1430 ± 230
7683 3.781 ± 0.004 20.40 ± 1.46 -1.16 15.18 ± 1.89 1.85 ± 0.23 9.08 ± 1.16 435 ± 70
8304 4.205 ± 0.003 24.94 ± 5.48 - 5.63 ± 0.74 0.88 ± 0.12 3.21 ± 0.43 500 ± 70

(a) FDF-1267 (b) FDF-1337 (c) FDF-2384 (d) FDF-3389 (e) FDF-4454 (f) FDF-4691 (g) FDF-5215

(h) FDF-5550 (i) FDF-5744 (j) FDF-5812 (k) FDF-5903 (l) FDF-6063 (m) FDF-6557 (n) FDF-7539

(o) FDF-7683 (p) FDF-8304

Fig. 1. The observed medium-resolution spectra of the Lyα line. The abscissa for each figure gives the radial velocity relative to
the redshift of the galaxies (see Table 2). The ordinate gives a normalised flux. The dotted line indicates the noise level.

liers with high line width are FDF-4691 and FDF-7539, both
galaxies with double-peak profiles.

3.2. Slope of the UV continuum

Studies by, e.g., Calzetti et al. (1994) and Heckman et al.
(1998) show that the UV-restframe continuum between 1216
Å and 3000 Å of starburst galaxies can be approximated by

F(λ) ≈ λβ. Noll et al. (2004) measured the slope β for the
galaxies in the FDF spectroscopic survey with 2< z <4 in the
range 1200 to 1800 Å, following Leitherer et al. (2002). The
values of β for the medium-resolution sample are listed in Table
2. In Fig. 4 the continuum slope β is plotted as a function of
the total Lyα equivalent width for the FDF spectroscopic sam-
ple β with 2< z <4 . Figure 4 shows that the scatter of the
total Lyα equivalent width increases towards steeper slopes.
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Table 2. Properties of the Lyαmedium-resolution sample. The continuum slope β is taken fromNoll et al. (2004). They measured
the continuum slope β in the low-resolution spectra of the FDF spectroscopic survey following Leitherer et al. (2002). The Lyα
fluxes FLyα and equivalent widths EW(Lyα) refer only to the emission component (Sect. 3.1.1). No Lyα emission line was
detected in the medium-resolution spectra of FDF-6063. The star-formation rates S FRUV and S FRLyα were derived from the
UV flux, respectively Lyα flux, using the calibration of Kennicutt (1998) and assuming Case B recombination. The line width
FWHM(Lyα) refers to the complete profile (Sect 3.1.2) .
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1267 2.788 ± 0.001 1.16 ± 0.25 - 25.38 ± 1.30 1.49 ± 0.08 129.8 ± 27.41 235 ± 32
1337 3.403 ± 0.004 27.28 ± 1.15 -2.43 22.09 ± 1.52 2.10 ± 0.14 6.69 ± 0.46 597 ± 84
2384 3.314 ± 0.004 22.74 ± 0.77 -0.55 121.08 ± 3.01 10.8 ± 0.27 83.19 ± 3.89 283 ± 47
3389 4.583 ± 0.006 14.85 ± 2.47 - 46.51 ± 2.23 9.2 ± 0.38 38.82 ± 10.95 354 ± 70
4454 3.085 ± 0.004 1.98 ± 0.49 -2.42 29.91 ± 1.02 2.25 ± 0.08 74.38 ± 11.84 323 ± 47
4691 3.304 ± 0.004 17.88 ± 0.75 -2.46 184.33 ± 1.61 16.31 ± 0.14 79.44 ± 1.61 840 ± 115
5215 3.148 ± 0.004 26.20 ± 0.80 -1.71 121.55 ± 2.63 9.57 ± 0.21 32.48 ± 1.06 483 ± 90
5550 3.383 ± 0.004 44.78 ± 1.07 -1.81 34.89 ± 2.14 3.27 ± 0.2 6.36 ± 0.40 424 ± 85
5744 3.401 ± 0.003 21.23 ± 0.87 -1.02 4.63± 1.06 0.44 ± 0.10 3.30± 0.77 -
5812 4.995 ± 0.006 5.24 ± 0.79 - 40.83 ± 0.78 9.60 ± 0.18 153.8± 26.6 226 ± 23
5903 2.774 ± 0.003 63.14 ± 0.75 -1.15 6.73 ± 1.53 0.39 ± 0.09 0.60 ± 0.14 627 ± 140
6063 3.397 ± 0.004 56.61 ± 1.28 -2.02 - - - -
6557 4.682 ± 0.006 13.85 ± 1.39 - 16.57 ± 0.73 3.35 ± 0.15 30.51 ± 3.04 380 ± 135
7539 3.287 ± 0.003 29.87 ± 0.78 -1.74 28.01 ± 1.84 2.45 ± 0.46 6.84 ± 0.46 1430 ± 230
7683 3.781 ± 0.004 20.40 ± 1.46 -1.16 15.18 ± 1.89 1.85 ± 0.23 9.08 ± 1.16 435 ± 70
8304 4.205 ± 0.003 24.94 ± 5.48 - 5.63 ± 0.74 0.88 ± 0.12 3.21 ± 0.43 500 ± 70
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Fig. 1. The observed medium-resolution spectra of the Lyα line. The abscissa for each figure gives the radial velocity relative to
the redshift of the galaxies (see Table 2). The ordinate gives a normalised flux. The dotted line indicates the noise level.

liers with high line width are FDF-4691 and FDF-7539, both
galaxies with double-peak profiles.

3.2. Slope of the UV continuum

Studies by, e.g., Calzetti et al. (1994) and Heckman et al.
(1998) show that the UV-restframe continuum between 1216
Å and 3000 Å of starburst galaxies can be approximated by

F(λ) ≈ λβ. Noll et al. (2004) measured the slope β for the
galaxies in the FDF spectroscopic survey with 2< z <4 in the
range 1200 to 1800 Å, following Leitherer et al. (2002). The
values of β for the medium-resolution sample are listed in Table
2. In Fig. 4 the continuum slope β is plotted as a function of
the total Lyα equivalent width for the FDF spectroscopic sam-
ple β with 2< z <4 . Figure 4 shows that the scatter of the
total Lyα equivalent width increases towards steeper slopes.
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Ly! Emitters (LAEs)

" photometric selection (narrow-band)
(e.g. Gronwall+07, Ouchi+08)
" blind spectroscopic surveys
(Blanc+11, Cassata+11)

Introduction - Observational context

Lyman-break galaxies (LBGs)

" Broad-band selection (=> UV-bright)
(e.g. Steidel+99, Bouwens+07)

" ~ 50% of z=3 LBG show Ly! in emission
(Shapley+03)

LAEs on average less massive, bluer, 
less dusty and younger than LBGs

... but red, massive LAEs also found (Finkelstein+09) Ouchi+08

Gawiser+06



Introduction - Observational context

How do outflows affect Ly! profiles? (Kunth+98, Shapley+03, McLinden+10, Steidel+10)
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Figure 1. Histogram of the measured (centroid) velocities of IS absorption lines
(blue) and Lyα emission (red) with respect to the galaxy nebular redshift as
defined by the centroid of the Hα emission line, for a sample of 89 galaxies with
〈z〉 = 2.27±0.16. The sample includes only those galaxies having both nebular
line redshifts and rest-UV spectra of adequate quality to measure absorption
line centroids. In this sample, 86 of the 89 galaxies have measured values of zIS,
3 have only zLyα , and 39 have both. The mean values of the velocity offsets are
indicated.

Figure 1, where different symbols are used depending on the
UV spectral morphology of the galaxies.

In light of the current Hα sample of z ∼ 2.3 galaxies, it is
worth re-examining the “rules” that one would use to estimate
the true systemic redshift of the galaxies given only information
contained in their rest-UV spectra, and assuming that zHα defines
the rest frame. Using a linear regression form similar to that used
by Adelberger et al. (2005a), for galaxies with both zLyα and zIS
measurements,

zHα = zIS + 0.00289 − 0.0026(2.7 − zIS); σz = 0.00127, (1)

zHα = zLyα −0.0054 + 0.0001(2.7−zLyα); σz = 0.00193, (2)

corresponding to velocity offsets of ∆vIS = −170±115 km s−1

and ∆vLyα = +485 ± 175 km s−1, respectively, at the mean
redshift of zHα = 2.27. For objects with a measurement of zIS
only,

zHα = zIS + 0.00303 − 0.0031(2.7 − zIS); σz = 0.00145, (3)

or ∆vIS = −165 ± 140 km s−1 (error is the standard deviation)
at the mean redshift of the sample.

Using all 86 Hα galaxies with measured zIS, the best-fit single
relation of the form in Equations (1)–(3) is

zHα = zIS + 0.00299 − 0.00291(2.7 − zIS); σz = 0.00138 (4)

or ∆vIS = −166 ± 125 km s−1 at 〈zHα〉 = 2.27. We find that
including zLyα in the above regression formulae increases the
rms redshift uncertainty over that obtained using only zIS, in
contrast to similar estimates at somewhat higher redshift by
Adelberger et al. (2005a). One possible explanation for the
difference could be the generally weaker Lyα lines in the z % 2.3

Figure 2. Plot showing the IS absorption line centroid velocities (blue) and
centroid Lyα emission velocities relative to the redshift defined by Hα for the
same sample as in Figure 1. Galaxies for which both IS absorption redshifts
and Lyα emission redshifts are available are indicated with blue (absorption)
and red (emission) solid dots; open triangles show systems for which one or
the other measurements are not available. The circled objects are ones which
exhibited measurable velocity shear in the sample of Erb et al. (2006c; see the
text for discussion).

sample compared to that at z % 3 (Reddy et al. 2008). We
return in Section 5 to a discussion of the kinematics of the Lyα
emission line. In any case, using only the absorption redshift,
with a constant offset of %+165 km s−1, would provide an
estimate of zHα accurate to ∼125 km s−1 (rms).

There are too few objects (3 of 89) in the Hα sample having
only zLyα to define a significant relationship for such objects
(which are also quite rare in the full z ! 2 spectroscopic
sample), although these three objects have 〈∆vLyα〉 = 400±183,
consistent with Equation (2) above. For this reason, we use
Equation (2) for subsequent estimates of zHα when only Lyα
emission is available.

Figures 1 and 2 show that a significant fraction of the galaxies
have an IS absorption line centroid velocity shift ∆vIS consistent
with zero. Given the uncertainties in ∆vIS, this is not particularly
significant for individual objects, but we discuss the issue further
because of the intriguing behavior of ∆vIS and ∆vLyα with respect
to one another and because of the greater significance of the
result in higher S/N composite spectra discussed below. Three
of the eleven galaxies with measured ∆vIS " 0 also have Lyα
emission, and have 〈∆vLyα〉 = +708 ± 50 km s−1, ∼250 km s−1

higher than the average of the full sample; however, the average
〈∆vLyα−∆vIS〉 = 622±40 km s−1 for this set of objects is nearly
identical to that of the full sample. The relative consistency of the
difference ∆vLyα − ∆vIS in the Hα sample, as well as in much
larger samples without the benefit of Hα spectroscopy (e.g.,
Shapley et al. 2003; Steidel et al. 2004), suggests a situation in
which ∆vLyα moves in concert with ∆vIS irrespective of whether
the centroid of the absorption line velocities are blueshifted with
respect to systemic.

Interestingly, three other galaxies out of the eleven (see
Figure 2) with ∆vIS " 0 are among those with spatially resolved
velocity shear in the Hα emission line, meaning that the Hα
spectrum exhibits a significant velocity offset as a function
of spatial position; see Erb et al. (2006c) for details. Given
the overall detection rate of shear in the sample of Erb et al.
(2006c), we would expect to find ∼1 such object in a sample
of 11. Furthermore, of the 14 objects with tilted Hα emission
lines in the Erb et al. (2006c) sample, 8 have high-quality

Metal absorption 
blueshifted at -Vexp

Ly! emission 
redshifted at ~ +2Vexp

?

Velocity (km.s-1)Velocity (km.s-1) Velocity (km.s-1)

Velocity (km.s-1)Steidel+10

Monte-Carlo Ly! transfer model 
(Verhamme+06)

Fits of high-z Ly! profiles with shell model   (Verhamme+08)



Introduction - Motivations

" Nature of Ly! emitters (LAE) / overlap with LBGs

" Hierarchical evolution of LAEs (progenitors of local spirals?)

" Ly! as a probe of reionization ? (transition in terms of Ly! emission at z ~ 6-7 ?) 

This talk:

Test shell model in cosmological context (post-reionization epoch)

               Coupling of SAM with Ly! transfer “shell model”
               Garel+12, MNRAS  ;  Garel+13, in prep.



Semi-analytic model - GALICS 

" Lbox = 100 h-1 Mpc

" 10243 DM particles

" Mres = 1.9 x 109 M�

" WMAP-5 cosmology 

Find DM halos (FOF)

Build merger trees 
(Tweed+09)

Cosmological simulation

z=6

z=2

(Hatton+03)



Semi-analytic model - GALICS 

Cosmological simulation

Original model (Garel+12): 

" N-body simulation: WMAP-3 parameters
" cannot match UV/Ly! LF at z > 5

New model (Garel+13, in prep.):

" WMAP-5 cosmology
" Faster structure growth at high z



Semi-analytic model - GALICS 

Time resolution

Simulation outputs irregularly spaced 

" dt(z) = tdyn(z)
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Simulation outputs regularly spaced 

" da = 0.01
Timestep > tdyn at (very) high z



Semi-analytic model - GALICS 

Modelling of galaxies

Original SAM (Hatton+03)

" standard prescriptions for galaxy evolution 

" coupling with stellar synthesis models
 (Stardust, Devriendt+99)

Updates (Garel+12) 

" Cold accretion (streams) replaces cooling

" Migration of clumps to “starburst region”

" Kennicutt law (efficiency x 5)

" strong SN feedback

Ocvirk+08



Semi-analytic model - Ly! transfer 

" Library of ~ 6000 Ly! transfer models in shells (Schaerer+11) 
 

" Shell parameters

 ! expansion velocity Vexp ~ SFR1/6

(Bertone+05)

 ! HI column density NHI = fshell MHI / (4#R2)

 ! dust opacity !dust ~ (Z / Z�)1.6 NHI (1+z)1/2

(Guiderdoni+87)                      dust-to-gas ratio evolution (Reddy+06)

 ! velocity dispersion b = 20 km.s-1 (T = 104 K)

Ly! profile and Ly! photons escape fraction fesc



UV luminosity functions
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Ly! luminosity functions
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Ly! luminosity functions

Intrinsic

constant fesc
LeDelliou+06, Nagamine+10
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fesc = exp(-!dust)
Mao+07, Kobayashi+07



Ly! luminosity functions

Intrinsic

constant fesc
LeDelliou+06, Nagamine+10

Mao+07, Kobayashi+07
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Ly! luminosity functions

41.0 41.5 42.0 42.5 43.0 43.5 44.0
log LLy  (erg.s 1)

10 5

10 4

10 3

10 2

10 1

dN
/d

lo
gL

Ly
 [M

pc
3 ] z = 3.

41.0 41.5 42.0 42.5 43.0 43.5 44.0
log LLy  (erg.s 1)

10 5

10 4

10 3

10 2

10 1

dN
/d

lo
gL

Ly
 [M

pc
3 ] z = 5

41.0 41.5 42.0 42.5 43.0 43.5 44.0
log LLy  (erg.s 1)

10 5

10 4

10 3

10 2

10 1

dN
/d

lo
gL

Ly
 [M

pc
3 ] z = 6.

41.0 41.5 42.0 42.5 43.0 43.5 44.0
log LLy  (erg.s 1)

10 5

10 4

10 3

10 2

10 1

dN
/d

lo
gL

Ly
 [M

pc
3 ] z = 6.5



Ly! escape fraction
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1 < SFR < 20 MO •  .yr-1

SFR > 20 MO •  .yr-1

fesc distribution vs SFR

! low-SFR (Mstar) galaxies

fesc ~ 1

SFR ~ LLy! / (1042 erg.s-1)

! high-SFR (Mstar) galaxies

~ uniform (log) fesc distribution   

Ly! can’t be used to trace SFR



Stellar Masses

Mstar per LLy! bin

" “Typical” LAEs have median Mstar ~ 109 M� but cover wide mass range

" Brightest LAEs are not most massive galaxies

" Massive objects (~ LBGs) can have various Lyα intensities



Fraction of line emitters in LBG samples

Stark+10 Stark+10

z ~ 4 z ~ 5.5

XLAE vs M1500 in (faint) LBGs with Keck spectroscopy (EWLy! >$ 50 A)

Ly! properties per bin of UV mag (~SFR) quite well reproduced



Lightcones

Apply transformation to the box to avoid replication effects

" Draw lightcones through the boxes (MOMAF, Blaizot+06)



Lightcones

" Draw lightcones through the boxes (MOMAF, Blaizot+06)

Apply transformation to the box to avoid replication effects



F
Ly!  (erg.s

-1.cm
2)

10-16

5.10-19

Mock fields - Examples

! Mock field of LAEs

! FoV : 100 arcsec2

! FLy! > 5.10-19 erg.s-1.cm-2

! 3 < z < 6



DM halos LAEs

! field of 100 arcmin2

! FLy! > 5.10-19 erg.s-1.cm-2

! 3 < z < 3.1

x20

Mock fields - Examples



DM halos LAEs

! field of 100 arcmin2

! FLy! > 5.10-19 erg.s-1.cm-2

! 5.5 < z < 6

x20

Mock fields - Examples



Clustering - Angular correlation function w(#)

Model
Data

Are LAEs in the right halos?

" ACF measured in Wide-field
narrow-band surveys

" Samples contaminated by low-z interlopers

" Contamination rate  ~ 20-30%  
   (Ouchi+08, Hu+10)

Add random sources in mocks to 
mimic interlopers:



Conclusions

" Simple model for Ly! emission/transfer able to reproduce many obs. data
(e.g. LAE / LBG connection)

" But : - inhomogenous data (esp. LFs) makes things easier
   - some mismatchs (e.g. EWLy! distribution) 

" Look at hierarchical evolution of high-z LAEs (MW halos at z=0?)

" Do we need to invoke xHI evolution to explain z > 6.5 Ly! data ?


