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Figure 6. Comparison of the Lyα and IS line profiles for the full Hα sample
(red) and the composite of 102 identically selected objects observed with higher
spectral resolution (blue), where the latter have been shifted into the rest frame
using the rules defined in Section 2. For blended features such as O i λ1302/Si ii
λ1304 and C iv λλ1548, 1550, a separate panel is given for each; in both cases,
one should look at the longer of the two components for the profile near v ∼ 0
and the shorter one to gauge the extent of the most blueshifted velocities, due to
the line blending. Note the very similar velocity profiles for the two independent
samples, for both the minimum and maximum velocities.
(A color version of this figure is available in the online journal.)

evaluated at 4800 Å) in a field which remained very close to
the zenith at the Keck Observatory, thus minimizing issues of
differential atmospheric refraction. We applied the rules given
in Equation (4) above to shift the spectra into the rest frame,
and produced a composite spectrum, shown in the bottom panel
of Figure 5, with an effective spectral resolution of FWHM "
225 km s−1 (R " 1330). The stellar photospheric absorption
features in the stacked spectrum have v∗ = −2 ± 10 km s−1,
illustrating that the rules for estimating the systemic velocity
from the UV spectra work very well on average, and that the
higher resolution spectra are advantageous for producing more
accurate wavelengths for weak (stellar and IS) features.

The line profiles of the R = 800 and R = 1330 composite
spectra are remarkably similar for both Lyα emission and the
strong IS absorption features, as shown in Figure 6. The spectra
yield the same value of ηLyα and ηIS after accounting for the
difference in spectral resolution. We are particularly interested
in the asymmetry of the line profiles and the value of the
maximum blueshifted velocity vmax, which we define as the
velocity at which the blue wing of the IS absorption lines meets
the continuum. We find that vmax, although difficult to measure
for typical spectra of individual galaxies due to limited S/N, is
not strongly dependent on spectral resolution; Figure 6 shows
that |vmax| " 700–800 km s−1 for both composite spectra.
As discussed above, the C iv and (to a lesser extent) Si iv
doublets in galaxy spectra have contributions from both the
IS lines and from the P-Cygni stellar wind lines from massive
stars, and thus the IS component must be separated from the
stellar feature in the process of fitting the local continuum. An
example of a continuum fit near the Si iv and C iv features is

Figure 7. Portion of the composite spectrum shown in the lower panel of Figure 5
in the vicinity of the Si iv and C iv doublets. The dashed red curve is an example
continuum fit used to normalize the spectrum for measuring the strength of
the IS component of these lines. Note that the continuum has been adjusted
to remove the broad absorption due to the stellar wind component of C iv; a
similar adjustment was made to remove the stellar component of Si iv, though
it is much weaker than the C iv feature. The weak emission line within the
broad C iv wind absorption feature is nebular Si ii* λ1533, one of several weak
excited fine-structure emission lines observed in the spectra of z " 2–3 galaxies
(Shapley et al. 2003). The weak absorption line near 1501 Å is photospheric
S v.
(A color version of this figure is available in the online journal.)

shown in Figure 7. Fortunately, the P Cygni feature is generally
both broader and shallower than the IS components of these
lines, so that while the continuum uncertainties are larger
than for unblended features, they do not prevent an accurate
measurement in relatively high S/N composite spectra.

The velocity profiles of some of the strongest spectral features
in the stacked spectrum of the galaxies observed with R = 1330
are overplotted in Figure 8. Evidently, |vmax| " 700–800 km s−1

is a generic feature of the spectra of these rapidly star-forming
galaxies, in spite of the fact that the average centroid of the IS
line profiles is more modest, with ∆vIS ∼ −165 km s−1 from
the previous section. The apparent values of |vmax| are relatively
insensitive to spectral resolution.

The line profiles in the spectra of individual galaxies can,
of course, vary considerably. Figure 9 shows the spectra of
two individual galaxies to illustrate the point: one is MS1512-
cB58, the z = 2.729 lensed Lyman break galaxy (LBG) whose
spectrum has been analyzed in detail by Pettini et al. (2000,
2002); the other is Q0000-D6 (Shapley et al. 2003), a bright
LBG at z = 2.966 observed at a comparable spectral resolution
of "1500. These spectra show clear differences in the details
of the profiles and with the apparent covering fraction of the
continuum, particularly for the low-ionization species which
differ in apparent optical depth by a factor of "2. Clearly, Lyα
emission is prominent in D6, but very weak in the spectrum of
cB58 (see also Quider et al. 2009). The spectrum of Q0000-D6
also has an unusual high-ionization component that produces
clear Lyα absorption in the apparent blue wing of the Lyα
emission line, as well as in the high ions (but is less prominent

Steidel+96
Lowenthal+97
Pettini+02
Steidel+10
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Ṁw ∝ Ω dwind vwind
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Ṁw ∝ Ω dwind vwind
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The key quantity is the optical depth profile

v ~ r
n ~ r-2

Include metals
Isotropic and dust-free
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MgII Profiles (Fiducial Model)
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‘Standard’ P-Cygni profiles

Absorption at dv >~ -200 km/s has been ‘filled-in’
Standard analysis would (i) require partial covering of the source, 
(ii) recover the wrong optical depth, and (iii) miss gas at v~0 km/s
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Resonant lines
Fluorescence   
  (FeII*)
UV pumping
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FeII Profiles (Fiducial Model)
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FeII 2600 shows a P-Cygni like profile
FeII 2586 absorption is emitted as FeII* 2612,2632

Prochaska, Kasen, & Rubin,  ApJ, (nearly) submitted
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Similar to MgII emission, but nearly symmetric about v=0km/s
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Prochaska, Kasen, & Rubin,  ApJ, (nearly) submitted

• Line-emission is a generic prediction
‣ Total equivalent width is roughly zero
✦ Every absorbed photon is re-emitted 
‣ Even for dusty, non-isotropic winds 
✦ Not shown in this talk (trust/ask me)

• Scattered photons can significantly 
alter absorption profiles
‣ Mis-interpret as partial covering, lower 

optical depth, etc.
‣ Insensitive to gas at v ~ 0 km/s (infall?)
‣ Be *especially* wary of stacked spectra

• Scattered photons offer an additional 
(more powerful?) probe of winds
‣ Size,  Morphology, Kinematics

Radiative Transfer: Key Implications

16
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The Real Universe
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Theoretical wind models are nice and 
make pretty pictures, but do they even 

remotely reflect the real Universe?

Disclaimer:  The study I just described 
was post-diction (not prediction)
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B = 21.7                                          
Bluest of the “blue cloud”                   
SFR ~ 80 M/yr                                 
weak [NeV] 3426 emission 
(AGN host)

~5 h-1 kpc
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Star-forming galaxy with blue-shifted absorption lines 
(FeII, MgII) and nebular emission lines (e.g. [OII], Hb, etc.)
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MgII: P-Cygni profile with strong emission
FeII: Strong resonant-line absorption, modest FeII* emission

2 Rubin et al.

Fig. 1.— The Mg II line profile in the galaxy spectrum. Dotted
portions of the spectrum are repeated in the two panels. The
systemic velocity is marked with vertical dotted lines. The profile
exhibits blueshifted absorption extending to −800 km s−1 relative
to the systemic velocity. Emission at and redward of systemic
velocity is also evident. Together, these features exhibit a P Cygni
profile, suggestive of a galactic outflow. We propose that the red
and blue sections of the spectrum in the left-hand panel arise from
different areas of the outflow, as indicated in Figure 4.

(2010a). We obtained spectroscopy of this galaxy us-
ing the Low Resolution Imaging Spectrometer (LRIS)
on Keck 1 (Cohen et al. 1994). Our instrumental setup
afforded a FWHM resolution ranging between 190 −
300 km s−1 and wavelength coverage of ∼ 3200−7600 Å.
We used a 0.9′′ slitlet oriented NE (see Figure 1 of Rubin
et al. 2010a) and collected six ∼ 1800 sec exposures with
FWHM ∼ 0.6′′ seeing. The data were reduced using the
XIDL LowRedux4 data reduction pipeline.

3. ANALYSIS

As noted in Rubin et al. (2010a), this galaxy is excep-
tionally bright for its redshift, with a star formation rate
of ∼ 80 M# yr−1. Stellar population modeling indicates
that the spectrum is dominated by light from the intense
star formation activity. The deepest parts of the Mg II

and Fe II resonance absorption lines are blueshifted by
∼ 200−300 km s−1, with high velocity tails extending to
−800 km s−1, indicating that these ions trace an outflow
(see Figures 1 and 2). Here we analyze the characteristics
of the observed emission from these ions.

3.1. Characteristics of Mg II Emission

The one-dimensional spectrum of this galaxy reveals
strong Mg II emission near systemic velocity and extend-
ing to the red (Figure 1). We measure the kinematic
extent vextent of each emission line (Table 1) using stan-
dard techniques (Cooksey et al. 2008). Line fluxes are
derived from integrating the continuum-normalized spec-
trum over this velocity range. The continuum is mea-
sured from clean regions near each feature; its error is
determined through Monte Carlo realizations. The flux-
weighted velocity centroid of the lines is given as vcen,
and vpeak is the brightest pixel in each line (smoothed
by 3 pixels).

Mg II absorption and emission are also evident in the
two-dimensional spectrum of the target (Figure 3). To
explore the spatial extent of the Mg II emission, we sub-

4 http://www.ucolick.org/∼xavier/LowRedux/

Fig. 2.— Fe II transitions in the galaxy spectrum. The systemic
velocity is marked with vertical dotted lines. The left-hand col-
umn shows resonance absorption lines, while the right-hand column
shows Fe II* emission profiles (top four panels) and the [Ne III]
λ3869 line (bottom panel; black). The green line in the bottom
panel shows the coadd of the detected (and unblended) Fe II*
emission lines. Gray arrows mark Fe II* transitions arising from
states that cannot be radiatively excited directly from the ground
state (see §4 and Table 1). We propose that the red and blue sec-
tions of the spectrum in the left-hand panel and the magenta and
cyan sections in the right-hand panel arise from different areas of
the outflow, as indicated in Figure 4.

tract a model of the two-dimensional continuum pro-
file from the original two-dimensional spectrum. The
residual emission extends up to ∼ 2′′ from the spatial
center of the galaxy continuum, and extends well be-
yond the stellar structure (i.e., the components of the
galaxy which generate the continuum flux near Mg II).
The flux of the two emission features at 2796 Å below
and above the galaxy continuum are (8.0 ± 0.4) and
(4.4 ± 0.4) × 10−18 ergs cm−2 s−1, respectively, and
have flux-weighted velocity centroids of ∼ 26 km s−1

and 74 km s−1. The corresponding fluxes at 2803 Å are
(4.0± 0.3) and (2.5± 0.4)× 10−18 ergs cm−2 s−1. There
is a significant difference in the flux of the 2796 Å line in
these two locations; this may reflect the geometrical dis-
tribution of the emitting gas, suggesting a lack of spheri-
cal symmetry. Combined, these features contribute most
(∼ 80%) of the total 2796 Å flux. In Figure 3c, we also
present the continuum-subtracted spatial profile aver-
aged over the velocity range covered by both lines. Errors
calculated from the extraction of continuum-subtracted
spatial profiles at other locations along the slit are con-
sistent with the error bars in the Figure in the wings of
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Fig. 1.— The Mg II line profile in the galaxy spectrum. Dotted
portions of the spectrum are repeated in the two panels. The
systemic velocity is marked with vertical dotted lines. The profile
exhibits blueshifted absorption extending to −800 km s−1 relative
to the systemic velocity. Emission at and redward of systemic
velocity is also evident. Together, these features exhibit a P Cygni
profile, suggestive of a galactic outflow. We propose that the red
and blue sections of the spectrum in the left-hand panel arise from
different areas of the outflow, as indicated in Figure 4.

(2010a). We obtained spectroscopy of this galaxy us-
ing the Low Resolution Imaging Spectrometer (LRIS)
on Keck 1 (Cohen et al. 1994). Our instrumental setup
afforded a FWHM resolution ranging between 190 −
300 km s−1 and wavelength coverage of ∼ 3200−7600 Å.
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Stellar continuum

3

Fig. 3.— (a): Two-dimensional Keck/LRIS spectrum of the Mg II doublet, evident in emission and absorption. The vertical blue and
red lines mark the systemic velocities of the Mg II doublet transitions. (b): A model of the galaxy continuum, scaled by the flux in the
spatial center of the object, has been subtracted from the spectrum shown in panel (a). The residual flux at λ = 2796 Å and λ = 2803
Å indicates that the Mg II emission is broader than the continuum, and extends on both sides to ∼ 1′′ (! 7 h−1

70 kpc). (c): The spatial
profile of the spectrum shown in panel (b), summed over the full velocity extent of both emission lines (black circles). The lines show the
continuum-subtracted emission profile from models with different distributions of line-emitting material. See Section 3.1 for details.

the profile and are larger by up to a factor of ∼ 2 near the
profile center. Spatially extended emission from strong
lines arising in H II regions, e.g., Hγ and [O II], is not
detected.

Finally, we develop a rudimentary model for the spatial
distribution of the line-emitting material to constrain its
distance from the galaxy’s center. Because Mg II is emit-
ted in star-forming recombination regions (Kinney et al.
1993), the model assumes that the emission is distributed
over both the galactic H II regions and a more extended
area with variable geometry and size. The nebular emis-
sion component is distributed in roughly the same way as
the young stars in the galaxy; i.e., as in the HST/ACS
b435-band image. We create a “continuum” model by
scaling this image such that when it is convolved with a
two-dimensional Gaussian to simulate the effects of see-
ing and is “observed” with the correct slit orientation, the
spatial distribution of the flux passing through the slit
matches the galaxy continuum profile. We then assume
that the extended emission is distributed either (1) with
uniform surface brightness and an outer radius Rout, or
(2) in a ring with radius Rring and thickness ∼ 1 kpc.

We generate several realizations of these models by al-
lowing the ratio of the total luminosity in the extended
emission to the luminosity in the section of the galaxy
centered on the slit (fgal) to vary between 0.5 and 3 in
increments of 0.25, and by varying either Rout or Rring

between 5 and 13 kpc in increments of 0.25 kpc. These
realizations are added to the b435 image, and the re-
sulting “extended emission image” is convolved with a
Gaussian and “observed” through the slit. We then sub-
tract the profile of the continuum model from the ex-
tended emission model profile, first scaling the contin-
uum profile to the peak flux value in the extended emis-
sion profile. In general, we find that the uniform surface
brightness model provides acceptable fits to the data if

1.25 < fgal < 2.5, although adjustments in the value of
Rout are required. With fgal = 1.5, Rout must exceed
9.25 kpc to match the observations. As fgal increases,
values in the range 8 kpc < Rout < 13 kpc provide an
excellent match to the observed emission (Figure 3c; red
solid line). Additionally, though the best-fit uniform sur-
face brightness model yields a lower χ2 value than any
of the ring-like emission models, realizations of the latter
with 6.5 kpc < Rring < 8.5 kpc and fgal ∼ 1.5 are allowed
by the data (gray dashed line). While this framework is
quite simplistic, the models suggest that the material giv-
ing rise to the Mg II emission is distributed over a large
area, extending to distances of at least 6.5 kpc.

3.2. Characteristics of Fe II* Emission

The Fe II ion is notable for its multitude of permitted
transitions in the wavelength range 2000 - 3000 Å (Ta-
ble 1). We observe several Fe II resonance lines in absorp-
tion (Figure 2) which are blueshifted by ∼ −200 km s−1,
similar to Mg II. We also identify several transitions in
emission (Figure 2). All of these are consistent with tran-
sitions arising exclusively from the J = 9/2 or 7/2 upper
levels (see Table 1 for details).

The velocity limits of each emission line, vcen, and
vpeak are determined as for Mg II. Both vpeak and vcen are
redward or within 30 km s−1 of systemic in 4 of 5 of the
detected lines. In an inverse variance-weighted stack of
the emission lines at 2365 Å, 2396.35 Å, 2612 Å, and 2626
Å (overplotted in green in Figure 2), vpeak = +50 km s−1

and vcen = +8 km s−1. We note that this differs from the
velocity profiles of nebular emission lines such as [Ne III],
Hδ, and Hγ, which have peak velocities near or blueward
of systemic and blueward of vcen. The [Ne III] velocity
profile is shown in Figure 2 as a reference; this line is
chosen because the profile is not contaminated by broad
stellar absorption. The velocity profiles of the Fe II*
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Fig. 3.— (a): Two-dimensional Keck/LRIS spectrum of the Mg II doublet, evident in emission and absorption. The vertical blue and
red lines mark the systemic velocities of the Mg II doublet transitions. (b): A model of the galaxy continuum, scaled by the flux in the
spatial center of the object, has been subtracted from the spectrum shown in panel (a). The residual flux at λ = 2796 Å and λ = 2803
Å indicates that the Mg II emission is broader than the continuum, and extends on both sides to ∼ 1′′ (! 7 h−1

70 kpc). (c): The spatial
profile of the spectrum shown in panel (b), summed over the full velocity extent of both emission lines (black circles). The lines show the
continuum-subtracted emission profile from models with different distributions of line-emitting material. See Section 3.1 for details.

the profile and are larger by up to a factor of ∼ 2 near the
profile center. Spatially extended emission from strong
lines arising in H II regions, e.g., Hγ and [O II], is not
detected.

Finally, we develop a rudimentary model for the spatial
distribution of the line-emitting material to constrain its
distance from the galaxy’s center. Because Mg II is emit-
ted in star-forming recombination regions (Kinney et al.
1993), the model assumes that the emission is distributed
over both the galactic H II regions and a more extended
area with variable geometry and size. The nebular emis-
sion component is distributed in roughly the same way as
the young stars in the galaxy; i.e., as in the HST/ACS
b435-band image. We create a “continuum” model by
scaling this image such that when it is convolved with a
two-dimensional Gaussian to simulate the effects of see-
ing and is “observed” with the correct slit orientation, the
spatial distribution of the flux passing through the slit
matches the galaxy continuum profile. We then assume
that the extended emission is distributed either (1) with
uniform surface brightness and an outer radius Rout, or
(2) in a ring with radius Rring and thickness ∼ 1 kpc.

We generate several realizations of these models by al-
lowing the ratio of the total luminosity in the extended
emission to the luminosity in the section of the galaxy
centered on the slit (fgal) to vary between 0.5 and 3 in
increments of 0.25, and by varying either Rout or Rring

between 5 and 13 kpc in increments of 0.25 kpc. These
realizations are added to the b435 image, and the re-
sulting “extended emission image” is convolved with a
Gaussian and “observed” through the slit. We then sub-
tract the profile of the continuum model from the ex-
tended emission model profile, first scaling the contin-
uum profile to the peak flux value in the extended emis-
sion profile. In general, we find that the uniform surface
brightness model provides acceptable fits to the data if

1.25 < fgal < 2.5, although adjustments in the value of
Rout are required. With fgal = 1.5, Rout must exceed
9.25 kpc to match the observations. As fgal increases,
values in the range 8 kpc < Rout < 13 kpc provide an
excellent match to the observed emission (Figure 3c; red
solid line). Additionally, though the best-fit uniform sur-
face brightness model yields a lower χ2 value than any
of the ring-like emission models, realizations of the latter
with 6.5 kpc < Rring < 8.5 kpc and fgal ∼ 1.5 are allowed
by the data (gray dashed line). While this framework is
quite simplistic, the models suggest that the material giv-
ing rise to the Mg II emission is distributed over a large
area, extending to distances of at least 6.5 kpc.

3.2. Characteristics of Fe II* Emission

The Fe II ion is notable for its multitude of permitted
transitions in the wavelength range 2000 - 3000 Å (Ta-
ble 1). We observe several Fe II resonance lines in absorp-
tion (Figure 2) which are blueshifted by ∼ −200 km s−1,
similar to Mg II. We also identify several transitions in
emission (Figure 2). All of these are consistent with tran-
sitions arising exclusively from the J = 9/2 or 7/2 upper
levels (see Table 1 for details).

The velocity limits of each emission line, vcen, and
vpeak are determined as for Mg II. Both vpeak and vcen are
redward or within 30 km s−1 of systemic in 4 of 5 of the
detected lines. In an inverse variance-weighted stack of
the emission lines at 2365 Å, 2396.35 Å, 2612 Å, and 2626
Å (overplotted in green in Figure 2), vpeak = +50 km s−1

and vcen = +8 km s−1. We note that this differs from the
velocity profiles of nebular emission lines such as [Ne III],
Hδ, and Hγ, which have peak velocities near or blueward
of systemic and blueward of vcen. The [Ne III] velocity
profile is shown in Figure 2 as a reference; this line is
chosen because the profile is not contaminated by broad
stellar absorption. The velocity profiles of the Fe II*
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Fig. 3.— (a): Two-dimensional Keck/LRIS spectrum of the Mg II doublet, evident in emission and absorption. The vertical blue and
red lines mark the systemic velocities of the Mg II doublet transitions. (b): A model of the galaxy continuum, scaled by the flux in the
spatial center of the object, has been subtracted from the spectrum shown in panel (a). The residual flux at λ = 2796 Å and λ = 2803
Å indicates that the Mg II emission is broader than the continuum, and extends on both sides to ∼ 1′′ (! 7 h−1

70 kpc). (c): The spatial
profile of the spectrum shown in panel (b), summed over the full velocity extent of both emission lines (black circles). The lines show the
continuum-subtracted emission profile from models with different distributions of line-emitting material. See Section 3.1 for details.

the profile and are larger by up to a factor of ∼ 2 near the
profile center. Spatially extended emission from strong
lines arising in H II regions, e.g., Hγ and [O II], is not
detected.

Finally, we develop a rudimentary model for the spatial
distribution of the line-emitting material to constrain its
distance from the galaxy’s center. Because Mg II is emit-
ted in star-forming recombination regions (Kinney et al.
1993), the model assumes that the emission is distributed
over both the galactic H II regions and a more extended
area with variable geometry and size. The nebular emis-
sion component is distributed in roughly the same way as
the young stars in the galaxy; i.e., as in the HST/ACS
b435-band image. We create a “continuum” model by
scaling this image such that when it is convolved with a
two-dimensional Gaussian to simulate the effects of see-
ing and is “observed” with the correct slit orientation, the
spatial distribution of the flux passing through the slit
matches the galaxy continuum profile. We then assume
that the extended emission is distributed either (1) with
uniform surface brightness and an outer radius Rout, or
(2) in a ring with radius Rring and thickness ∼ 1 kpc.

We generate several realizations of these models by al-
lowing the ratio of the total luminosity in the extended
emission to the luminosity in the section of the galaxy
centered on the slit (fgal) to vary between 0.5 and 3 in
increments of 0.25, and by varying either Rout or Rring

between 5 and 13 kpc in increments of 0.25 kpc. These
realizations are added to the b435 image, and the re-
sulting “extended emission image” is convolved with a
Gaussian and “observed” through the slit. We then sub-
tract the profile of the continuum model from the ex-
tended emission model profile, first scaling the contin-
uum profile to the peak flux value in the extended emis-
sion profile. In general, we find that the uniform surface
brightness model provides acceptable fits to the data if

1.25 < fgal < 2.5, although adjustments in the value of
Rout are required. With fgal = 1.5, Rout must exceed
9.25 kpc to match the observations. As fgal increases,
values in the range 8 kpc < Rout < 13 kpc provide an
excellent match to the observed emission (Figure 3c; red
solid line). Additionally, though the best-fit uniform sur-
face brightness model yields a lower χ2 value than any
of the ring-like emission models, realizations of the latter
with 6.5 kpc < Rring < 8.5 kpc and fgal ∼ 1.5 are allowed
by the data (gray dashed line). While this framework is
quite simplistic, the models suggest that the material giv-
ing rise to the Mg II emission is distributed over a large
area, extending to distances of at least 6.5 kpc.

3.2. Characteristics of Fe II* Emission

The Fe II ion is notable for its multitude of permitted
transitions in the wavelength range 2000 - 3000 Å (Ta-
ble 1). We observe several Fe II resonance lines in absorp-
tion (Figure 2) which are blueshifted by ∼ −200 km s−1,
similar to Mg II. We also identify several transitions in
emission (Figure 2). All of these are consistent with tran-
sitions arising exclusively from the J = 9/2 or 7/2 upper
levels (see Table 1 for details).

The velocity limits of each emission line, vcen, and
vpeak are determined as for Mg II. Both vpeak and vcen are
redward or within 30 km s−1 of systemic in 4 of 5 of the
detected lines. In an inverse variance-weighted stack of
the emission lines at 2365 Å, 2396.35 Å, 2612 Å, and 2626
Å (overplotted in green in Figure 2), vpeak = +50 km s−1

and vcen = +8 km s−1. We note that this differs from the
velocity profiles of nebular emission lines such as [Ne III],
Hδ, and Hγ, which have peak velocities near or blueward
of systemic and blueward of vcen. The [Ne III] velocity
profile is shown in Figure 2 as a reference; this line is
chosen because the profile is not contaminated by broad
stellar absorption. The velocity profiles of the Fe II*
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Fig. 3.— (a): Two-dimensional Keck/LRIS spectrum of the Mg II doublet, evident in emission and absorption. The vertical blue and
red lines mark the systemic velocities of the Mg II doublet transitions. (b): A model of the galaxy continuum, scaled by the flux in the
spatial center of the object, has been subtracted from the spectrum shown in panel (a). The residual flux at λ = 2796 Å and λ = 2803
Å indicates that the Mg II emission is broader than the continuum, and extends on both sides to ∼ 1′′ (! 7 h−1

70 kpc). (c): The spatial
profile of the spectrum shown in panel (b), summed over the full velocity extent of both emission lines (black circles). The lines show the
continuum-subtracted emission profile from models with different distributions of line-emitting material. See Section 3.1 for details.

the profile and are larger by up to a factor of ∼ 2 near the
profile center. Spatially extended emission from strong
lines arising in H II regions, e.g., Hγ and [O II], is not
detected.

Finally, we develop a rudimentary model for the spatial
distribution of the line-emitting material to constrain its
distance from the galaxy’s center. Because Mg II is emit-
ted in star-forming recombination regions (Kinney et al.
1993), the model assumes that the emission is distributed
over both the galactic H II regions and a more extended
area with variable geometry and size. The nebular emis-
sion component is distributed in roughly the same way as
the young stars in the galaxy; i.e., as in the HST/ACS
b435-band image. We create a “continuum” model by
scaling this image such that when it is convolved with a
two-dimensional Gaussian to simulate the effects of see-
ing and is “observed” with the correct slit orientation, the
spatial distribution of the flux passing through the slit
matches the galaxy continuum profile. We then assume
that the extended emission is distributed either (1) with
uniform surface brightness and an outer radius Rout, or
(2) in a ring with radius Rring and thickness ∼ 1 kpc.

We generate several realizations of these models by al-
lowing the ratio of the total luminosity in the extended
emission to the luminosity in the section of the galaxy
centered on the slit (fgal) to vary between 0.5 and 3 in
increments of 0.25, and by varying either Rout or Rring

between 5 and 13 kpc in increments of 0.25 kpc. These
realizations are added to the b435 image, and the re-
sulting “extended emission image” is convolved with a
Gaussian and “observed” through the slit. We then sub-
tract the profile of the continuum model from the ex-
tended emission model profile, first scaling the contin-
uum profile to the peak flux value in the extended emis-
sion profile. In general, we find that the uniform surface
brightness model provides acceptable fits to the data if

1.25 < fgal < 2.5, although adjustments in the value of
Rout are required. With fgal = 1.5, Rout must exceed
9.25 kpc to match the observations. As fgal increases,
values in the range 8 kpc < Rout < 13 kpc provide an
excellent match to the observed emission (Figure 3c; red
solid line). Additionally, though the best-fit uniform sur-
face brightness model yields a lower χ2 value than any
of the ring-like emission models, realizations of the latter
with 6.5 kpc < Rring < 8.5 kpc and fgal ∼ 1.5 are allowed
by the data (gray dashed line). While this framework is
quite simplistic, the models suggest that the material giv-
ing rise to the Mg II emission is distributed over a large
area, extending to distances of at least 6.5 kpc.

3.2. Characteristics of Fe II* Emission

The Fe II ion is notable for its multitude of permitted
transitions in the wavelength range 2000 - 3000 Å (Ta-
ble 1). We observe several Fe II resonance lines in absorp-
tion (Figure 2) which are blueshifted by ∼ −200 km s−1,
similar to Mg II. We also identify several transitions in
emission (Figure 2). All of these are consistent with tran-
sitions arising exclusively from the J = 9/2 or 7/2 upper
levels (see Table 1 for details).

The velocity limits of each emission line, vcen, and
vpeak are determined as for Mg II. Both vpeak and vcen are
redward or within 30 km s−1 of systemic in 4 of 5 of the
detected lines. In an inverse variance-weighted stack of
the emission lines at 2365 Å, 2396.35 Å, 2612 Å, and 2626
Å (overplotted in green in Figure 2), vpeak = +50 km s−1

and vcen = +8 km s−1. We note that this differs from the
velocity profiles of nebular emission lines such as [Ne III],
Hδ, and Hγ, which have peak velocities near or blueward
of systemic and blueward of vcen. The [Ne III] velocity
profile is shown in Figure 2 as a reference; this line is
chosen because the profile is not contaminated by broad
stellar absorption. The velocity profiles of the Fe II*

First direct constraints on the spatial extent of the flow!
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• LBG winds
‣ Steidel+10 wind model is unlikely 

to reproduce the observations
✦ (They ignored scattered photons)
‣ Beware of conclusions on the   

non-existence of gas at v >~ 0 km/s

• Why do many galaxies only 
show absorption, not emission?
‣ Poor data quality
‣ Anisotropic winds
‣ Bias in galaxy brightness
‣ Dust

Further Implications
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• IFU observations
‣ Constrain the surface brightness 

profiles
✦ e.g. KCWI, X-Shooter, GMOS
‣ Constrain the kinematics of this 

line-emission

• Implement RT analysis of 
‘realistic’ galactic-scale winds
‣ Distributed sources
‣ Multi-phase gas
‣ Dust, etc.

Future Work
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(10) Ly! emission from Circum-Galactic 
Medium 

z=2.3 Ly! 
KCWI 
DEEP 

Greg Bryan CGM Simulation 
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Dust (Fiducial Model)
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