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Figure 16. Ratio of galactic stellar mass to halo mass as a function of host halo mass (M∗/Mh–Mh relation). The thick yellow line shows our main result, obtained
from abundance matching the stellar mass function of our optically selected sample with the halo mass function including subhalos. The yellow dashed and dash-dotted
lines correspond to variations of our main result, obtained by considering the Yang et al. (2009) SMF and excluding subhalos from the HMF, respectively, and are
shown to illustrate uncertainties. The magenta dotted, cyan dashed, blue dot-dashed, green solid, and red solid lines correspond to the abundance matching results of
Baldry et al. (2008), Moster et al. (2010), Behroozi et al. (2010), Evoli et al. (2011), and Leauthaud et al. (2012), respectively. The big green circles are the results of a
stacked weak lensing study of SDSS galaxies by Reyes et al. (2012). All other data points refer to measurements for individual galaxies: the small circles correspond
to galaxies with halo mass measurements from weak lensing studies (Mandelbaum et al. 2006: cyan circles; Hoekstra 2007: red circles; Leauthaud et al. 2010: blue
circles). The star symbols show galaxies in which the halo mass was determined from studies of stellar dynamics (Conroy et al. 2007: cyan stars; More et al. 2011:
red stars). The triangles show galaxies with halo masses determined from the disk rotation speed (Geha et al. 2006: cyan triangles; Pizagno et al. 2007: red triangles;
Springob et al. 2007: blue triangles). The dot-dashed horizontal line shows the cosmic baryon fraction fb ≈ 0.16.
(A color version of this figure is available in the online journal.)
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Figure 17. Baryon fraction of galaxies, including stars and atomic gas, as a function of their host halo mass (Mb/Mh–Mh relation). The gray shaded area shows the
results of an abundance matching analysis of our optically selected sample. Its boundaries correspond to two extreme assumptions for the gas content of galaxies
detected optically but not in H i: (1) galaxies that are not detected in H i contain no gas (lower boundary) and (2) galaxies that are not detected in H i contain the largest
amount of gas that could have escaped detection from ALFALFA (upper boundary). The thick solid yellow line is the M∗/Mh–Mh relation (same as in Figure 16) and
is shown for comparison. The dot-dashed line shows the baryon fraction that Okamoto et al. (2008) predict based on hydrodynamic simulations that include cosmic
reionization.
(A color version of this figure is available in the online journal.)
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if feedback regulates galaxy growth, does it produce the 
outflows we observe in real galaxies? 

which effects of stellar feedback are robust? 
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The experiments

NO fine-tuning to produce realistic galaxies 

The goal is to explore the effect of various feedback models on galactic 
winds
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SN+radiation reduces SFR and prevents bulge
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Figure 9. Star formation histories. Left: dwarf models. Right: spiral models. The top panels show the SFHs in broad bins, while the bottom panels show
the amplitude of the bursts in 20 Myr bins relative to the smooth histories. The dwarf galaxy with only SN energy forms stars aggressively in the initial ⇠ 3
Gyr and its star formation rate slowly decreases thereafter. This also occurs when only radiation pressure is added if the IR optical depth is small (not shown).
In contrast, including both radiation pressure and photoheating reduces the early SFR by a factor of & 100, while the galaxies are able to maintain a constant
or even increasing rate of star formation until z ⇠ 0, in agreement with observations of dwarf irregulars. Simulations with radiation feedback have burstier
star formation histories than models with only SNe, especially for z < 1. The top right panel compares the SFH of spiral models with a semi-empirical
result for a galaxy with Mvir = 1011 M� (solid curve with the 1� scatter represented by dotted lines), showing very good agreement only when full stellar
radiation feedback is included.

radius (kpc) vcirc(r) (km s�1)

dwALL_1 NGC2366 DDO154

1.0 25 22 27
2.0 40 33 38
4.0 55 43 52
8.0 65 50 58

Table 5. Circular velocity profile of the fiducial dwarf simulation with ra-
diative feedback compared to two observed dwarf irregulars from Oh et al.
(2011).

of observed galaxies of similar mass, NGC2366 and DDO154, ex-
cept perhaps in the central ⇠ 1 kpc, where the rise in the circu-
lar velocity of the fiducial run is slightly steeper. In addition, Oh
et al. (2011) determine maximum circular velocities for the stars
and cold gas in NGC2366 of ⇠ 15 km s�1 and 28 km s�1, respec-
tively. For DDO154 they find maximum values vcirc ⇠ 7 km s�1

for the stars, and vcirc ⇠ 20 km s�1 for neutral atomic Hydrogen.
Our fiducial model with radiative feedback has a maximum stellar
vcirc ⇠ 10 km s�1, and vcirc ⇠ 35 km s�1 for gas at any tempera-
ture.

5.4 Do baryons influence the DM distribution?

There has been a debate in the literature over the past 20 years
about the steepness of the inner DM density profile of galaxies.
The “cusp-core problem” originates from the standard prediction

of CDM models that the density of DM should increase steeply (as
r�↵, with ↵ ⇠ 1) towards the center of the halo at the smallest
scales that can be probed by simulations (Flores & Primack 1994;
Moore 1994). Ever since this prediction was made, observations
have attempted to robustly obtain the density profile of the dark
matter in the inner kiloparsec of disc galaxies using detailed mass
modeling (e.g., de Blok & McGaugh 1997; de Blok et al. 2001;
Blais-Ouellette et al. 2004; Rhee et al. 2004; Simon et al. 2005; Oh
et al. 2008; Kuzio de Naray et al. 2009; Adams et al. 2012). Some
works obtain very shallow, constant-density “cores”, while others
find steep “cusps” consistent with CDM. Even though great effort
has gone into reducing the systematics, observations using different
mass tracers still yield conflicting results. Most recently, Oh et al.
(2011) studied a sample of dwarf irregulars using H I as a tracer
and consistently obtained shallow DM slopes, ↵ ⇡ 0.3. On the
other hand, using both stellar and nebular gas kinematics, Adams
et al. (2014) obtain a variety of steeper slope values for different
galaxies, covering the range ⇠ 0.5� 0.8.

Several mechanisms have been proposed to explain the ob-
served shallow slopes. While most require revisions of the CDM
model, one relies purely on baryonic effects. This scenario involves
the “heating” of the DM due to feedback processes. Analytical
models and simulations with strong supernovae “blastwave” feed-
back have recently shown that gas blowouts in low-mass galax-
ies have the potential to alter the distribution of dark matter in the
central regions. Mashchenko et al. (2008), Pontzen & Governato
(2012), Governato et al. (2012) and Teyssier et al. (2013) argue
that large and frequent bursts of star formation which cause gas
blowouts and a rapid oscillation in the potential should transform

c� 2013 RAS, MNRAS 000, 1–24
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the amplitude of the bursts in 20 Myr bins relative to the smooth histories. The dwarf galaxy with only SN energy forms stars aggressively in the initial ⇠ 3
Gyr and its star formation rate slowly decreases thereafter. This also occurs when only radiation pressure is added if the IR optical depth is small (not shown).
In contrast, including both radiation pressure and photoheating reduces the early SFR by a factor of & 100, while the galaxies are able to maintain a constant
or even increasing rate of star formation until z ⇠ 0, in agreement with observations of dwarf irregulars. Simulations with radiation feedback have burstier
star formation histories than models with only SNe, especially for z < 1. The top right panel compares the SFH of spiral models with a semi-empirical
result for a galaxy with Mvir = 1011 M� (solid curve with the 1� scatter represented by dotted lines), showing very good agreement only when full stellar
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Table 5. Circular velocity profile of the fiducial dwarf simulation with ra-
diative feedback compared to two observed dwarf irregulars from Oh et al.
(2011).

models show that dwarf galaxy rotation curves are slowly rising and
dominated by dark matter at any distance. In Table 5 we directly
compare our fiducial dwarf galaxy with full radiative feedback with
two galaxies from Oh et al. (2011), NGC2366 and DDO154, which
have similar maximum circular velocities to our models.

The circular velocity profile of the fiducial model with full
stellar radiation feedback is a very good match to rotation curves
of observed galaxies of similar mass, NGC2366 and DDO154, ex-
cept perhaps in the central ⇠ 1 kpc, where the rise in the circu-
lar velocity of the fiducial run is slightly steeper. In addition, Oh
et al. (2011) determine maximum circular velocities for the stars
and cold gas in NGC2366 of ⇠ 15 km s�1 and 28 km s�1, respec-
tively. For DDO154 they find maximum values vcirc ⇠ 7 km s�1

for the stars, and vcirc ⇠ 20 km s�1 for neutral atomic Hydrogen.
Our fiducial model with radiative feedback has a maximum stellar
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ture.
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about the steepness of the inner DM density profile of galaxies.
The “cusp-core problem” originates from the standard prediction
of CDM models that the density of DM should increase steeply (as
r�↵, with ↵ ⇠ 1) towards the center of the halo at the smallest
scales that can be probed by simulations (Flores & Primack 1994;
Moore 1994). Ever since this prediction was made, observations
have attempted to robustly obtain the density profile of the dark
matter in the inner kiloparsec of disc galaxies using detailed mass
modeling (e.g., de Blok & McGaugh 1997; de Blok et al. 2001;
Blais-Ouellette et al. 2004; Rhee et al. 2004; Simon et al. 2005; Oh
et al. 2008; Kuzio de Naray et al. 2009; Adams et al. 2012). Some
works obtain very shallow, constant-density “cores”, while others
find steep “cusps” consistent with CDM. Even though great effort
has gone into reducing the systematics, observations using different
mass tracers still yield conflicting results. Most recently, Oh et al.
(2011) studied a sample of dwarf irregulars using H I as a tracer
and consistently obtained shallow DM slopes, ↵ ⇡ 0.3. On the
other hand, using both stellar and nebular gas kinematics, Adams
et al. (2014) obtain a variety of steeper slope values for different
galaxies, covering the range ⇠ 0.5� 0.8.

Several mechanisms have been proposed to explain the ob-
served shallow slopes. While most require revisions of the CDM
model, one relies purely on baryonic effects. This scenario involves
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SF history brackets observational constraints

bursty SF arises from 
regulation due to 
strong feedback

(Trujillo-Gomez+2015, MNRAS, 446, 1140)



gas & metals in the haloRvir

weak FB

strong FB

gas profile is robust to feedback 
variations but hot and warm gas are 

more abundant near the galaxy 



what is the halo gas doing?

CGM (10kpc < r < Rvir) at z=2

weak FB

weak/strong

strong FB

distribution is not peaked at v=0 -> 
gas is permanently infalling (not supported)

strong feedback increases mass in the 
high velocity tail of the halo

RF ejects more cold gas  &  reduces the 
accretion of cold gas and metals at any 
epoch (recycling)
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mass-loading: outflow mass/SFR

how efficient are galactic winds?

regulation of SFR results in mass-loaded winds  
consistent with other simulations
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abundance of neutral hydrogen around galaxies

all simulations with strong feedback reproduce 
observed abundance of cold gas out to 2Rvir

neutral fraction calculated using Rahmati+2013 radiative transfer fit and Haardt & Madau 2012 UV background.
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increase comes from the halo fountain: diffuse 
outflows cool and return to the galaxy as dense 

neutral gas
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can we detect accretion and winds?

Detection of cool galactic wind at z∼ 1 11
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FIG. 14.— Variation of outflow equivalent width (left panel) and outflow velocity (right panel) as a function of the apparent inclination of the disk galaxies.
Open diamonds are boxcar measurements and the filled circles are decomposition measurements. Error bars on the x-axis are standard deviation in the inclination
bin. The face-on galaxies clearly exhibit higher outflow equivalent widths and outflow velocities as compared to the edge-on galaxies. The red points are
measurements for galaxies with irregular morphologies. The irregular galaxies exhibit as strong outflows as the face-on galaxies. The blue diamonds are offset
in inclination angle for clarity.

on the apparent inclination of disk galaxies and compared the
findings to that of galaxies with irregular morphologies. The
main findings of this study are as follows

1. We find that the whole sample of 486 galaxies exhibits
blueshifted absorption with a mean outflow velocity of
vflow = −343± 49 kms−1 and vout = −319± 95 kms−1
measured with the decomposition and the boxcar
method respectively. The total outflow equivalent width
for the stacked spectrum is measured to be Wflow =
2.55± 0.24 Å andWout = 2.66± 0.25 Å respectively.

2. We find that the blue galaxies are associated with much
stronger outflowing component as compared to the red
galaxies in terms of their rest frame equivalent widths.
At similar mean stellar masses the blue galaxies exhibit
almost four times higher outflow equivalent width as
compared to the red galaxies.

3. Amongst the blue galaxies, outflow equivalent width
also increases with increasing stellar mass. The uncer-
tainties in outflow velocity estimates do not allow us
to firmly establish an increase in outflow velocity with
stellar mass of the host galaxies. Our findings also em-
phasize the need to consider the color of the galaxy in
examining outflow trends with stellar mass or luminos-
ity (as massive red galaxies show little outflow).

4. We find that galaxies with higher star formation rates
exhibit higher outflow equivalent widths. There may be
a correlation between outflow velocity with star forma-
tion rate, but due to large uncertainties in outflow ve-
locity estimates this is of weak statistical significance.

5. Galaxies with high ΣSFR exhibit strong outflow
equivalent width as well as mean outflow veloc-
ity. We detected no outflow in the sample with

ΣSFR ≤ 0.1M⊙yr−1kpc−2 consistent with the canonical
ΣSFR threshold found at low redshifts.

6. Amongst the disk galaxies, the galaxies that are seen
close to face on (inclination i≤ 40◦) are found to have
∼2.5 times higher outflow equivalent width as com-
pared to the galaxies that are more close to being edge-
on (inclination i≥ 55◦). In terms of outflow velocities,
the face-on systems are also found to have higher out-
flow velocity (∼ −200 kms−1 to −300 kms−1) as com-
pared to the edge-on systems, where only an upper limit
of ≤ −150 kms−1 was detected. This dependence on in-
clination suggests that for the disk galaxies, the galactic
outflow is bipolar in nature and is primarily perpendic-
ular to the disk of the galaxy.

7. For galaxies with irregular morphology, we find a rela-
tively high outflow equivalent width and outflow veloc-
ity comparable to that of the face-on galaxies.

8. We also present lower limits on mass outflow
rates (Ṁout) which for the whole sample is
Ṁout ! 4.5M⊙yr−1 and for the highest ΣSFR sam-
ple it is Ṁout ! 7M⊙yr−1. Assuming Ṁout ∝ SFR we
find the average mass loading factor η for the whole
sample is η ! 0.24.
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detection of cold accretion and winds in a spiral galaxy at 0 < z < 1

neutral fraction calculated using Rahmati+2013 radiative transfer fit and Haardt & Madau 2012 UV background.

9

Fig. 2.— Same as Figure 1 but for the J1441+0443 galaxy. This galaxy has the lowest SNR, below the threshold where we can trust
the GalPaK3D results. Even if this galaxy is classified as wind-pair from its apparent PA, the low SNR does not allow us to build a wind
model.

Fig. 3.— Scheme showing the alpha angle corresponding to the
angle between the galaxy major axis and the quasar position.

galaxy contribution for the quasar-galaxy pairs with the
lowest impact parameters (b ≤ 10 kpc) such as J2357-
2736 (Section 4.2.3). The procedure is nearly the same as
the cone model: we generate particles in a disk with an
exponential distribution from the center to the edge. We
take the galaxy half light radius derived with GalPaK3D

to estimate a realistic contribution from the disk. The
thickness of the disk is set to be 0.15 times this radius.
We assign the particles a constant circular velocity cor-
responding to the maximum velocity of the galaxy. The
velocity distribution of the disk is naturally strongly de-
pendent on the azimuthal angle with a maximum offset
at α = 0◦ and a distribution centered around 0 km s−1at
α = 90◦.

4.2. Comments on individual wind-pairs

4.2.1. J0448+0950

The galaxy near the quasar J0448+0950 has an impact
parameter b = 13.7 kpc and an Hα flux of 5.03 × 10−16

erg s−1 cm−2. Its azimuthal angle α of ∼79◦ and incli-
nation i of ∼52◦ make it a wind-pair (Figure 4). This
galaxy has a SFR of ∼13 M⊙ yr−1 (see section 4) and a
redshift of 0.8390.
In addition to our SINFONI data, we retrieved ancil-

lary data from HST/WFPC2 (F555W filter). These HST
data allow us to compare the morphology of the galaxy
(see Figure 1) with the SINFONI one. In both data sets,
one sees that the galaxy has an asymmetric flux distri-
bution (Figure 1) with a brighter area somewhat offset
with respect to the kinematic center. Comparing the
HST image and SINFONI flux map (the quasar was sub-
tracted in SINFONI Hα flux), the PA and inclination of
the galaxy are in good agreement.
After determining the geometrical parameters for this

galaxy, we can build a cone model as described in sec-
tion 4.1.1. In Figure 5, we compare the simulated profile
for Mg i λ2852 7 to the observed absorption in the UVES
data (right column of the figure). To generate this sim-
ulated profile 8, we adjusted the outflow speed Vout and
the cone opening angle θ, while keeping the geometrical
parameters fixed. The best values are an outflow speed
Vout of 115±10 km s−1 and a cone opening angle θmax of
40±5◦. The errors represent the maximum allowed range
values for Vout and θmax.
We note that our simulated profile reproduces the

asymmetry and equivalent width of the observed profile.
Note, our model does not attempt to reproduce the depth
of the profile since it is arbitrarily normalized. The ap-
parent noise of the simulated profile is due to stochastic
effects from the Monte Carlo particle distribution.
Outflow rates and mass loading factors for each galaxy

identified as wind-pairs are detailed in section 4.3.

4.2.2. J0839+1112

In our sample, the galaxy towards J0839+1112 has
the largest impact parameter of b of 26.8 kpc. With
an Hα flux of 1.53 × 10−16 erg s−1 cm−2, an inclination
i of ∼72◦ and an azimuthal angle α of ∼59◦, this galaxy
also belongs to the wind-pair subsample defined in sec-
tion 3.3. Its SFR is ∼3.4 M⊙ yr−1 , and it has a redshift
of z =0.7866.
In Figure 1 we compare archival HST/WFPC2

(F702W filter) images to our SINFONI Hα data. Both
data sets show a slight asymmetry in the galaxy flux dis-
tribution and a similar PA. For the galaxy inclination, we
used galfit2D on the HST image to cross-check the results
from the 3D fitting and found good agreement between
them and found that the results were within ±15◦.
As for J0448+1112, we generated a simulated profile

from the wind cone model using the geometrical param-

7 We use Mg i λ2852 since Mg ii λ2796 is saturated. .
8 The galaxy contribution is also considered in the simulated

profile (the redshifted contribution in upper right of Figure 5).

N. Lehner will confirm this for HI



detection of cold accretion and winds in a spiral galaxy at 0 < z < 1

neutral fraction calculated using Rahmati+2013 radiative transfer fit and Haardt & Madau 2012 UV background.

no azimuthal dependence of the detection of HI at any 
column density threshold within 100 kpc of the galaxy
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Fig. 2.— Same as Figure 1 but for the J1441+0443 galaxy. This galaxy has the lowest SNR, below the threshold where we can trust
the GalPaK3D results. Even if this galaxy is classified as wind-pair from its apparent PA, the low SNR does not allow us to build a wind
model.

Fig. 3.— Scheme showing the alpha angle corresponding to the
angle between the galaxy major axis and the quasar position.

galaxy contribution for the quasar-galaxy pairs with the
lowest impact parameters (b ≤ 10 kpc) such as J2357-
2736 (Section 4.2.3). The procedure is nearly the same as
the cone model: we generate particles in a disk with an
exponential distribution from the center to the edge. We
take the galaxy half light radius derived with GalPaK3D

to estimate a realistic contribution from the disk. The
thickness of the disk is set to be 0.15 times this radius.
We assign the particles a constant circular velocity cor-
responding to the maximum velocity of the galaxy. The
velocity distribution of the disk is naturally strongly de-
pendent on the azimuthal angle with a maximum offset
at α = 0◦ and a distribution centered around 0 km s−1at
α = 90◦.

4.2. Comments on individual wind-pairs

4.2.1. J0448+0950

The galaxy near the quasar J0448+0950 has an impact
parameter b = 13.7 kpc and an Hα flux of 5.03 × 10−16

erg s−1 cm−2. Its azimuthal angle α of ∼79◦ and incli-
nation i of ∼52◦ make it a wind-pair (Figure 4). This
galaxy has a SFR of ∼13 M⊙ yr−1 (see section 4) and a
redshift of 0.8390.
In addition to our SINFONI data, we retrieved ancil-

lary data from HST/WFPC2 (F555W filter). These HST
data allow us to compare the morphology of the galaxy
(see Figure 1) with the SINFONI one. In both data sets,
one sees that the galaxy has an asymmetric flux distri-
bution (Figure 1) with a brighter area somewhat offset
with respect to the kinematic center. Comparing the
HST image and SINFONI flux map (the quasar was sub-
tracted in SINFONI Hα flux), the PA and inclination of
the galaxy are in good agreement.
After determining the geometrical parameters for this

galaxy, we can build a cone model as described in sec-
tion 4.1.1. In Figure 5, we compare the simulated profile
for Mg i λ2852 7 to the observed absorption in the UVES
data (right column of the figure). To generate this sim-
ulated profile 8, we adjusted the outflow speed Vout and
the cone opening angle θ, while keeping the geometrical
parameters fixed. The best values are an outflow speed
Vout of 115±10 km s−1 and a cone opening angle θmax of
40±5◦. The errors represent the maximum allowed range
values for Vout and θmax.
We note that our simulated profile reproduces the

asymmetry and equivalent width of the observed profile.
Note, our model does not attempt to reproduce the depth
of the profile since it is arbitrarily normalized. The ap-
parent noise of the simulated profile is due to stochastic
effects from the Monte Carlo particle distribution.
Outflow rates and mass loading factors for each galaxy

identified as wind-pairs are detailed in section 4.3.

4.2.2. J0839+1112

In our sample, the galaxy towards J0839+1112 has
the largest impact parameter of b of 26.8 kpc. With
an Hα flux of 1.53 × 10−16 erg s−1 cm−2, an inclination
i of ∼72◦ and an azimuthal angle α of ∼59◦, this galaxy
also belongs to the wind-pair subsample defined in sec-
tion 3.3. Its SFR is ∼3.4 M⊙ yr−1 , and it has a redshift
of z =0.7866.
In Figure 1 we compare archival HST/WFPC2

(F702W filter) images to our SINFONI Hα data. Both
data sets show a slight asymmetry in the galaxy flux dis-
tribution and a similar PA. For the galaxy inclination, we
used galfit2D on the HST image to cross-check the results
from the 3D fitting and found good agreement between
them and found that the results were within ±15◦.
As for J0448+1112, we generated a simulated profile

from the wind cone model using the geometrical param-

7 We use Mg i λ2852 since Mg ii λ2796 is saturated. .
8 The galaxy contribution is also considered in the simulated

profile (the redshifted contribution in upper right of Figure 5).

N. Lehner will confirm this for HI



neutral fraction calculated using Rahmati+2013 radiative transfer fit and Haardt & Madau 2012 UV background.



galaxy is surrounded by dense reaccreting 
material

neutral fraction calculated using Rahmati+2013 radiative transfer fit and Haardt & Madau 2012 UV background.



outflows have low column densities due to low density 
and temperature > 104 K

galaxy is surrounded by dense reaccreting 
material

neutral fraction calculated using Rahmati+2013 radiative transfer fit and Haardt & Madau 2012 UV background.



Summary

hydro simulations can provide robust constrains on the role of feedback and 
cosmological accretion:

1. for any feedback CGM is highly dynamic: gas is not supported

2. large energies necessary to regulate SFR at high z, launching massive 
winds

3. all simulations agree: need strong FB to account for HI abundance around 
galaxies - increase is due to reaccretion of old outflows

4. strong FB does not produce observed geometry of accretion/winds  -  
outflows are too tenuous: not detectable in low-ionisation absorption such 
as HI, MgII, SiII



Thank You


