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The COS-Dwarfs Survey
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R
el
a
ti
v
e
F
lu
x

๏HST-COS spectroscopy of quasars 

4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000
0

1

2

3

4

5

λ [Å]
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How is gas distributed around galaxies?
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FIG. 9.— Comparison of different feedback prescriptions in hydro simulations with observations. The distribution of sSFR and stellar mass (left panels) for
117 galaxies with different feedback prescriptions (diamonds) and 43 COS-Dwarfs galaxies (blue and red squares) are shown respectively. The C IV covering
fraction estimates for star-forming galaxies are shown in the middle panels. The purple and green bands represent covering fraction estimates for the two wind
models and the red band represents same for the no wind model. The error bars represent the 68% confidence intervals. Right Panels: The C IV column density
radial profiles of the star-forming galaxies is compared to the simulations. The hashed regions represent the 1� spread of column density in the model sight lines.
The dashed green and purple lines indicate the mean column density radial profiles in the simulations.

ing fractions as metals are more likely to be pushed to larger
distances.

We compare the sSFR distributions of the ezw and the cw
models with that of the COS-Dwarfs galaxies and find that
for the ezw model, a two sample KS test cannot rule out the
null hypothesis that the two sSFR distributions were drawn
from the same parent sample at >10% significance. For the
cw model a two sample KS test rules out the null hypothesis
that the two sSFR distributions are drawn from the same par-
ent sample at 0.001% significance level. Further, we perform
a likelihood ratio test to compare which model (ezw or cw)
best represents the observed C IV covering fractions. We ob-
tain a P value of ⇡ 0.01, which indicates that there is strong
evidence that the ezw model represents the data better than
the cw model. Hence, constraints from both the sSFR dis-
tribution and the C IV covering fraction suggest that the ezw
model better represents the observations as compared to the
cw model.

We further compare the observed C IV covering fraction
with that measured in simulations with no winds (NW) (Fig-
ure 9, red band middle panel). The NW model predicts
C IV covering fractions of ⇠ 1% to 2% at all impact pa-
rameters. Hence the metallic content of the CGM around
sub-L⇤galaxies cannot be explained by tidal debris or ram-
pressure stripping alone, as these are the only processes for
distributing metals into the CGM in our NW simulations. In
a recent study, Liang & Chen (2014) also found that metals
around low-mass galaxies are primarily concentrated within
the inner virial radii of the galaxies. While they find sim-
ilar observational trends within their sample, they conclude
that winds are inefficient at these masses, but our quantitative

comparison to hydrodynamic simulations with and without
winds strongly indicates that strong outflows are necessary
explain the observed C IV in the CGM.

In summary, our exploration of simulations yields the best
fits for an ezw model that ejects cool gas (T ⇠ 104 K) at mod-
erate velocities (vwind = 150 - 300 km s-1 ) and high mass-
loading factors (⌘ = 5 - 15). These winds enrich the local
CGM where this metal-enriched gas can re-accrete back onto
the galaxy and sustain the observed z ⇠ 0 sSFR distribution of
low-mass galaxies.

Finally, if we select simulated central galaxies based on
halo masses derived from the abundance matching applied to
COS-Dwarfs, we would find more distinguishing power us-
ing C IV covering fractions between the various wind mod-
els, but at the cost of selecting distributions of M⇤ and sSFR
that do not match COS-Dwarfs. The ezw model does not
change much because these galaxies agree well with abun-
dance matching constraints, while cw would have far lower
covering fractions and no detections of 300 mÅ C IV ab-
sorbers, because the galaxies form less stars and the vwind =
680 km s-1 heat the CGM, suppressing star formation. These
trends show that in the low-mass galaxy regime explored
by COS-Dwarfs, our simulations find that covering fractions
scale with galaxy M⇤.

8. COMPARISON WITH PREVIOUS STUDIES

In this section, we present the combined measurements of
previous studies from the literature, which characterized the
C IV absorption profile around galaxies. We stress that this
comparison involves galaxies with heterogeneous mass, SFR,
and selection, so this is not a statistically rigorous comparison.
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FIG. 9.— Comparison of different feedback prescriptions in hydro simulations with observations. The distribution of sSFR and stellar mass (left panels) for
117 galaxies with different feedback prescriptions (diamonds) and 43 COS-Dwarfs galaxies (blue and red squares) are shown respectively. The C IV covering
fraction estimates for star-forming galaxies are shown in the middle panels. The purple and green bands represent covering fraction estimates for the two wind
models and the red band represents same for the no wind model. The error bars represent the 68% confidence intervals. Right Panels: The C IV column density
radial profiles of the star-forming galaxies is compared to the simulations. The hashed regions represent the 1� spread of column density in the model sight lines.
The dashed green and purple lines indicate the mean column density radial profiles in the simulations.

ing fractions as metals are more likely to be pushed to larger
distances.

We compare the sSFR distributions of the ezw and the cw
models with that of the COS-Dwarfs galaxies and find that
for the ezw model, a two sample KS test cannot rule out the
null hypothesis that the two sSFR distributions were drawn
from the same parent sample at >10% significance. For the
cw model a two sample KS test rules out the null hypothesis
that the two sSFR distributions are drawn from the same par-
ent sample at 0.001% significance level. Further, we perform
a likelihood ratio test to compare which model (ezw or cw)
best represents the observed C IV covering fractions. We ob-
tain a P value of ⇡ 0.01, which indicates that there is strong
evidence that the ezw model represents the data better than
the cw model. Hence, constraints from both the sSFR dis-
tribution and the C IV covering fraction suggest that the ezw
model better represents the observations as compared to the
cw model.

We further compare the observed C IV covering fraction
with that measured in simulations with no winds (NW) (Fig-
ure 9, red band middle panel). The NW model predicts
C IV covering fractions of ⇠ 1% to 2% at all impact pa-
rameters. Hence the metallic content of the CGM around
sub-L⇤galaxies cannot be explained by tidal debris or ram-
pressure stripping alone, as these are the only processes for
distributing metals into the CGM in our NW simulations. In
a recent study, Liang & Chen (2014) also found that metals
around low-mass galaxies are primarily concentrated within
the inner virial radii of the galaxies. While they find sim-
ilar observational trends within their sample, they conclude
that winds are inefficient at these masses, but our quantitative

comparison to hydrodynamic simulations with and without
winds strongly indicates that strong outflows are necessary
explain the observed C IV in the CGM.

In summary, our exploration of simulations yields the best
fits for an ezw model that ejects cool gas (T ⇠ 104 K) at mod-
erate velocities (vwind = 150 - 300 km s-1 ) and high mass-
loading factors (⌘ = 5 - 15). These winds enrich the local
CGM where this metal-enriched gas can re-accrete back onto
the galaxy and sustain the observed z ⇠ 0 sSFR distribution of
low-mass galaxies.

Finally, if we select simulated central galaxies based on
halo masses derived from the abundance matching applied to
COS-Dwarfs, we would find more distinguishing power us-
ing C IV covering fractions between the various wind mod-
els, but at the cost of selecting distributions of M⇤ and sSFR
that do not match COS-Dwarfs. The ezw model does not
change much because these galaxies agree well with abun-
dance matching constraints, while cw would have far lower
covering fractions and no detections of 300 mÅ C IV ab-
sorbers, because the galaxies form less stars and the vwind =
680 km s-1 heat the CGM, suppressing star formation. These
trends show that in the low-mass galaxy regime explored
by COS-Dwarfs, our simulations find that covering fractions
scale with galaxy M⇤.
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C IV absorption profile around galaxies. We stress that this
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FIG. 9.— Comparison of different feedback prescriptions in hydro simulations with observations. The distribution of sSFR and stellar mass (left panels) for
117 galaxies with different feedback prescriptions (diamonds) and 43 COS-Dwarfs galaxies (blue and red squares) are shown respectively. The C IV covering
fraction estimates for star-forming galaxies are shown in the middle panels. The purple and green bands represent covering fraction estimates for the two wind
models and the red band represents same for the no wind model. The error bars represent the 68% confidence intervals. Right Panels: The C IV column density
radial profiles of the star-forming galaxies is compared to the simulations. The hashed regions represent the 1� spread of column density in the model sight lines.
The dashed green and purple lines indicate the mean column density radial profiles in the simulations.

ing fractions as metals are more likely to be pushed to larger
distances.

We compare the sSFR distributions of the ezw and the cw
models with that of the COS-Dwarfs galaxies and find that
for the ezw model, a two sample KS test cannot rule out the
null hypothesis that the two sSFR distributions were drawn
from the same parent sample at >10% significance. For the
cw model a two sample KS test rules out the null hypothesis
that the two sSFR distributions are drawn from the same par-
ent sample at 0.001% significance level. Further, we perform
a likelihood ratio test to compare which model (ezw or cw)
best represents the observed C IV covering fractions. We ob-
tain a P value of ⇡ 0.01, which indicates that there is strong
evidence that the ezw model represents the data better than
the cw model. Hence, constraints from both the sSFR dis-
tribution and the C IV covering fraction suggest that the ezw
model better represents the observations as compared to the
cw model.

We further compare the observed C IV covering fraction
with that measured in simulations with no winds (NW) (Fig-
ure 9, red band middle panel). The NW model predicts
C IV covering fractions of ⇠ 1% to 2% at all impact pa-
rameters. Hence the metallic content of the CGM around
sub-L⇤galaxies cannot be explained by tidal debris or ram-
pressure stripping alone, as these are the only processes for
distributing metals into the CGM in our NW simulations. In
a recent study, Liang & Chen (2014) also found that metals
around low-mass galaxies are primarily concentrated within
the inner virial radii of the galaxies. While they find sim-
ilar observational trends within their sample, they conclude
that winds are inefficient at these masses, but our quantitative

comparison to hydrodynamic simulations with and without
winds strongly indicates that strong outflows are necessary
explain the observed C IV in the CGM.

In summary, our exploration of simulations yields the best
fits for an ezw model that ejects cool gas (T ⇠ 104 K) at mod-
erate velocities (vwind = 150 - 300 km s-1 ) and high mass-
loading factors (⌘ = 5 - 15). These winds enrich the local
CGM where this metal-enriched gas can re-accrete back onto
the galaxy and sustain the observed z ⇠ 0 sSFR distribution of
low-mass galaxies.

Finally, if we select simulated central galaxies based on
halo masses derived from the abundance matching applied to
COS-Dwarfs, we would find more distinguishing power us-
ing C IV covering fractions between the various wind mod-
els, but at the cost of selecting distributions of M⇤ and sSFR
that do not match COS-Dwarfs. The ezw model does not
change much because these galaxies agree well with abun-
dance matching constraints, while cw would have far lower
covering fractions and no detections of 300 mÅ C IV ab-
sorbers, because the galaxies form less stars and the vwind =
680 km s-1 heat the CGM, suppressing star formation. These
trends show that in the low-mass galaxy regime explored
by COS-Dwarfs, our simulations find that covering fractions
scale with galaxy M⇤.

8. COMPARISON WITH PREVIOUS STUDIES

In this section, we present the combined measurements of
previous studies from the literature, which characterized the
C IV absorption profile around galaxies. We stress that this
comparison involves galaxies with heterogeneous mass, SFR,
and selection, so this is not a statistically rigorous comparison.
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Si III over 3 decades of Stellar Mass

8 9 10 11 12
log M* [Msun]

10

100

1000

Si
II

I 1
20

6 
[m

Å
]

ρ /Rvir = 0.0 − 1.5

Si
 II

I 1
20

6 
Eq

ui
va

le
nt

 W
id

th
 [m

Å
]

log M★/M⊙

COS-Dwarfs COS-Halos

Bordoloi+15 in prep



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
ρ / Rvir

10

100

1000

Si
II

I 
12

06
 [

m
Å

]

ρ /Rvir = 0.0 − 1.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
ρ / Rvir

10

100

1000

H
I 

12
15

 [
m

Å
]

ρ /Rvir = 0.0 − 1.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
ρ / Rvir

10

100

1000

 [
m

Å
]

ρ /Rvir = 0.0 − 1.5

C
 IV

 1
54

8 
[m

Å
]

SiIII CIV

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
ρ / Rvir

10

100

1000

C
II

 1
33

4 
[m

Å
]

ρ /Rvir = 0.0 − 1.5CIIHI

Metals Census over Three Decades of Stellar Mass

COS-Halos + COS-Dwarfs

H
I L

yα
 E

qu
iv

al
en

t W
id

th
 [m

Å
]

Si
II

I 1
20

6 
Eq

ui
va

le
nt

 W
id

th
 [m

Å
]

C
II

 1
33

4 
Eq

ui
va

le
nt

 W
id

th
 [m

Å
]

C
IV

 1
54

8 
Eq

ui
va

le
nt

 W
id

th
 [m

Å
]

Bordoloi+15 in prep



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
ρ / Rvir

10

100

1000

Si
II

I 
12

06
 [

m
Å

]

ρ /Rvir = 0.0 − 1.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
ρ / Rvir

10

100

1000

H
I 

12
15

 [
m

Å
]

ρ /Rvir = 0.0 − 1.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
ρ / Rvir

10

100

1000

 [
m

Å
]

ρ /Rvir = 0.0 − 1.5

C
 IV

 1
54

8 
[m

Å
]

SiIII CIV

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
ρ / Rvir

10

100

1000

C
II

 1
33

4 
[m

Å
]

ρ /Rvir = 0.0 − 1.5CIIHI

Metals Census over Three Decades of Stellar Mass

COS-Halos + COS-Dwarfs

H
I L

yα
 E

qu
iv

al
en

t W
id

th
 [m

Å
]

Si
II

I 1
20

6 
Eq

ui
va

le
nt

 W
id

th
 [m

Å
]

C
II

 1
33

4 
Eq

ui
va

le
nt

 W
id

th
 [m

Å
]

C
IV

 1
54

8 
Eq

ui
va

le
nt

 W
id

th
 [m

Å
]

Bordoloi+15 in prep



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
ρ / Rvir

10

100

1000

Si
II

I 
12

06
 [

m
Å

]

ρ /Rvir = 0.0 − 1.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
ρ / Rvir

10

100

1000

H
I 

12
15

 [
m

Å
]

ρ /Rvir = 0.0 − 1.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
ρ / Rvir

10

100

1000

 [
m

Å
]

ρ /Rvir = 0.0 − 1.5

C
 IV

 1
54

8 
[m

Å
]

SiIII CIV

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
ρ / Rvir

10

100

1000

C
II

 1
33

4 
[m

Å
]

ρ /Rvir = 0.0 − 1.5CIIHI

Metals Census over Three Decades of Stellar Mass

COS-Halos + COS-Dwarfs

H
I L

yα
 E

qu
iv

al
en

t W
id

th
 [m

Å
]

Si
II

I 1
20

6 
Eq

ui
va

le
nt

 W
id

th
 [m

Å
]

C
II

 1
33

4 
Eq

ui
va

le
nt

 W
id

th
 [m

Å
]

C
IV

 1
54

8 
Eq

ui
va

le
nt

 W
id

th
 [m

Å
]

Bordoloi+15 in prep



The Metal Content of 
The CGM
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mirrored in CIV for the <L★ galaxies.  

Strong C IV is associated 
predominantly with star-

forming galaxies.
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MZ = πR2 Nion AmH M⊙ 	


. . . then scale to minimum ionization correction f. . . 

R = 150 kpc

Typical ISM

Tumlinson+11

Estimating CGM metal masses

Bordoloi+14

MOxygen ≳ 1.2 x 107 (0.2/fOVI) M⊙

MCarbon ≳ 1.2 x 106 (0.3/fCIV) M⊙

Typical ISM

COS-DwarfsCOS-Halos
log M★ = 8.5-10log M★ = 9.6-11.2



Gas and Metal Recycling of the CGM
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Is this Quenching?
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Conclusions

•Quenching suppresses, but does not completely destroy 
the CGM of their host galaxies. 

• HI is ubiquitous------ Uniformly distributed for 
all galaxies!

• Most of the CGM gas is bound and will be recycled for 
future star formation.

• The CGM harbors at least as much metal as is in the ISM 
of the galaxies (or more).
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A Front Row Seat to Study 
Outflows… 

!

The Milky Way
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MRK1392

(l ¼ 335:4", b ¼þ31:7",!! $ 27" from ZNG 1) with LSR ve-
locities near %100, %130, and %150 km s%1 that are similar to
those observed in the HVCs toward ZNG 1. Richter et al. (2005)
attribute this absorption to complex L. The compact HVC CHVC
018.3+47.1%147 (de Heij et al. 2002) lies$10" fromZNG 1with
an LSR velocity of %147 km s%1 (this is cloud 57 in Wakker &
van Woerden 1991).

Zsargó et al. (2003) analyzed FUSE spectra for 22 Galactic
halo stars. They saw no clear evidence of high-velocity O vi in
any of the sight lines. Their sample included ZNG 1; however,

they used earlier FUSE data for this star with a signal-to-noise
ratio (S/N) of about half of that of our data. ZNG 1 is the only
knownGalactic sight line to showhighly ionized interstellarHVCs.
Sembach et al. (2003), in their survey of high-velocity O vi,

analyzed highly ionized high-velocity gas along sight lines to 100
extragalactic objects and two halo stars. Of the sight lines in their
study, onlyMrk 1383 (l ¼ 349:2", b ¼þ55:1",!! ¼ 11:8" from
ZNG1) lies within 30" of ZNG1.Mrk 1383 shows no blueshifted
high-velocity absorption (Keeney et al. 2006; Sembach et al. 2003).
Fox et al. (2006) analyzed the spectra of 66 extragalactic sight

Fig. 2.—Same as Fig. 1, but for the ions that are doubly or more ionized. The C ii, N ii, and Si ii profiles are shown for comparison (although note that N ii solely probes
ionized gas).
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Zsargó et al. (2003) analyzed FUSE spectra for 22 Galactic
halo stars. They saw no clear evidence of high-velocity O vi in
any of the sight lines. Their sample included ZNG 1; however,

they used earlier FUSE data for this star with a signal-to-noise
ratio (S/N) of about half of that of our data. ZNG 1 is the only
knownGalactic sight line to showhighly ionized interstellarHVCs.
Sembach et al. (2003), in their survey of high-velocity O vi,

analyzed highly ionized high-velocity gas along sight lines to 100
extragalactic objects and two halo stars. Of the sight lines in their
study, onlyMrk 1383 (l ¼ 349:2", b ¼þ55:1",!! ¼ 11:8" from
ZNG1) lies within 30" of ZNG1.Mrk 1383 shows no blueshifted
high-velocity absorption (Keeney et al. 2006; Sembach et al. 2003).
Fox et al. (2006) analyzed the spectra of 66 extragalactic sight

Fig. 2.—Same as Fig. 1, but for the ions that are doubly or more ionized. The C ii, N ii, and Si ii profiles are shown for comparison (although note that N ii solely probes
ionized gas).

ZECH ET AL.464 Vol. 679

M5-ZNG1

1H1613

PDS 456



Stay Tuned… 


