
The CGM plays a fundamental role in and potentially 
provides unique constraints on galaxy evolution.
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The CGM plays a fundamental role in and potentially 
provides unique constraints on galaxy evolution.
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measurement error, we switch to using the luminosity in the
native SDSS passbands, k-corrected to the median redshift,
z ∼ 0.1. To quantify the influence of dust, we correct the
galaxy luminosities for intrinsic attenuation using the atten-
uation curve of Charlot & Fall (2000) and assuming that the
stars experience 1/3 of the attenuation measured in the neb-
ular gas. The nebular attenuation is determined simultane-
ously with the metallicity assuming a metallicity-dependent
Case B Hα/Hβ ratio (Brinchmann et al. 2004; Charlot et al.
2004). We assume that the correction for intrinsic attenuation
automatically accounts for any inclination-dependent effects.

In Figure 5 we systematically examine the impact of dust
and M/L variations on the luminosity–metallicity relation by
adopting different measures of galaxy luminosity: 1) the ab-
solute g-band magnitude corrected for inclination-dependent
attenuation following Tully et al. (1998); 2) the absolute g-
band magnitude corrected for intrinsic attenuation, as de-
scribed above; 3) and the absolute z-band magnitude cor-
rected for intrinsic attenuation. In panels 1-3 of Figure 5
we indicate the distribution of metallicity at a given lumi-
nosity by displaying the contours which enclose 68 and 95%
of the data in bins of 0.4 mag. The contours provide a non-
parametric description of the distribution which is unbiased
as long as the errors in luminosity are small relative to our
adopted bin-size. For comparison, we also show the tradi-
tional least-squares linear bisector fit to the data in panel 1
(12+log(O/H) = −0.186(±0.001)Mg + 5.195(±0.018)). Be-
cause we do not know a priori the true functional form of
the luminosity–metallicity relation, we focus on the contours.
Comparison of the first two panels of Figure 5 shows that cor-
recting the luminosity for attenuation reduces the scatter and
flattens the luminosity–metallicity relation at high mass. This
trend is even more pronounced when the extinction corrected
z-band magnitude is used (panel 3). Because the z-band is
less sensitive to dust and recent starbursts, the range of M/L
ratios is smaller, and the scatter is reduced by ∼ 20% com-
pared to the uncorrected g-band. However, even in the z-band,
M/L ratios can vary by factors of a few. This effect is illus-
trated in panel 4 where we plot the median z-band luminosity–
metallicity relation for galaxies in four bins of Dn(4000). As
discussed in Kauffmann et al. (2003a), Dn(4000) is a good
measure of the mean stellar age of the population. Our inter-
pretation of panel 4 is that at fixed metallicity, galaxies with
lower Dn(4000) are shifted to brighter magnitudes because of
the lower M/L ratios of their young stellar populations. This
confirms our intuition that the underlying physical correlation
is between stellar mass and metallicity.

5. THE MASS–METALLICITY RELATIONSHIP

With our new prescriptions for measuring stellar mass and
gas-phase metallicity it is now possible to examine the mass–
metallicity relationship of our sample of SDSS star-forming
galaxies. Figure 6 shows that a striking correlation is ob-
served, extending over 3 decades in stellar mass and a fac-
tor of 10 in metallicity. The correlation is roughly linear from
108.5 M⊙ to 1010.5 M⊙ after which a gradual flattening occurs.
Most remarkable of all is the tightness of the correlation: the
1σ spread of the data about the median is ±0.10 dex, with
only a handful of extreme outliers present. The relationship is
well fitted by a polynomial of the form:

12+log(O/H) = −1.492+1.847(logM∗)−0.08026(logM∗)2

(3)
where M∗ represents the stellar mass in units of solar masses.
This equation is valid over the range 8.5 < logM∗ < 11.5.

−14 −16 −18 −20 −22 −24 −26
M
g

8.0
8.2

8.4

8.6

8.8

9.0

9.2

9.4

12
 +

 lo
g(

O
/H

)

1σ =  0.16
2σ =  0.28

1)

−14 −16 −18 −20 −22 −24 −26
M
g

cor

8.0
8.2

8.4

8.6

8.8

9.0

9.2

9.4

12
 +

 lo
g(

O
/H

)

1σ =  0.13
2σ =  0.25

2)

−14 −16 −18 −20 −22 −24 −26
M
z
cor

8.0
8.2

8.4

8.6

8.8

9.0

9.2

9.4

12
 +

 lo
g(

O
/H

)

1σ =  0.13
2σ =  0.24

3)

−14 −16 −18 −20 −22 −24 −26
M
z
cor

8.0
8.2

8.4

8.6

8.8

9.0

9.2

9.4

12
 +

 lo
g(

O
/H

)

4)

FIG. 5.— The luminosity–metallicity relation of SDSS galaxies in the g and
z-bands. In the first panel we have corrected Mg to face-on orientation, but
we have not corrected for internal attenuation. In panels 2-4 we correct Mg
and Mz for internal attenuation, assuming that the stars experience 1/3 of the
reddening measured in the gas. The solid black contours in panels 1-3 enclose
68 and 95% of data with statistics computed in bins of 0.4 mag in luminosity.
The median half-width of the distribution is listed in the lower right corner.
For comparison, the dashed line in the first panel shows the least-squares
linear bisector fit to the data. The fourth panel shows the median z-band
luminosity–metallicity relation for galaxies in four bins of Dn(4000): from
bottom to top, 1.0 - 1.2, 1.2 - 1.3, 1.3 - 1.4, 1.4 - 1.8. Data for the contours in
panels 1 and 3 are given in Tables 1 and 2.
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FIG. 6.— The relation between stellar mass, in units of solar masses, and
gas-phase oxygen abundance for ∼53,400 star-forming galaxies in the SDSS.
The large black points represent the median in bins of 0.1 dex in mass which
include at least 100 data points. The solid lines are the contours which enclose
68% and 95% of the data. The red line shows a polynomial fit to the data.
The inset plot shows the residuals of the fit. Data for the contours are given
in Table 3.
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COS-Halos survey to study CGM vs. galaxy properties

z  = 0.02 - 0.10

logM* = 8 - 10

optimal for CIV

z  = 0.15 - 0.35

logM* = 10 - 11.5

optimal for OVI

COS-Dwarfs COS-Halos

ALL GALAXIES SELECTED PRIOR TO ABSORPTION
Friday, January 31, 14



COS-Halos: warm metals in CGM associated with star formation.

The presence and quantity of “warm” metals is strongly 
correlated with star formation properties of galaxies. 	


!
…but it is not for H I (Thom+ 2012). 

M31	

(Lehner+ 2015)

Tumlinson+ (2011)



The CGM harbors a large fraction of galactic baryons
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This Cool CGM contains a lot of mass!

Jessica'Werk'et'al.'(2014)

COS-Halos
main sample 

L ～ L*

All available low to intermediate ions modeled with 
Haardt & Madau ionizing background. 

Mean density profile of cool, photoionized CGM gas,
out to ~ 0.5 Rvir.

Strict Limit: MCGM > 2 x 1010 M⊙
fb = 0.1   

Direct Integral: MCGM ~ 6 x 1010 M⊙
fb = 0.35   

These are comparable to stellar masses and come quite 
to closing the galactic baryon budget. 

Bait for @jbprime:
The pressure implied by these solutions is too 
low to be compatible with equilibrium between the 
cold gas and the “hot halo” (NFW or Maller & Bullock ’04)

Werk+ (2014); also Stock+ (2013), Lehner+ (2015), 

Cool+Warm CGM mass budget:

Typical mass of cool gas in CGM:	

	
 MCool CGM ~ 6 x 1010 M⊙

Typical mass of warm gas in CGM:	

	
 MWarm CGM ~ 2 x 1010 M⊙

There may not be a galactic 
“missing baryons problem.”



The CGM harbors as many metals as stars in galaxies.
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There are as many 
metals present in 
the CGM as in 
stars in galaxies.
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Project AMIGA: Mapping the Circumgalactic Medium of Andromeda

!7

Figure 1: Distribution of the targets within ~1.5Rvir 
from M31. All the 18 proposed targets (blue circles) are 
within 1.1 Rvir where our pilot study shows a high 
covering fraction of M31 CGM gas (7 M31 CGM 
detections within 1.1Rvir [red circles]; all the non-
detections [open circles] are beyond 1.1Rvir; see L15). 
Our proposed sample complements the existing one to 
allow us to probe the M31 CGM uniformly radially in 
key azimuthal sectors (projected minor and major axes 
and in-between). Some of the pair targets will also be 
used to study the spatial variation at similar impact 
parameters and azimuths but different regions of the 
CGM (e.g., 4–5; 7–8; 9–12). With our choice of targets 
on both sides of M31 along the minor axis, we will be 
able to gauge the effect of its sub-L* companion (M33) 
on the CGM of M31. Unlike single sightline studies in 
distant galaxies, our observations will provide unique 
constraints at various R—φ in the kinematics, metal, 
baryons, and ionization of the CGM gas. There are no 
suitable targets north (top) of M31 owing to the MW 
extinction. The MW halo stars demonstrate that any 
absorption at vLSR<-150 km s-1 is not part of the MW 
halo (see Description of Observations and Fig. 2).

Figure 2: Examples of Archival COS G130M/
G160M Spectra of QSOs piercing the CGM of 
M31. Normalized COS G130M/G160M spectra of 2 
of the 7 existing QSOs showing detections of M31 
with 1.1 Rvir at both small and large projected 
distances from M31 (see L15 for all the spectra and 
ions). The HS0058+4213 spectrum has S/N~15 per 
resolution element, which will be the typical quality 
of the proposed data. Several independent lines of 
evidence support that the absorption at −310≲vLSR≲
−150 km s-1 observed in 7 spectra of the existing 
sample has M31 CGM origin rather than a Magellanic 
Stream, Local Group or Milky Way origin. Our pilot 
study has given us the required expertise to 
disentangle the observed absorption components 
toward M31 as describe in  Description of Figure 3: Results from our Pilot Study Based on Archival 

COS G130M and G160M spectra: The column densities of 
SiIII, SiIV, CIV of the M31 CGM gas at −310≲vLSR≲−150 
km s-1 are shown against the projected distance from M31 
(see  L15 for the entire suite of ions). Open circles with 
downward arrows are non-detections of M31 CGM gas, 
mostly beyond 1.1 Rvir. The horizontal lines show our 
sensitivity limit for these key ions with the proposed S/N=15 
required to place useful limits at any R or estimate their 
column densities based on the existing observations. The 
thick dashed lines show models from CoI Ford (Ford et al. 
2014). These models appear to be appropriate for CIV, but do 
a poor job for SiIV (which behaves like the low ions in these 
models), possibly because they are only averaged over many 
galaxy CGM. Our future zoom-in simulations will explicitly 
explore the R—φ parameter space in a similar fashion as the 
proposed Project AMIGA. The tick marks show the proposed 
AMIGA sample, filling out the R—φ parameter space (see 
Fig. 1), especially between 0.2 and 1.1 Rvir where there is 
currently little or no information. 
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The CGM harbors a large fraction of galactic baryons



A. Dekel

We want to dissect the CGM of galaxies, learning about each component.

Use metallicity as a probe of origins.

We’d like to make a map of the 
CGM and tag the gas by its 
origins.

The best we can do now is 
study the metallicity (origins) 	

of the gas as a function of 
column density (~location).

Sensitivity limited



Lyman limit systems probe infall and outflows at low-z.
Metallicity distribution of z ≤ 1.0 Lyman limit systems	
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Infall? Outflows?
Other! 

(e.g., tidal material, recycled outflows)
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Lyman limit systems probe infall and outflows at low-z.



How does the MDF of the LLSs/CGM evolve with z?

Madau & Dickinson 2014

Prelim
inary 

Lehner+ (2015)



The future: mapping the origins of the CGM gas

Lehner+ (2013)
16.0 ≤ log N(HI) ≤ 18.6

z ~ 0.25 – 1.0

Fox+ (2013)
Inflowing Gas Outflowing Gas

Shen+ (2013)z ~ 2.8H I H I

O VI O VI

2.
5%

 so
la

r

40
%

 so
la

r

Upper limits

Infalling gas Outflowing gas

Higher ionization states more directly probe the 
driving fluid, the more diffuse CGM.

1) We want to map the CGM as a 
function of ionization state and 
metallicity.

This means:	


– Developing better statistical maps of the CGM with 
galaxy properties, etc. (ala COS-Halos).	


– Directly mapping absorption lines toward many 
sight lines in individual galaxies, headed toward 
tomography. (Not even done yet for M31.)	


– Observing resolved galaxies at low redshift to connect to 
H I mapping. (21-cm won’t get <few x 1017 cm-2.)	


– Emission line imaging.

Critical capabilities:	


– Large aperture (sensitivity).	


– High resolution (R>20,000).	


– FUV capability to ~1000 Å.	


– Efficient NUV capabilities to 3000 Å (Lyα).	


– …or UV imaging sensitivity, perhaps spectral image 
slicers or narrowband filters.



The future: mapping the origins of the CGM gas
1) We want to map the CGM as a 
function of ionization state and 
metallicity.

The Astrophysical Journal, 765:27 (17pp), 2013 March 1 Keeney et al.

Figure 1. r-band image of the region near ESO 157–49 and ESO 157–50 taken with the MOSAIC imager of the CTIO Blanco 4 m telescope, oriented with north up
and east to the left. The galaxy positions are labeled along with their recession velocities, as are the positions and redshifts of the three QSOs that probe the extended
halo of ESO 157–49: RX J0439.6–5311, HE 0439–5254, and HE 0435–5304 (HE 0439–5254 also probes the halo of ESO 157–50).
(A color version of this figure is available in the online journal.)

Briefly, our code works as follows. Flux values near the edge
of the detector or the positions of the ion-repeller grid wires are
less trustworthy than at other wavelengths. Since our co-addition
scheme utilizes exposure-time weighting, these suspect regions
(fixed in pixel but not wavelength space) are de-weighted on
an exposure-by-exposure basis by reducing their local exposure
time by a factor of two. With four central wavelength settings
per grating, any residual instrumental artifacts from grid-wire
shadows and detector boundaries have negligible effect on
the final spectrum. Next, strong ISM features in each exposure
are aligned via cross-correlation, and individual exposures are
scaled to have the same mean continuum flux and placed onto a
common wavelength grid using nearest-neighbor interpolation.
The wavelength shifts were typically on the order of a resolution
element (∼0.07 Å for our FUV data; Ghavamian et al. 2009;
Kriss 2011) or less. The co-added flux at each wavelength was
taken to be the mean of the scaled fluxes in the individual
exposures, weighted by the exposure time. Since our NUV data
were all taken at the same central wavelength setting, we used
the x1dsum files produced by CalCOS as our final data product.

Continua are fit to the co-added data for each QSO using a
semi-automated line-identification and spline-fitting technique
as follows. First, the spectra are split into 5–10 Å segments.
Continuum pixels within each segment are identified as those
for which the signal-to-noise ratio (defined here as flux/error)
value is less than 1.5σ below the median value for all the
pixels in the segment. Thus, absorption lines (flux significantly
lower than the segment average) are excluded, as are regions of
increased noise (error higher than segment average). The process
is iterated until minimal change occurs between one iteration
and the next. The continuum pixels in a particular bin are then
set and the median continuum flux node is recorded. A spline
function is fitted between continuum nodes. The continuum fit
of each entire spectrum is checked manually, and the continuum
region identifications are adjusted as needed. The continuum
identification and spline-fitting processes work reasonably well

Table 1
Summary of HST/COS Observations

Target zem
a Grating Obs. Date texp Fλ

b ⟨S/N⟩c

(s) (FEFU)

RX J0439.6–5311 0.243 G130M 2010 Feb 7 8177 4.3 19
G160M 2010 Feb 7 8934 3.1 11
G285M 2010 May 26 4286 1.1 2

HE 0439–5254 1.053 G130M 2010 Jun 10 8403 4.6 17
G160M 2010 Jun 10 8936 4.1 12
G285M 2010 Mar 28 4316 2.2 4

HE 0435–5304 0.425 G130M 2010 Apr 13 8373 2.5 15
G160M 2010 Apr 13 8936 2.0 11
G285M 2010 Mar 31 4286 0.9 2

Notes.
a The emission line redshift of the QSO as listed in the NASA Extragalactic
Database (NED), except for HE 0435–5304, whose redshift was measured from
its co-added COS spectrum (NED lists z = 1.231 for this QSO).
b Continuum level as measured at 1250, 1550, and 2800 Å in the co-added
G130M, G160M, and G285M spectra, respectively. Flux levels are listed in
femto-erg flux units (FEFUs), where 1 FEFU = 10−15 erg s−1 cm−2 Å

−1
.

c Median signal-to-noise ratio per resolution element in the grating passband,
as measured by rms continuum deviations in the co-added spectra.

for smoothly varying data, but they were augmented with
piecewise-continuous Legendre polynomial fits in a few cases.
In particular, spline fits perform poorly in regions of sharp
spectral curvature, such as the Galactic Lyα absorption and at
the peaks of cuspy emission lines. More details on this process
are given elsewhere (C. W. Danforth et al. 2013, in preparation).

Table 1 presents a summary of all of our HST/COS data.
We list the target name and redshift, date of observation,
total exposure time, flux level, and signal-to-noise ratio per
resolution element for all gratings used. Our co-added FUV
spectrum of HE 0439–5254 shows no emission lines so we have
tabulated its redshift as listed in the NASA/IPAC Extragalactic

3
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MM 1548, 1550, Si II λ1193 (Si II λ1260 is blended with S II

λ1259 near the systemic velocity of M31), Si III λ1206, Si IV
MM 1393, 1402, as well as O VI MM 1031, 1037 for the four
sightlines observed with FUSE. Other transitions are typically
too weak to be detected and do not produce interesting limits.
We use the apparent optical depth (AOD) method described

by Savage & Sembach (1991) to estimate the total column
density and average velocity of the metal ions. The absorption
profiles are converted into apparent column densities per unit
velocity, M� qN v F v F v f( ) 3.768 10 ln [ ( ) ( )] ( )a c

14
obs cm−2

(km s−1)−1, where F v( )c and F v( )obs are the modeled continuum
and observed fluxes as a function of velocity, respectively, f is
the oscillator strength of the transition and λ is the wavelength
in Å. The atomic parameters are for the UV transitions from
Morton (2003). When no detection was observed, we estimated
a 3σ upper limit following the method described by Lehner
et al. (2008). The total column density was obtained by
integrating over the absorption profile ¨�N N v dv( )

v

v
a

1

2 and
the average velocity was determined from the first moment

¨ ¨� § �v vN v dv N v dv( ) ( )
v

v
a v

v
a

1

2

1

2 .
We consider absorption over the velocities that we associate

with the CGM of M31 (see the component in red in Figure 2);
see Section 3 for several arguments that support this
association. In Table 2, we summarize the integration range
for each sightline and the velocity and column density results
for each species. We find a good agreement between the
column densities estimated for the doublet transitions (C IV,
Si IV), showing no indication of saturation or contamination.
We note, however, that C II and Si III for the three targets at

Figure 1. Distribution of the targets in our adopted (circles) and rejected (squares) samples used to probe the CGM of M31 (R.A. increases from right to left, decl.
increases from bottom to top, see Table 1). All these these sightlines were observed with COS G130M and/or G160M and some were also observed with FUSE.
Targets with UV absorption at LSR velocities� �⩽ ⩽v300 150LSR km s−1 associated with the CGM of M31 are shown in red. Note that the sightline HS 0058+4213
is near the R0.2 vir boundary. Overplotted is the H I 21 cm emission map aroundM31 adapted from Braun & Thilker (2004)where the lowest contour has �Nlog 17.5H I

in the a40 beam, with 0.5 dex increment between contours (this provides in our opinion a better representation of the H I distribution aroundM31 according to recent GBT
observations, see Lockman et al. 2012; Wolfe et al. 2013). The yellow crosses show for reference the targets from the COS G140L M31 program where low ions (e.g.,
Mg II)were detected only within the H I disk contour (i.e., ⩽R 32 kpc, see Rao et al. 2013). The twoMW stars in blue are distant halo stars, allowing us to determine that
absorption at �2v 170LSR km s−1 traces MW gas. We also indicate the position of the Local Group barycenter with the green cross.

Figure 2. Normalized profiles of RX J0048.1+3941 ( �R 25 kpc) as a
function of the LSR velocity, where we highlight the origin of each component,
the MS, the CGM of M31, and the MW disk and HVCs based on the arguments
presented in Section 3. All the species for each selected sightline studied in this
work are shown in the Appendix.
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1436 H.-W. Chen et al.

as an effective means of probing tenuous gas around galaxies. For
every projected galaxy and QSO pair, the background QSO serves
as a single pencil beam to explore the line-of-sight gas distribution
through the galactic halo at the projected distance where the QSO
appears.

While QSO absorption spectroscopy offers unparalleled sensitiv-
ities for uncovering low-density gas, a single QSO spectrum does
not yield a two-dimensional (2D) map of halo gas around individual
galaxies like conventional 21 cm observations (e.g. Chynoweth et al.
2008). Studies of halo gas around distant galaxies have therefore
relied on a statistical approach to characterize the spatial distri-
bution of tenuous gas in galactic haloes (e.g. Lanzetta & Bowen
1990) and to estimate a mean value of gas covering fraction (e.g.
Lanzetta et al. 1995; Chen et al. 2010a; Tumlinson et al. 2011) over
an ensemble of intervening galaxies. However, details regarding the
spatial variation of gas density and kinematics remain unknown for
individual haloes. Knowing the kinematics of halo gas revealed in
absorption-line surveys bears significantly on all effort to charac-
terize gas infall and outflows around star-forming galaxies using
absorption spectroscopy (e.g. Faucher-Giguère & Kereš 2011).

Recent galaxy survey data have revealed the ubiquitous presence
of outflows in star-forming galaxies at z > 0.7, through observations
of blueshifted Mg II λλ2796, 2803 self-absorption against the UV
light from star-forming regions (e.g. Weiner et al. 2009; Rubin et al.
2010; Bordoloi et al. 2013). Although the distance of the outflowing
material is unknown in these observations (but see Rubin et al.
2011; Martin et al. 2013, for two cases that exhibit outflowing gas in
emission out to ∼10 kpc), such finding has triggered several follow-
up studies that attribute the majority of metal-line absorbers (such
as Mg II, C IV and O VI) uncovered along random sightlines to those
high-speed outflows revealed through self-absorption of UV light
(e.g. Steidel et al. 2010; Chelouche & Bowen 2010; Nestor et al.
2011; Tumlinson et al. 2011; Werk et al. 2013). Such interpretation
naturally implies a minimal presence of gas accretion around star-
forming galaxies.

An additional empirical finding that supports the notion of a non-
negligible fraction of metal-line absorbers originating in starburst-
driven outflows is the enhanced Mg II absorption near the minor axes
and within 50 projected kpc of disc galaxies at z ∼ 0.7 by Bordoloi
et al. (2011). This finding has been followed by reports of a possible
bimodal azimuthal dependence of Mg II absorbers (e.g. Bouché et al.
2012; Kacprzak, Churchill & Nielsen 2012), attributing metal-line
absorbers observed near minor axes to outflowing gas and those
observed near major axes to infalling gas. A bimodal distribution in
the disc orientation of a Mg II-selected galaxy sample suggests that
both gas infall and outflows contribute comparably to the absorber
population. It also suggests that the physical origin of an absorber
can be determined if the disc orientation is known. However, the
velocity field of outflows/accretion is not known and such report
has also raised new questions.

For example, a natural expectation for absorption lines produced
in outflows is that the observed velocity profile depends on the in-
clination of the star-forming disc, with the largest velocity spread
expected when looking directly into a face-on star-forming disc
(e.g. Gauthier & Chen 2012). While such inclination-dependent ab-
sorption width is clearly seen in the self-absorption of galaxy UV
light (e.g. Bordoloi et al. 2013; Kornei et al. 2012), it appears to be
weak or absent among random absorbers found in transverse direc-
tion from star-forming galaxies (e.g. Bordoloi et al. 2011; Bouché
et al. 2012). The lack of correlation between absorber width and
disc inclination appears to be discrepant from the expectations of
an outflow origin. In addition, galactic-scale outflows in local star-

bursts are observed to follow the path of least resistance along
the polar axis (e.g. Heckman, Armus & Miley 1990). If this fea-
ture also applies to distant star-forming galaxies, then known disc
orientation and inclination allow us to deproject the observed line-
of-sight velocity distribution along the polar axis and examine the
energetics required to power the outflows. Gauthier & Chen (2012)
showed that if the Mg II absorbers observed at ρ > 7 kpc from
star-forming galaxies originate in outflows, then either the outflows
are decelerating (inconsistent with the interpretation of blue-shifted
absorption tails by Martin & Bouché 2009; Steidel et al. 2010) or
there needs to be additional kinetic energy input at >10 kpc beyond
the disc plane. Finally, Chen (2012) showed that both the spatial
extent and mean absorption equivalent width of halo gas around
galaxies of comparable mass have changed little since z ≈ 2.2, de-
spite the observations that individual galaxies at z ≈ 2 on average
were forming stars at >20 times faster rate than low-redshift galax-
ies (Wuyts et al. 2011). The constant spatial profile in absorption
around galaxies of disparate star formation properties is difficult to
reconcile, if these absorbers originate primarily in starburst-driven
outflows. Consequently, the origin of halo gas revealed in absorption
spectroscopy remains an open question and to fully understand the
origin and growth of gaseous haloes around galaxies requires new
observations.

To go beyond the traditional one-dimensional application of QSO
probes, we have targeted two intermediate-redshift galaxies in the
field around the quadruply-lensed QSO HE 0435−1223 at z = 1.689
(Wisotzki et al. 2002) and searched for absorption features in
the spectra of individual lensed QSO images that are associated
with the galaxies. The four QSO images are separated by ≈1.6–
2.5 arcsec (Fig. 1) and serve as a natural integral field unit for
mapping the kinematics of halo gas around individual galaxies in

Figure 1. Optical composite image of the field surrounding HE0435−1223
made using the HST/WFC3 UVIS channel and the F275W filter, and ACS
WFC and the F555W and F814W filters. The four lensed images (ABCD)
of the background QSO at z = 1.689 are well resolved from the lens at
zlens = 0.4546 with a maximum angular separation of AC = 2.5 arcsec.
Galaxies, G1 and G2, are spectroscopically identified at z = 0.4188 and
z = 0.7818, respectively (see Section 3 for discussion).
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The future: connecting galaxies to the cosmic web
2) We want to connect the CGM 
directly to structures in the cosmic 
web, trace CGM with environment.	

!
We’d like to understand the filament/
CGM interaction at ~Rvir.

This means:	


– Extending mapping of CGM to large scales.	


– Tracing structures via spatial / metallicity 
information.	


– Tracing the hot coronal matter to ~Rvir.

Eight simulated 1012 Msun halos at z=2. 

“simple physics”:  primordial radiative cooling, SF, no resolved feedback (arepo) 

Nelson+ (2015)

Critical capabilities:	


– Large aperture (sensitivity).	


– High resolution (R>20,000)? Could use moderate 
resolution (R~5000+) for H I.	


– FUV sensitivity to ~1000 Å, though NUV sensitivity 
better for H I.	


– Multi-object spectroscopy on large angular scales?



The future: probing galactic outflows on large scales
3) We want to map galactic winds on 
scales from ~few kpc to Rvir to capture 
the redistribution of mass, metals 
in the CGM and their return.

This means:	


– Using down-the-barrel experiments to trace outflows 
at their source(s).	


– Mapping more extended regions with background 
QSOs. 	


– Capturing the broadest possible range of ions, esp. 
those tracing the hot gas (e.g., O VI, Ne VIII @ 
z~0.3).	


– Emission line imaging (in resonance lines)?

Critical capabilities:	

– Large aperture (sensitivity).	


– FUV capability to ~1000 Å.	

– High resolution (R>20,000) + moderate resolution 

(R ~ 5000+).	


– …or UV imaging sensitivity, perhaps spectral image 
slicers or narrowband filters.

We are only probing the swept up gas with low 
ionization studies. We need to cover high ions in order 

to measure the driving fluid + metals.

Typical detection limits for X-ray, UV



The future: probing origins of galactic outflows
4) We want to map the origins of 
outflows across galaxies, understanding 
the dynamics of both fountains and 
winds.

This means:	


– Using down-the-barrel experiments to trace outflows 
at their source against individual star forming 
regions.	


– Leveraging multi-object capabilities.

Critical capabilities:	

– Multi-object capability.	


– Moderate resolution (R ~ 5000+).

2 Croxall et al.

line which is more accessible in cooler, low-excitation
Hii regions can be observed. Garnett et al. (2004) and
Bresolin et al. (2004) showed this was indeed the case
by detecting the [N ii] λ5755 line in a total of 10 Hii
regions in NGC 5194. However, they found a metallic-
ity that was roughly a factor of three smaller than ex-
pected, an elevated N/O ratio compared to similar galax-
ies, and a shallow gradient compared to other large spi-
rals (Bresolin et al. 2004).
Given the implications for abundance gradients and

strong-line calibrations, we re-examine this quintessen-
tial metal-rich galaxy. In particular we seek to better
determine the abundance gradient. The slope found by
Bresolin et al. (2004) relies primarily on two lever points:
one in the interior of the galaxy (R/R25 ∼ 0.19 ) and one
in the outskirts (R/R25 ∼ 1.04). Accordingly, we have
observed Hii regions in NGC 5194 as part of CHAOS to
increase the number of auroral line detections, verify its
absolute metallicity and metallicity gradient, and inves-
tigate multiple means of determining the electron tem-
perature in metal-rich galaxies. Our observations and
and data reduction are described in §2. In §3 we deter-
mine electron temperatures and direct gas-phase chem-
ical abundances. We present abundance gradients for
O/H and N/O in §4. We discuss these abundance gra-
dients and the implications on chemical evolution in §5.
Finally, we summarize our conclusions in §6.

2. OBSERVATIONS

2.1. Optical Spectroscopy

Optical spectra of NGC 5194 were acquired with
the Multi-Object Double Spectrographs (MODS,
Pogge et al. 2010) on the Large Binocular Telescope
(LBT) as part of the CHAOS study during April 2012.
At the time of the observations, both spectrographs were
not available. Thus, we acquired all spectra of NGC 5194
using MODS1. We obtained simultaneous blue and red
spectra using the G400L (400 lines mm−1, R≈1850) and
G670L (250 lines mm−1, R≈2300) gratings, respectively.
This setup provided broad spectral coverage extending
from 3100 – 10,000 Å. In order to detect the intrinsically
weak auroral lines, i.e., [N ii] λ5755 and [S iii] λ6312, in
numerous Hii regions, three fields, each containing ∼20
slits, were targeted with six 1200s exposures, for a total
integration time of 2-hours for each field. Given the
expected high metallicity of NGC 5194, and hence cool
temperatures, we did not expect to detect the [O iii]
λ4363 auroral line using these exposure times.
Figure 1 shows the locations of slits for each of the

three observed MODS fields. Throughout this work, all
locations are listed as offsets, in right ascension and dec-
lination, from the center of NGC 5194, as listed in Table
1. Slits were cut to lie close to the median parallactic
angle of the observing window in order to minimize light
loss due to atmospheric refraction. Our targeted regions
(see Table 2), as well as alignment stars, were selected
based on archival broad-band and Hα imaging from the
Hubble Space Telescope1. We cut most slits to be 10′′

long with a 1′′ slit width. Slits were placed on relatively
bright Hii regions across the entirety of the disk; this pro-
cedure ensured that both radial and azimuthal trends in

1 HST Project 10452, Cycle 13

TABLE 1
Adopted Global Properties of NGC 5194

Property Adopted Value Reference

R.A. 13h29m52.7s 1
Dec +47◦11m43s 1
Inclination 22◦ 2
Position Angle 172◦ 3
Distance 7.9 Mpc 1
R25 336.6′′ 4

Note. — Units of right ascension are hours, minutes, and seconds,
and units of declination are degrees, arcminutes, and arcseconds. Ref-
erences are as follows: [1] NED [2] Colombo et al. 2014 [3] Walter et
al. 2008 [4] RC3

the abundances could be studied. When extra space be-
tween slits was available, slits were extended to make the
best use of the available field of view. Line emission was
detected in all 61 slits cut in our masks.
For a detailed description of the data reduction pro-

cedures we refer the reader to Berg et al. (2014). Here
we will only note the key points of our data process-
ing. Spectra were reduced and analyzed using the Beta-
version of the MODS reduction pipeline2 which runs
within the XIDL3 reduction package. As no sky-only slits
were cut in these masks, a two-dimensional sky frame was
created by fitting a two-dimensional B-spline to the back-
ground sky in the two-dimensional spectra, i.e., each slit

Fig. 1.— Map of targeted Hii regions in NGC 5194 overlaid on an
HST Hα image. Offsets in arc seconds are relative to the galaxy
center given in Table 1. Slits targeting Hii regions in which we
were able to measure at least one temperature-sensitive auroral
line are circumscribed by squares. Field 1 slits are shown in red;
Field 2 slits are shown in blue; Field 3 slits are shown in magenta.
Dashed lines indicate regions in which indications of significant
shock ionization are present. A scale bar showing the size of 1000 pc
is shown in the lower left.

2 http://www.astronomy.ohio-state.edu/MODS/Software/modsIDL/
3 http://www.ucolick.org/∼xavier/IDL/
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Imagine these as individual UV slits for which we obtain 
R~5000+ spectra. 	


!
Such a capability could be especially powerful on larger 

scales against redshifted galaxies for mapping H I 
absorption.



Food for thought: the CGM with HDST 

• CGM studies with COS have clearly 
demonstrated the CGM of galaxies is 
intimately connected to how they evolve.
- Working at low-redshift in the UV has huge advantages in terms of 
making connections to galaxies, lack of confusion for FUV/EUV lines.

• A future large aperture mission – even if only equipped 
with an HST-like complement of spectrographs – 
would enable us to understand how the CGM drives 
galaxy evolution.

• Novel approaches with MOS could allow mass-
production surveys of bulk CGM properties, especially in 
parallel with other programs.

- The important questions of the mode of accretion, connection to the cosmic web, driving of 
winds, total metal content, ionization mechanisms can be addressed.

Eight simulated 1012 Msun halos at z=2. 

“simple physics”:  primordial radiative cooling, SF, no resolved feedback (arepo) 
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line which is more accessible in cooler, low-excitation
Hii regions can be observed. Garnett et al. (2004) and
Bresolin et al. (2004) showed this was indeed the case
by detecting the [N ii] λ5755 line in a total of 10 Hii
regions in NGC 5194. However, they found a metallic-
ity that was roughly a factor of three smaller than ex-
pected, an elevated N/O ratio compared to similar galax-
ies, and a shallow gradient compared to other large spi-
rals (Bresolin et al. 2004).
Given the implications for abundance gradients and

strong-line calibrations, we re-examine this quintessen-
tial metal-rich galaxy. In particular we seek to better
determine the abundance gradient. The slope found by
Bresolin et al. (2004) relies primarily on two lever points:
one in the interior of the galaxy (R/R25 ∼ 0.19 ) and one
in the outskirts (R/R25 ∼ 1.04). Accordingly, we have
observed Hii regions in NGC 5194 as part of CHAOS to
increase the number of auroral line detections, verify its
absolute metallicity and metallicity gradient, and inves-
tigate multiple means of determining the electron tem-
perature in metal-rich galaxies. Our observations and
and data reduction are described in §2. In §3 we deter-
mine electron temperatures and direct gas-phase chem-
ical abundances. We present abundance gradients for
O/H and N/O in §4. We discuss these abundance gra-
dients and the implications on chemical evolution in §5.
Finally, we summarize our conclusions in §6.

2. OBSERVATIONS

2.1. Optical Spectroscopy

Optical spectra of NGC 5194 were acquired with
the Multi-Object Double Spectrographs (MODS,
Pogge et al. 2010) on the Large Binocular Telescope
(LBT) as part of the CHAOS study during April 2012.
At the time of the observations, both spectrographs were
not available. Thus, we acquired all spectra of NGC 5194
using MODS1. We obtained simultaneous blue and red
spectra using the G400L (400 lines mm−1, R≈1850) and
G670L (250 lines mm−1, R≈2300) gratings, respectively.
This setup provided broad spectral coverage extending
from 3100 – 10,000 Å. In order to detect the intrinsically
weak auroral lines, i.e., [N ii] λ5755 and [S iii] λ6312, in
numerous Hii regions, three fields, each containing ∼20
slits, were targeted with six 1200s exposures, for a total
integration time of 2-hours for each field. Given the
expected high metallicity of NGC 5194, and hence cool
temperatures, we did not expect to detect the [O iii]
λ4363 auroral line using these exposure times.
Figure 1 shows the locations of slits for each of the

three observed MODS fields. Throughout this work, all
locations are listed as offsets, in right ascension and dec-
lination, from the center of NGC 5194, as listed in Table
1. Slits were cut to lie close to the median parallactic
angle of the observing window in order to minimize light
loss due to atmospheric refraction. Our targeted regions
(see Table 2), as well as alignment stars, were selected
based on archival broad-band and Hα imaging from the
Hubble Space Telescope1. We cut most slits to be 10′′

long with a 1′′ slit width. Slits were placed on relatively
bright Hii regions across the entirety of the disk; this pro-
cedure ensured that both radial and azimuthal trends in
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TABLE 1
Adopted Global Properties of NGC 5194

Property Adopted Value Reference

R.A. 13h29m52.7s 1
Dec +47◦11m43s 1
Inclination 22◦ 2
Position Angle 172◦ 3
Distance 7.9 Mpc 1
R25 336.6′′ 4

Note. — Units of right ascension are hours, minutes, and seconds,
and units of declination are degrees, arcminutes, and arcseconds. Ref-
erences are as follows: [1] NED [2] Colombo et al. 2014 [3] Walter et
al. 2008 [4] RC3

the abundances could be studied. When extra space be-
tween slits was available, slits were extended to make the
best use of the available field of view. Line emission was
detected in all 61 slits cut in our masks.
For a detailed description of the data reduction pro-

cedures we refer the reader to Berg et al. (2014). Here
we will only note the key points of our data process-
ing. Spectra were reduced and analyzed using the Beta-
version of the MODS reduction pipeline2 which runs
within the XIDL3 reduction package. As no sky-only slits
were cut in these masks, a two-dimensional sky frame was
created by fitting a two-dimensional B-spline to the back-
ground sky in the two-dimensional spectra, i.e., each slit

Fig. 1.— Map of targeted Hii regions in NGC 5194 overlaid on an
HST Hα image. Offsets in arc seconds are relative to the galaxy
center given in Table 1. Slits targeting Hii regions in which we
were able to measure at least one temperature-sensitive auroral
line are circumscribed by squares. Field 1 slits are shown in red;
Field 2 slits are shown in blue; Field 3 slits are shown in magenta.
Dashed lines indicate regions in which indications of significant
shock ionization are present. A scale bar showing the size of 1000 pc
is shown in the lower left.

2 http://www.astronomy.ohio-state.edu/MODS/Software/modsIDL/
3 http://www.ucolick.org/∼xavier/IDL/

- In fact, we probably NEED to have advances in multiplexing, technologies to justify the 
extreme cost.  


