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Brace yourselves: 

for some observations.  And worse graphics.



Single slit/fiber absorption-line studies of winds:  Heckman+00, Schwartz & Martin 04, 
Martin 05, 06, Rupke+05abc, Schwartz+06, Chen+10, Steidel+10, Martin+12, Rubin+14, 
Heckman+15, Chisholm+15, +16, +17, +18, Roberts-Borsani+18

FeII 2586, 2600

Uncontroversial statement: 
galaxies probably have more than one wind velocity.

“What is happening down below is affecting what is observed up 
above the disk.” — N. McClure-Griffiths (Ford+08)



Uncontroversial statement: 
galaxies probably have more than one wind velocity.

Davies et al. 2018: kiloparsec-resolupion mapping of outflow velocities at z~2.3!



Tu
m

lin
so

n,
 P

ee
pl

es
 &

 W
er

k 
20

17

And maybe they have both winds and 
accretion at once.



SDSS-IV / MaNGA
(Mapping Nearby Galaxies at APO)

Hardware at a glance

6 cartridges!
17 science IFUs per cartridge!
12 “mini-bundles” (7-fiber) for calibration!
92 IFU-associated roaming sky-fibers!
Total 1423 fibers per cartridge

These high-precision!
parts built by 

Oxford University

IFU size distribution

Optical integral field spectroscopy 
of 10,000 z~0 galaxies

PI: Kevin Bundy (UCO/Lick)

MaNGA VIPs: Kyle Westfall, Renbin Yan, David Law, Matt Bershady, Niv Drory, Cheng Li,  
Alfonso Aragon-Salamanca, Nick MacDonald, David Wake, Anne-Marie Weijmans

VIPs on this project: Kyle Westfall, David Law, Kevin Bundy, Christy Tremonti, Chris 
Howk, Aleks Diamond-Stanic



SDSS-IV / MaNGA probes the disk-halo interface 
along multiple sightlines.

cold (~100 K), dusty gas!

NaI D 5891, 5897

Velocity Relative to Stars (km/s)

e.g., Heckman+00, 
Schwartz & Martin 04, 
Martin 05, Martin 06, 
Rupke+05abc, 
Schwartz+06, Chen+10, 
Rupke & Veilleux 2015, 
Roberts-Borsani+18



A test case (observed with 61-fiber bundle): 

M* = 1.6 x 1010 Msun

data
stellar population model

Thanks to the 
MaNGA Data Analysis 
Pipeline (Westfall et al. 
in prep)
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N = column density
λ0 = central wavelength

bD = Doppler parameter
Cf = covering fraction

Modeling the NaI D doublet:

Velocity Relative to Stars (km/s)

Rubin et al. in prep



A test case (observed with 61-fiber bundle): 

v0 = 5±4 km/s v0 = 45±7 km/s

“significant”: 
1. velocity offset from stars by > 35 km/s
2. >95% of PPDF offset from both stars 

and emission lines

M* = 1.6 x 1010 Msun



MaNGA Status
4620 galaxies observed

832 galaxies fit

86 high S/N fits: NaI velocity +/-1σ interval  < 50 km/s over at least 75% of the 
galaxy’s effective area (Ae = pi (b/a) Re2)



NaI velocity distributions, sorted by SFR.

blue/red: spatial bins with velocity shifts > 35 km/s

Rubin et al. in prep



NaI velocity distributions, sorted by inclination.

blue/red: spatial bins with velocity shifts > 35 km/s

Rubin et al. in prep



NaI velocity distributions, sorted by inclination.

SFR ~ 10 Msun/yr, log M* = 10.4



NaI velocity distributions, sorted by inclination.

SFR ~ 0.3 Msun/yr, log M* = 10.3



NaI velocity distributions, sorted by inclination.

SFR ~ 0.8 Msun/yr, log M* = 9.6



Fractional area covered by NaI flows

• ~20% of face-on galaxies are 40% covered by outflow
• ~20% of face-on galaxies are 25% covered by inflow
• ~50% of edge-on galaxies are 10% covered by inflow

Rubin et al. in prep



Fractional area covered by NaI flows extending 
over > 4.5 sq. arcsec (9 spaxels) 



Fractional area covered by NaI flows extending 
over > 4.5 sq. arcsec (9 spaxels) 

• ~20% of face-on galaxies are 40% covered by outflow
• ~15% of face-on galaxies are 25% covered by inflow
• ~30% of edge-on galaxies are 10% covered by inflow

Rubin et al. in prep



Fractional area covered by NaI flows > 50 km/s 
extending over > 4.5 sq. arcsec (9 spaxels) 

• inflows with velocities > 50 km/s are much rarer, covering >10% of 
only ~10% of edge-on galaxies

Rubin et al. in prep



Fractional area covered by NaI flows extending 
over > 4.5 sq. arcsec (9 spaxels) 

High-SFR galaxies have higher incidence of both outflow and inflow.



Blueshifted groups have smaller galactocentric 
distances than redshifted groups.

Inward flowing patches tend to be located near ~1Re, whereas 
outward flowing patches have median distances ~ 0.5Re.

Rubin et al. in prep



Interesting facts about HI:

1. Milky Way intermediate velocity clouds (IVCs) are dusty, 
metal-rich, and have heights < 2.5 kpc above the disk 
(Richter+2001ab, Wakker 2001, 2004, Richter 2017). 

Richter 2017



Interesting facts about HI:

2. Extraplanar HI is extremely common, and its rotation lags that 
of the disk (Fraternali+01, Oosterloo+07,  Vargas+17…)

Fraternali+01



These shifts are not consistent with simple 
warped extraplanar gas layers.

Sancisi et al. 2008: >50% of HI disks are warped



The observed NaI shifts are not consistent with 
simple lagging extraplanar gas layers.

Using the M33 velocity field as 
inspiration (Corbelli & Schneider 
1997, Zheng et al. 2017)…

plus an extraplanar layer with lag of 
-15 km/s/kpc (at height = 2 kpc)
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Fractional area covered by NaI flows extending 
over > 4.5 sq. arcsec (9 spaxels) 

• ~20% of face-on galaxies are 40% covered by outflow
• ~15% of face-on galaxies are 25% covered by inflow
• ~30% of edge-on galaxies are 10% covered by inflow

Rubin et al. in prep
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Back to the CGM…

and its small-scale structure…



Bright background sources: a couple of options

QSOs

RQSO~10-3 pc
Shakura & Sunyaev 1973

Galaxies

M51 (NASA+ESA)

Rgal~1 kpc
at z~1

e.g., Steidel+10, Lee+14, Bordoloi+11, 
Diamond-Stanic+15, Cooke & O’Meara 2015



A new sample of projected galaxy pairs

All projected pairs in PRIMUS within 50 kpc with

1. background objects having g<22.3

2. foreground objects having r<23, 0.35<z<1.2

15”
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Figure 1. HST/ACS F814W-band imaging of projected pairs of galaxies for which we have obtained deep near-UV spectroscopy in the
COSMOS field (Scoville et al. 2007). Each panel is 2500 ⇥ 2500. Background objects are indicated with a cyan “B” if they exhibit broad-line
AGN emission and are marked with a red “B” in the remaining cases. All foreground objects are indicated with a blue “F”. The images
are labeled with the corresponding pair IDs at upper left, with the galaxy redshifts and projected separation of each pair listed at lower
left.
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Figure 1. HST/ACS F814W-band imaging of projected pairs of galaxies for which we have obtained deep near-UV spectroscopy in the
COSMOS field (Scoville et al. 2007). Each panel is 2500 ⇥ 2500. Background objects are indicated with a cyan “B” if they exhibit broad-line
AGN emission and are marked with a red “B” in the remaining cases. All foreground objects are indicated with a blue “F”. The images
are labeled with the corresponding pair IDs at upper left, with the galaxy redshifts and projected separation of each pair listed at lower
left.
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Figure 1. HST/ACS F814W-band imaging of projected pairs of galaxies for which we have obtained deep near-UV spectroscopy in the
COSMOS field (Scoville et al. 2007). Each panel is 2500 ⇥ 2500. Background objects are indicated with a cyan “B” if they exhibit broad-line
AGN emission and are marked with a red “B” in the remaining cases. All foreground objects are indicated with a blue “F”. The images
are labeled with the corresponding pair IDs at upper left, with the galaxy redshifts and projected separation of each pair listed at lower
left.
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Figure 1. HST/ACS F814W-band imaging of projected pairs of galaxies for which we have obtained deep near-UV spectroscopy in the
COSMOS field (Scoville et al. 2007). Each panel is 2500 ⇥ 2500. Background objects are indicated with a cyan “B” if they exhibit broad-line
AGN emission and are marked with a red “B” in the remaining cases. All foreground objects are indicated with a blue “F”. The images
are labeled with the corresponding pair IDs at upper left, with the galaxy redshifts and projected separation of each pair listed at lower
left.
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Figure 1. HST/ACS F814W-band imaging of projected pairs of galaxies for which we have obtained deep near-UV spectroscopy in the
COSMOS field (Scoville et al. 2007). Each panel is 2500 ⇥ 2500. Background objects are indicated with a cyan “B” if they exhibit broad-line
AGN emission and are marked with a red “B” in the remaining cases. All foreground objects are indicated with a blue “F”. The images
are labeled with the corresponding pair IDs at upper left, with the galaxy redshifts and projected separation of each pair listed at lower
left.
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Figure 1. HST/ACS F814W-band imaging of projected pairs of galaxies for which we have obtained deep near-UV spectroscopy in the
COSMOS field (Scoville et al. 2007). Each panel is 2500 ⇥ 2500. Background objects are indicated with a cyan “B” if they exhibit broad-line
AGN emission and are marked with a red “B” in the remaining cases. All foreground objects are indicated with a blue “F”. The images
are labeled with the corresponding pair IDs at upper left, with the galaxy redshifts and projected separation of each pair listed at lower
left.
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Figure 1. HST/ACS F814W-band imaging of projected pairs of galaxies for which we have obtained deep near-UV spectroscopy in the
COSMOS field (Scoville et al. 2007). Each panel is 2500 ⇥ 2500. Background objects are indicated with a cyan “B” if they exhibit broad-line
AGN emission and are marked with a red “B” in the remaining cases. All foreground objects are indicated with a blue “F”. The images
are labeled with the corresponding pair IDs at upper left, with the galaxy redshifts and projected separation of each pair listed at lower
left.
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Figure 1. HST/ACS F814W-band imaging of projected pairs of galaxies for which we have obtained deep near-UV spectroscopy in the
COSMOS field (Scoville et al. 2007). Each panel is 2500 ⇥ 2500. Background objects are indicated with a cyan “B” if they exhibit broad-line
AGN emission and are marked with a red “B” in the remaining cases. All foreground objects are indicated with a blue “F”. The images
are labeled with the corresponding pair IDs at upper left, with the galaxy redshifts and projected separation of each pair listed at lower
left.

4 Rubin et al.

-10
-5
0
5

10

ar
cs

ec B
F

601

0.99,0.49
44.3 kpc

B
F

602

1.04,0.52
40.5 kpc

B
F
F

603,1600,1604

0.98,0.70,0.50
20.1,16.1 kpc

B F

604

0.73,0.25
13.2 kpc

B

F
606

0.49,0.35
39.9 kpc

-10
-5
0
5

10

ar
cs

ec BF

608

0.65,0.50
14.6 kpc

BF

609

1.86,0.44
25.3 kpc

BF

611

0.47,0.35
13.2 kpc

B
F

612

1.84,0.36
12.2 kpc

B F

613

1.71,0.74
26.2 kpc

-10
-5
0
5

10

ar
cs

ec B F

614

0.61,0.36
22.8 kpc

B
F

617

0.66,0.49
37.9 kpc

BF

619

0.45,0.35
29.9 kpc

BF

621

0.38,0.36
47.2 kpc

B
F

623

1.17,0.83
43.3 kpc

-10
-5
0
5

10

ar
cs

ec BF

624

0.45,0.36
21.5 kpc

B
F

625

1.26,0.60
37.1 kpc

B

F
1601

3.03,0.54
58.1 kpc

B F

1602

0.43,0.36
94.0 kpc

B

F

1603

0.61,0.37
79.0 kpc

-10
-5
0
5

10

ar
cs

ec

B

F

1605

2.65,0.38
86.3 kpc

B

F

1606

1.13,0.37
58.6 kpc

B

F
1608

0.53,0.44
81.4 kpc

B

F1609

0.53,0.36
83.0 kpc

B
F

1610

0.77,0.73
96.5 kpc

-10
-5
0
5

10
ar

cs
ec

-10 -5 0 5 10
arcsec

B

F1611

0.44,0.37
92.6 kpc

-10 -5 0 5 10
arcsec

B

F

1612

0.67,0.36
99.6 kpc

-10 -5 0 5 10
arcsec

B

F

1613

0.55,0.44
89.5 kpc

Figure 1. HST/ACS F814W-band imaging of projected pairs of galaxies for which we have obtained deep near-UV spectroscopy in the
COSMOS field (Scoville et al. 2007). Each panel is 2500 ⇥ 2500. Background objects are indicated with a cyan “B” if they exhibit broad-line
AGN emission and are marked with a red “B” in the remaining cases. All foreground objects are indicated with a blue “F”. The images
are labeled with the corresponding pair IDs at upper left, with the galaxy redshifts and projected separation of each pair listed at lower
left.
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Figure 1. HST/ACS F814W-band imaging of projected pairs of galaxies for which we have obtained deep near-UV spectroscopy in the
COSMOS field (Scoville et al. 2007). Each panel is 2500 ⇥ 2500. Background objects are indicated with a cyan “B” if they exhibit broad-line
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are labeled with the corresponding pair IDs at upper left, with the galaxy redshifts and projected separation of each pair listed at lower
left.
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Modeling the z~0.5 circumgalactic medium
log W2796 = m1 R⊥ + m2 (log M* - 10.3) + b var = σ2measured  + σ2cosmic

Galaxies Probing Galaxies in PRIMUS – II. 5

galaxies lying below the star-forming sequence as de-
fined by Berti et al. (2016) (see Equation 1 in GPG1).
The final fiducial QSO-galaxy pair sample is shown in
Figure 1, and in total includes 39 measurements from
Chen et al. (2010b) and 11 measurements from Werk
et al. (2013).
Following the methodology of GPG1, we use the

Markov Chain Monte Carlo technique to sample the
posterior probability density function (PPDF) for our
model given these data (using the software package
emcee; Foreman-Mackey et al. 2013). We use uni-
form probability density priors over the ranges �5.0 <

m1 < 5.0, �5.0 < m2 < 5.0, �10.0 < b < 10.0, and
�10.0 < ln�C < 10.0. As in GPG1, we find that chains
generated by 100 “walkers” each taking 5000 steps thor-
oughly sample the PPDF. We again adopt the median
and ±34th-percentiles of the marginalized PPDFs as the
best-fit value and uncertainty for each parameter.
Figure 1 shows the outcome of this procedure. The

best-fit parameter values with uncertainties are listed
at the top of the plot. The x-axis shows a linear
combination of the two independent variables, Rcorr

? =
R? + (m2/m1)(logM⇤ � 10.3), with m1 and m2 set at
their best-fit values. The thick black line shows the best-
fit relation. The dark and light gray contours show the
±1� and 2� uncertainty ranges in logW 2796, estimated
by drawing 1000 random sets of parameters from the
PPDF, calculating W for each set, and then determin-
ing the inner ±34th and ±47.5th percentile values of W
as a function of Rcorr

? .
The fitted slope m2 is suggestive of a marginally

statistically-significant dependence on logM⇤, with
m2 = 0.151+0.128

�0.126 larger than zero at a level of ⇠1.2�.
The best-fit value and uncertainty interval for �C , on
the other hand, is indicative of a high level of intrinsic
scatter around the best-fit linear relation. The data
points are color-coded by SFR as indicated in the leg-
end. The distributions of logW2796 values with respect
to the best-fit relation are broadly consistent among
these subsamples, suggesting that if there is an addi-
tional dependence of W2796 on SFR, this sample will
not usefully constrain it.
We use this model and these best-fit parameters to

define the form of and intrinsic scatter in logW 2796 as
a function of R? and logM⇤; i.e., our “fiducial” Mg II-
absorbing CGM model. Our constraints on all of these
parameters (including the intrinsic scatter, �C) will be
leveraged in the analysis to follow. Here we remind
the reader that we have assumed a Gaussian form for
the variance in logW 2796, implying that the probabil-
ity distribution of a measurement logW2796,i at par-
ticular values of R?,i and logM⇤,i is also a Gaussian

Figure 1. logW2796 vs. a linear combination of R? and
logM⇤ (Rcorr

? = R?+(m2/m1)(logM⇤�10.3)) for the QSO-
galaxy pair sample we use to define the parameters of our
fiducial model for the Mg II-absorbing CGM. This includes
pairs with f/g galaxies having R? < 50 kpc and that lie on
the star-forming sequence as defined by Berti et al. (2016).
The median redshift of these systems is z = 0.25. The best-fit
values and ±34th percentile probability intervals for relevant
model parameters are listed above the top x-axis. The quan-
tity Rcorr

? is calculated assuming m1 and m2 are equal to
their best-fit values. Foreground galaxies having low, inter-
mediate, and high values of SFR are indicated with magenta
filled circles, orange stars, and green squares, respectively.
The black line shows the best-fit linear relation, and the
dark and light gray contours indicate the inner ±34% and
±47.5% of the locus of curves obtained from random draws
from the PPDF of the model.

centered at logW 2796,i (Hogg et al. 2010). This as-
sumption of Gaussianity in logW2796 (and hence, log-
normality in W2796) has not yet been justified; how-
ever, we persist in this assumption for the following rea-
sons. First, we lack the measurements needed to em-
pirically constrain the form of the W2796 distribution,
and therefore consider the choice between normal and
lognormal distributions arbitrary. Second, while nega-
tive values of W2796 may be measured in instances of
noisy spectroscopy, the true W2796 due to di↵use Mg II

ions foreground to a bright background source will al-
ways be non-negative. A lognormal distribution is con-
sistent with this constraint. A test of this assumption
may in principle be performed as demonstrated in Fig-
ure 2: here, we select subsamples of the QSO-galaxy
comparison dataset in two narrow ranges in the quan-
tity R

corr

? = R?+(m2/m1)(logM⇤�10.3) and show the
distribution of logW2796 in each. We cannot use these

All colored points from Chen et al. (2010) and Werk et al. (2013)
Rubin et al. 2018b
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will almost always equal W k
2796

, the equivalent width of
the particular structure probed. There may be some in-
stances in which the b/g beam is placed behind the edges
of two absorbers, such that W2796(AG) is a weighted av-
erage of W k=1

2796
and W

k=2

2796
. However, this will be rare

given our condition for the relative sizes of the beams
vs. the absorbers. In this case, the observed distribu-
tion of logW2796 will be similar to that observed toward
QSOs themselves; i.e., consistent with our realization of
the fiducial CGM generated above.
This is demonstrated in Figure 5a. To generate the

two-dimensional histogram shown, we again evenly sam-
ple the range in R

corr

? covered by the QSO-galaxy pair
sample, and simulate a CGM patch at each R

corr

? as
described above with the appropriate logW 2796 value.
To ensure a thorough sampling of the Gaussian, each
patch includes 50 ⇥ 50 absorbers (or pixels). We adopt
a beam radius of rG = 0.2 pixels, such that AG =
⇡r

2

G
= 0.13AA in this case. We then place 2500 of

these beams in random locations “behind” every patch,
recording the W2796(AG) observed toward each beam.
The two-dimensional histogram in Figure 5a shows the
distribution of these W2796(AG) values for every patch,
normalized as in Figure 3. Note that we generate a new
patch for each step along the x-axis of size �R

corr

? ⇡ 1
kpc, rather than adopting the same logW2796 distribu-
tion over an �R

corr

? interval of several kpc as in the
illustration shown in Figure 4. Our PRIMUS galaxy
pair W2796 measurements, including only pairs having
R? < 50 kpc, those in which the b/g galaxy is not
host to a bright AGN, and absorption measurements
that are una↵ected by blending, are shown with large
colored points (GPG1). The best-fit relation is again
shown with a cyan line. As expected, the histogram
in Figure 5a is just slightly more narrowly distributed
about this best-fit model than the histogram shown in
Figure 3.
As the size of the b/g beam approaches the size of

the f/g absorbers, the frequency of sightlines probing
more than one absorber increases. If AG > AA, every
b/g sightline will intercept more than one absorber. To
demonstrate this, we repeat the above exercise adopting
b/g beams such that xA = 2, 5, and 10 (as indicated by
the beams (b), (c) and (d) in Figure 4), and show the
resulting logW2796 distributions in Figure 5 panels (b),
(c), and (d), respectively. In e↵ect, for each beam we
are performing the sum W2796(AG) =

PN
k=1

C
k
fW

k
2796

,
where the covering fraction is adjusted from its stan-
dard value of C

k
f = AA/AG for absorbers with edges

that overlap those of the beam. The scatter in these
distributions is reduced as the b/g beam increases in
size; in addition, because large beams are measuring the

Figure 4. Realization of the W2796 distribution within a
small region of our model CGM. Each pixel in the map rep-
resents a di↵erent absorber and is color-coded by its W2796

as indicated in the color bar. This particular realization is
generated from a Gaussian logW2796 distribution centered at
logW 2796 = 0, and is thus meant to be representative of the
CGM at Rcorr

? ⇠ 15 kpc. The red circles represent extended
b/g sources of various sizes, and their labels indicate the cor-
responding two-dimensional W2796 distributions in the four
panels of Figure 5. Note that the choice of physical size of
each absorber (or pixel) in this toy model is unimportant;
it is the ratio of the projected area of the b/g beam to the
area covered by each absorber (xA) that a↵ects the observed
W2796 distribution.

arithmetic mean of W2796 values drawn from a lognor-
mal distribution, the logW2796 which occurs with the
highest frequency at each R

corr

? lies slightly above the
original fiducial best-fit relation.
We may therefore constrain the ratio xA by compar-

ing these simulated two-dimensional logW2796 distribu-
tions with the dispersion in logW2796 measured in our
PRIMUS galaxy pair dataset. For consistency with the
QSO-galaxy pair subsample used to construct our fidu-
cial model, we must limit our comparison to include only
the 27 galaxy pairs from GPG1 with f/g galaxies that
are star-forming (shown with cyan and blue symbols in
Figure 5; we also show measurements for pairs with pas-
sive f/g galaxies in red for completeness). Examining
the figure by eye, it is clear that the galaxy pair sample
logW2796 measurements exhibit a relatively high level of
dispersion about the best-fit fiducial model, apparently
comparable to that of the two-dimensional histogram in
panel (a).
To quantify this dispersion, we calculate the o↵set be-

tween the best-fit fiducial relation and each logW2796

measurement (� logW2796 = logW2796�logW 2796) and
show the distribution of these values with the orange his-
tograms in Figure 6. Only measurements of the CGM

Visualizing the MgII-absorbing circumgalactic medium
Galaxies Probing Galaxies in PRIMUS – II. 9

Figure 5. The fiducial Mg II-absorbing CGM model as observed toward extended b/g beams. Each column of each grayscale
histogram is calculated by generating a projected “patch” of randomly distributed Mg II absorbers with area AA selected from a
Gaussian logW2796 distribution having a mean logW 2796 corresponding to Rcorr

? of that column (as demonstrated in Figure 4).
We then “observe” each patch toward numerous randomly-placed b/g beams with areas (AG) chosen as indicated with the ratio
xA ⌘ AG

AA
at the lower left in each panel (and by the red circles in Figure 4). The histograms show the number of simulated

logW2796 measurements per bin, normalized as described in Figure 3. The cyan line shows the best-fit fiducial linear model.
The colored points show logW2796 measured along PRIMUS b/g galaxy sightlines that lack bright AGN and with R? < 50
kpc. Pairs with star-forming f/g galaxies are indicated with cyan/blue stars, and pairs in which the f/g galaxy is quiescent
are indicated with red pentagons. Pairs with star-forming and quiescent f/g hosts that yield upper limits on logW2796 are
shown with open blue stars and open red pentagons, respectively. The dispersion in the logW2796 distribution is predicted to
decrease as the ratio xA increases. The logW2796 distribution observed toward PRIMUS b/g galaxies appears consistent with
that expected for a small value for this ratio (xA ⌧ 1), suggesting that the strength of Mg II absorption varies on a scale larger
than these b/g beams.

around star-forming hosts are included here; in addition,
in cases for which W2796 is an upper limit, the o↵set of
this limit is shown only if � logW2796 < 0.1. We cal-
culate the same o↵sets for the simulated CGM datasets
shown in Figure 5, with the green, turquoise, cyan, and
blue histograms showing the dispersion in datasets pre-
dicted for b/g beams with xA ⌧ 1, xA = 2, 5 and
10, respectively. Here, we simulate additional datasets

that assume b/g beams having xA = 12, 15, 20 and 30,
and show the resulting distributions of logW2796 o↵sets
with purple, magenta, red, and brown histograms. Each
histogram is generated from 2500 simulated W2796(AG)
measurements, and has been normalized such that the
peak value is equal to the peak of the histogram showing
the observed � logW2796 distribution.
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will almost always equal W k
2796

, the equivalent width of
the particular structure probed. There may be some in-
stances in which the b/g beam is placed behind the edges
of two absorbers, such that W2796(AG) is a weighted av-
erage of W k=1

2796
and W

k=2

2796
. However, this will be rare

given our condition for the relative sizes of the beams
vs. the absorbers. In this case, the observed distribu-
tion of logW2796 will be similar to that observed toward
QSOs themselves; i.e., consistent with our realization of
the fiducial CGM generated above.
This is demonstrated in Figure 5a. To generate the

two-dimensional histogram shown, we again evenly sam-
ple the range in R

corr

? covered by the QSO-galaxy pair
sample, and simulate a CGM patch at each R

corr

? as
described above with the appropriate logW 2796 value.
To ensure a thorough sampling of the Gaussian, each
patch includes 50 ⇥ 50 absorbers (or pixels). We adopt
a beam radius of rG = 0.2 pixels, such that AG =
⇡r

2

G
= 0.13AA in this case. We then place 2500 of

these beams in random locations “behind” every patch,
recording the W2796(AG) observed toward each beam.
The two-dimensional histogram in Figure 5a shows the
distribution of these W2796(AG) values for every patch,
normalized as in Figure 3. Note that we generate a new
patch for each step along the x-axis of size �R

corr

? ⇡ 1
kpc, rather than adopting the same logW2796 distribu-
tion over an �R

corr

? interval of several kpc as in the
illustration shown in Figure 4. Our PRIMUS galaxy
pair W2796 measurements, including only pairs having
R? < 50 kpc, those in which the b/g galaxy is not
host to a bright AGN, and absorption measurements
that are una↵ected by blending, are shown with large
colored points (GPG1). The best-fit relation is again
shown with a cyan line. As expected, the histogram
in Figure 5a is just slightly more narrowly distributed
about this best-fit model than the histogram shown in
Figure 3.
As the size of the b/g beam approaches the size of

the f/g absorbers, the frequency of sightlines probing
more than one absorber increases. If AG > AA, every
b/g sightline will intercept more than one absorber. To
demonstrate this, we repeat the above exercise adopting
b/g beams such that xA = 2, 5, and 10 (as indicated by
the beams (b), (c) and (d) in Figure 4), and show the
resulting logW2796 distributions in Figure 5 panels (b),
(c), and (d), respectively. In e↵ect, for each beam we
are performing the sum W2796(AG) =

PN
k=1

C
k
fW

k
2796

,
where the covering fraction is adjusted from its stan-
dard value of C

k
f = AA/AG for absorbers with edges

that overlap those of the beam. The scatter in these
distributions is reduced as the b/g beam increases in
size; in addition, because large beams are measuring the

Figure 4. Realization of the W2796 distribution within a
small region of our model CGM. Each pixel in the map rep-
resents a di↵erent absorber and is color-coded by its W2796

as indicated in the color bar. This particular realization is
generated from a Gaussian logW2796 distribution centered at
logW 2796 = 0, and is thus meant to be representative of the
CGM at Rcorr

? ⇠ 15 kpc. The red circles represent extended
b/g sources of various sizes, and their labels indicate the cor-
responding two-dimensional W2796 distributions in the four
panels of Figure 5. Note that the choice of physical size of
each absorber (or pixel) in this toy model is unimportant;
it is the ratio of the projected area of the b/g beam to the
area covered by each absorber (xA) that a↵ects the observed
W2796 distribution.

arithmetic mean of W2796 values drawn from a lognor-
mal distribution, the logW2796 which occurs with the
highest frequency at each R

corr

? lies slightly above the
original fiducial best-fit relation.
We may therefore constrain the ratio xA by compar-

ing these simulated two-dimensional logW2796 distribu-
tions with the dispersion in logW2796 measured in our
PRIMUS galaxy pair dataset. For consistency with the
QSO-galaxy pair subsample used to construct our fidu-
cial model, we must limit our comparison to include only
the 27 galaxy pairs from GPG1 with f/g galaxies that
are star-forming (shown with cyan and blue symbols in
Figure 5; we also show measurements for pairs with pas-
sive f/g galaxies in red for completeness). Examining
the figure by eye, it is clear that the galaxy pair sample
logW2796 measurements exhibit a relatively high level of
dispersion about the best-fit fiducial model, apparently
comparable to that of the two-dimensional histogram in
panel (a).
To quantify this dispersion, we calculate the o↵set be-

tween the best-fit fiducial relation and each logW2796

measurement (� logW2796 = logW2796�logW 2796) and
show the distribution of these values with the orange his-
tograms in Figure 6. Only measurements of the CGM

Visualizing the MgII-absorbing circumgalactic medium
Galaxies Probing Galaxies in PRIMUS – II. 9

Figure 5. The fiducial Mg II-absorbing CGM model as observed toward extended b/g beams. Each column of each grayscale
histogram is calculated by generating a projected “patch” of randomly distributed Mg II absorbers with area AA selected from a
Gaussian logW2796 distribution having a mean logW 2796 corresponding to Rcorr

? of that column (as demonstrated in Figure 4).
We then “observe” each patch toward numerous randomly-placed b/g beams with areas (AG) chosen as indicated with the ratio
xA ⌘ AG

AA
at the lower left in each panel (and by the red circles in Figure 4). The histograms show the number of simulated

logW2796 measurements per bin, normalized as described in Figure 3. The cyan line shows the best-fit fiducial linear model.
The colored points show logW2796 measured along PRIMUS b/g galaxy sightlines that lack bright AGN and with R? < 50
kpc. Pairs with star-forming f/g galaxies are indicated with cyan/blue stars, and pairs in which the f/g galaxy is quiescent
are indicated with red pentagons. Pairs with star-forming and quiescent f/g hosts that yield upper limits on logW2796 are
shown with open blue stars and open red pentagons, respectively. The dispersion in the logW2796 distribution is predicted to
decrease as the ratio xA increases. The logW2796 distribution observed toward PRIMUS b/g galaxies appears consistent with
that expected for a small value for this ratio (xA ⌧ 1), suggesting that the strength of Mg II absorption varies on a scale larger
than these b/g beams.
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Absorbers must be > (galaxy beam area / 15) at 95% confidence, so 
MgII coherence length > 1.9 kpc
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Conclusions

Background galaxy spectroscopy offers unique constraints on the 
coherence of CGM absorbers.  MgII absorption EW does not vary 
on scales < 1.9 kpc.

SDSS-IV/MaNGA will constrain the morphology of NaI gas flows 
around “normal” star-forming galaxies for the first time.

Outflow velocities range up to 200 km/s, but are rarely >70 km/s.  
~20% of face-on galaxies are at least 40% covered by outward 
flows.

~30% of edge-on galaxies are at least 10% covered by inward flows 
at velocities > 35 km/s.



Conclusions

SDSS-IV/MaNGA is constraining the morphology of NaI gas flows 
around “normal” star-forming galaxies.

Outflow velocities range up to 200 km/s, but are rarely >70 km/s.  
~20% of face-on galaxies are at least 40% covered by outward 
flows.

~30% of edge-on galaxies are at least 10% covered by inward flows 
at velocities > 35 km/s.

Simple toy models including a lagging extraplanar layer are 
qualitatively inconsistent with the high incidence of inward flows 
(and lack of outward flows) in edge-on systems…


