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The Circumgalactic Medium (CGM)
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Cold stream

Figure 1

A cartoon view of the CGM. The galaxy’s red central bulge and blue gaseous disk are fed by filamentary accretion from
the IGM (blue). Outflows emerge from the disk in pink and orange, while gas that was previously ejected is recycling. The
“di↵use gas” halo in varying tones of purple includes gas that is likely contributed by all these sources and mixed together
over time.

factor of 30 between sub-L⇤ and super-L⇤ galaxies. More generally, sub-L⇤ galaxies gener-

ally have extended bursty star formation histories, as opposed to the more continuous star

formation found in more massive galaxies, suggesting di↵erences in how and when these

galaxies acquire their star forming fuel. As this fuel is from the CGM, we must explain how

sub-L⇤ and L⇤ galaxies fuel star formation for longer than their ⌧dep.

2.1.2. What quenches galaxies and what keeps them that way?. How galaxies become and

remain passive is one of the largest unsolved problems in galaxy evolution (Figure 2b).

Proposed solutions to this problem involve controlling the gas supply, either by shutting

o↵ IGM accretion or keeping the CGM hot enough that it cannot cool and enter the ISM.

4 Tumlinson, Peeples, & Werk

Tumlinson, J., Peeples, M.S. & Werk, J.K. (2017) The Circumgalactic Medium

A MEGAFLOW accretion study

Complicated (but not hopeless)!

Gas accretion with
IFUs

5

Fig. 1 Schematic
representation of gas flows around galaxies [reproduced from Bouché et al.

(2013)]

angle a
1 distr

ibution of background quasars with
MgII appears to be bi-m

odal with

a main peak at a ⇠ 90 deg (aligned with
the minor-axis)

and at a ⇠ 0 deg (aligned

with
major-axis)

(Bouché et al., 2012; Schroetter et al., 2015, 2016).

Thus, a picture is emerging from these observations where outflows occur pref-

erentially
along the minor axis of galaxies, with

also
large gaseous stru

ctures (as

described in the prev
ious section) that are roughly co-planar with

the star-fo
rming

galaxy. Figure 1 represents schematically
the situ

ation with
outflows leaving the

galaxy along the minor-axis and gas inflows forming the so-called ‘cold flow disk’,

the gaseous stru
cture discusse

d in the prev
ious section and in the chapter by K.

Stew
art. The cold gas in outflows as traced by MgII extend to at least 80–100 kpc,

but outflows could extend to the viria
l radius. The cold-flow disk

on the other hand

is typically
20–30 kpc, i.e. extends to a few

tens of the viria
l radius.

Quasar absorption lines (su
ch as the low-ionization MgIIll2796,2803 doublet)

have had the potential to yield important information on gas flows for decades, but

the challenge has always been in finding the galaxy asso
ciated with

a partic
ular

absorber. Indeed, in order to connect the propertie
s of the Circum Galactic

Medium

(CGM) with
those of galaxies, such as SFR, mass,

etc., it is necessa
ry to identify

the galaxy asso
ciated with

each metal line absorption system. This identification

process has been a challenge more decades because it is inherently
expensive and

inefficient with
traditio

nal imaging and spectrographic instru
ments. As described in

this book, one can take deep imaging, but one will need to perform
extensive multi-

1 a is defined as the angle between the galaxy major-axis and the apparent quasar location.

Outflow cones
Local example:

Extended gas disks
No. 2, 2009 DISRUPTION AND FUELING OF M33 1493

Figure 4. Intensity weighted velocity (LSR) of the M33 gas with H i column
density contours from Figure 1 overlaid.

−100 km s−1 in the region shown in Figure 9 (Table 2).
Seven objects have central LSR velocities between −400 and
−350 km s−1 and are almost certainly associated with Wright’s
cloud (bottom half of Table 2). Of these seven, objects 1, 3, and 7
are in a noisier part of the cube and as can be seen from Figure 3
could be considered part of object 2, or the main part of Wright’s
cloud. Object 5 appears spatially removed from Wright’s cloud
here, but is most likely also associated, as an extension in this
direction was also noted by Lockman et al. (2002) and Braun
& Thilker (2004). For the remaining five objects at the top of
Table 2, object 9 is clearly related to the northern arc of M33
and object 12 to the southern cloud. The other three objects (13,
14, and 15) are at velocities between −130 and −113 km s−1

and are further from M33 (6–19 kpc from M33’s H i edge in this
figure at the distance of M33). If located at the distance of M33
(730 kpc), the objects in the first part of Table 2 have an angular
extent of 1–3 kpc, velocity widths of 17–30 km s−1, and masses
between 104 and 2 × 105 M⊙.

Though the data presented here only continue to declinations
of +32.◦5 at full sensitivity, we find no features north of what is
shown in Figure 9 beyond emission which is part of Galactic
filaments. The diffuse filament toward M31 claimed by Braun &
Thilker (2004) is not continuous in velocity with M33 and has
LSR velocities generally less negative than −100 km s−1. This
detection may be part of the diffuse filaments extending into
our Galaxy partially shown in the channel maps of Figure 3.
The heavy kinematic and spatial smoothing used in Braun &
Thilker (2004) may have blended parts of the Galactic emission
into their maps. Future deep mapping of the region between
M31 and M33 will resolve the origin of any clouds found in this
region.

4. ORBITAL HISTORY OF M33

To explore the origins of M33’s gaseous features, we investi-
gated the feasibility of a tidal interaction between M33 and M31
by constraining the orbital history of the system. Given the large
present separation between M33 and M31, a significant tidal in-
teraction that could lead to the gaseous features seen here is only
possible if past orbits brought the two galaxies closer to each
other. This modeling also puts constraints on the presence of

Figure 5. Intensity weighted velocity dispersion map of M33 with H i column
density contours from Figure 1 overlaid. Some of the scanning artifacts from
the drift scans are more evident in this map.

Figure 6. Projection of the three-dimensional H i cube of M33 with the intensity
contrast from 0–15 K on a log scale. Velocity extends along the bottom axis and
includes −360 to −52 km s−1; therefore including some Galactic emission to
the right.

satellites around M33, as they would not remain bound to M33
if it had a previous close encounter with the more massive M31.

The orbital history of M33 can be constrained by integrating
the motion of M33 backward in time through M31’s evolving
gravitational potential. Since the proper motion of M33 has
been recently measured (190 ± 59 km s−1 relative to Earth;
Brunthaler et al. 2005) and the radial velocities of both galaxies
are well known (−39 km s−1 for M33 and −116 km s−1 for
M31 relative to the Galactic center), the only unknown velocity
components are the tangential velocities of M31 in the observed
reference frame. We calculated a large set of possible orbits for
the two tangential velocity components of M31, ranging each
from −200 to +200 km s−1. Higher velocities are unlikely in a
relatively poor group of galaxies such as the Local Group. Our
grid selection method is similar to that in Loeb et al. (2005). We
treat these possible orbits as a statistical ensemble and use it to

 M33 Putman+09 

Local example:

M82
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Extended cold-flow disks
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The Astrophysical Journal, 738:39 (15pp), 2011 September 1 Stewart et al.

Figure 5. Line-of-sight velocity of cool halo gas in Halo 2’s main galaxy at
z = 1.4. The image width is 200 co-moving kpc, and the galaxy is viewed
near edge-on at an inclination of 75◦. The black contours enclose regions with
NH i > 1016 cm− 2, and the blue–red shading shows the average (mass-weighted)
velocity of H i along the line of sight, from − 300 to 300 km s− 1. The galaxy
(inner region) tends to rotate in the same direction as cool halo gas, even out to
100 co-moving kpc.
(A color version of this figure is available in the online journal.)

to (but more extended than) the galaxy (Kereš et al. 2009b;
Kereš & Hernquist 2009; Agertz et al. 2009; Brook et al. 2011)
Indeed, the gravitational potential energy of infalling gas should
result in velocities of ∼ 100–300 km s− 1, and if this energy is
not dissipated by shock heating, the conversion of potential

energy into rotational velocity is a quite natural possibility (see
discussion in Kereš et al. 2005).

While Figure 5 gives an intuitive visual impression of this
rotation, a mass weighted velocity of cool gas along a line of
sight is not directly observable. In order to determine if this co-
rotation signature might be observed via studies of absorption
systems, we analyze 794 regularly spaced absorption profile
sight lines within R < 100 co-moving kpc of the central
galaxy.14 Comparing each absorption profile to the rotation
signature of the galactic disk, we categorize sight lines as
orbiting or not orbiting based on their velocity offsets, and
further divide orbiting sight lines into those that are co-rotating
or anti-rotating with the galactic disk (see Section 2.2 for
detailed definitions of these classifications).

Figure 6 again shows Halo 2 at z = 1.4 (this time viewed
edge-on), but presenting a more observationally oriented method
than before. For both panels in Figure 6, the image width is 200
co-moving kpc, with the black circle marking a 100 co-moving
kpc radius from the center of the galaxy. The colored contours in
the background of each panel show the projected column density
of H i with the color code on a log scale from > 1016 cm− 2 (red)
to > 1022 cm− 2 (purple/black). On this scale, the edge-on disk
is visible as the dark horizontal bar across the very center of the
image. We remove sight lines in the central region (R < 10 kpc)
from our analysis, since we are interested in the properties of the
cool halo gas, not gas that is likely associated with the galactic
disk. (This is why there are no symbols in the center of either
image.) Along this projection, the central galaxy is redshifted
on the left and blueshifted on the right.

In the left panel, we have overlaid symbols representing the
division between sight lines with significant velocity offsets
(orbiting sight lines; filled circles) and those that do not (open
squares). As the figure makes clear, the vast majority of sight
lines are orbiting about the central galaxy, with velocities offset

14 The 794 sight lines form a square grid of 322 cells within a cube of length
200 co-moving kpc per side, after removing cells with R ! 100 co-moving
kpc.

Figure 6. Co-rotation of cool halo gas in Halo 2’s main galaxy at z = 1.4. The large black circles denote a radius of 100 co-moving kpc and the logarithmic color
scale shows the projected column density of H i. In the left panel, observable sight lines (NH i > 1016 cm− 2) are categorized as orbiting (filled circles) or not orbiting
(open squares). In the right panel, the direction of the velocity offset of orbiting sight lines is explicitly displayed, with redshifts and blueshifts given by circle-X and
circle-dot symbols, respectively.
(A color version of this figure is available in the online journal.)
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Figure from Stewart+11

See also: e.g. Pichon+11, Danovich+12,15; Stewart+17 
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The MEGAFLOW survey
A MEGAFLOW accretion study

 Johannes Zabl  - Intergalactic Interconnections, Marseille - 11.07.2018

Quasar @ z_qso

Galaxy @ z_abs2

Galaxies @ z_abs1

Measurement of gas velocity 
structure w. high spectral 

resolution (~8 km/s).

MUSE UVES

M
use datacube 

of M
EG

AFLO
W

 field 

Ideal to search for 
galaxies associated to 
absorbers (especially 
star-forming, but also 
quiescent) 
Orientation and 
kinematics for all 
galaxies (using 
GalPaK3D (Bouché+15)

M u s E  G A s  F L O w  a n d  W i n d

MgII

MgI

FeII
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The MEGAFLOW survey 
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 22 quasar fields selected 

 Each quasar N ⪆ 3 MgII absorbers with rEW MgII λ2796 ⪆ 0.8Å in 
redshift range 0.3 < z < 1.5 —> [OII] in wavelength range of MUSE 

 Selection based on SDSS (JHU-SDSS catalog - Zhu & Ménard 13) 

 Total of 79 strong MgII absorbers with rEW 2796 ≥ 0.3Å 

 Each quasar(field) followed up both with VLT/MUSE and VLT/UVES 

  ~2-4 hrs of MUSE time per field with two deep ~9hr fields (for final 
survey; presented results include data for all 22 fields, but not at final depth) 

 SFR limit based on [OII] (unobscured):  
0.1M☉yr-1 (4x10-18 erg s-1 cm-2) for 6ks at z~1 

 UVES typically covering MgII, FeII, MgI and other weaker species

A MUSE GTO project; PI: N. Bouché
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Identification status  
(at depth of this work)

A MEGAFLOW accretion study
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Number of identified galaxies per 
absorber

Redshift distribution of absorbers

Based on known anti-correlation between impact parameter an rEW MgII2796

 (e.g. Lanzetta & Bowen 90; Chen+10; Nielsen+13):  Most of our galaxies expected to be at b<100kpc
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Expectation for two component geometry

α~40-50°  
no absorption

α~0-30°  
absorption due to extended gas disk 

(major axis; accretion case)

α=50-90°  
absorption due to outflowing gas  

(minor axis; wind case)

Assuming inclinations ⪆ 40°:

• Allows for robust galaxy kinematics

• Mainly avoids cases with contribution both from 

outflow and disk𝜶:  Azimuthal angle



 8

A MEGAFLOW accretion study
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• b < 100 kpc
• strong MgII absorbers (rEW2796 

> 0.3Å) 
• clear identification of absorption 

with one main star-forming galaxy
• incl > 40°

For similar results:  
See e.g. also Bouché+12;

 Kacprzak+12;  Bordoloi+14, Lan+18

Azimuthal distribution
From MEGAFLOW using: 
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A MEGAFLOW accretion study
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MEGAFLOW - this work

Bouché+12 

(sample from Kacprzak+11a)
Kacprzak+11b

SIMPLE (Schroetter+15,

Bouché+07)

For similar results:  
See e.g. also Bouché+12;

 Kacprzak+12;  Bordoloi+14; Lan+18

Azimuthal distribution
Including other samples (with 
same selection criteria):
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A MEGAFLOW accretion study
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The MEGAFLOW accretion sample

Accretion disk
this work (JZ in prep.) Schroetter+2016,  

Schroetter in prep.

Wind

Accretion sample for this work: 
• 9 galaxy-absorber pairs 

without strong AGN or 
merger signatures selected


• 9.3 < log(M★) < 10.6  
(~0.1 to 1 M*)
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Data consistent with co-rotation? 
A MEGAFLOW accretion study
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ve
l[k

m
/s

]

b[kpc]

An example

QSO spec

galaxy spec

MUSE

UVES

Here: pseudo slit (background) +  
rotation curve

full 2D velocity field

Zeroth order check:  
Does absorbing gas share 
orientation of angular 
momentum vector with 
galaxy? 


Next order check:  
Absorbing gas on circular 
orbit with circular velocity of 
halo?
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Data consistent with co-rotation?
A MEGAFLOW accretion study
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Galaxy rotation curves Absorber kinematics
expected velocity (from extrapolating gal rot. curve)
Peak absorption velocity

1. 7 out of 9 galaxies consistent with simple expectation of co-rotation (all 4 at small b) 
2. |vlos| smaller than expected for rotation on stable circular orbits in halo  
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Data consistent with co-rotation?
A MEGAFLOW accretion study

 Johannes Zabl  - Intergalactic Interconnections, Marseille - 11.07.2018

Galaxy rotation curves Absorber kinematics
expected velocity (from extrapolating gal rot. curve)
Peak absorption velocity

1. 7 out of 9 galaxies consistent with simple expectation of co-rotation (all 4 at small b) 
2. |vlos| smaller than expected for rotation on stable circular orbits in halo  

Stack of all nine absorbers
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Comparison to literature
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(z≳0.3)z=0.2

E.g. Bouché+ 13, 16 

Ho+17: ~10 galaxy-absorbers pairs at 
z=0.2  

Low-z Universe High(er)-z Universe

100

4.1. Angular Momentum of Circumgalactic Gas

Our observations do not directly determine the location of the
clouds along each sightline. To gain insight about their relation-
ship to the galaxy, we consider the conjecture that the clouds
populate the extended plane of the galactic disk, calculate their
implied galactocentric radius and circular velocity, and then
examine the implications for the dynamical state of the gas.

Figure 6 compares the implied rotation speed of the Mg II
systems to the rotation speed of the galactic disk. As described
in Section 4.1, the Doppler shifts of the Mg II systems share the
sign of the galactic rotation along seven sightlines. The
measurement errors for four systems are consistent with no net
Doppler shift, and these systems have substantial equivalent
width on both sides of the systemic velocity. The range of
deprojected Mg II velocities often reaches the asymptotic
rotation speed of the disk. The Doppler shift of most of the
absorption equivalent width is, however, too low to be
consistent with purely circular orbits in a disk.

In Figure 7, we have normalized the galaxy rotation curves
by the asymptotic rotation speed, vrot, of each galaxy. The red
squares show the halo circular velocity assuming a Navarro,
Frenk, and White (Navarro et al. 1996) halo profile with the
concentration parameter ( )c z M, vir calculated using the python
package Colossus introduced by Diemer & Kravtsov
(2015).12 The halo circular velocity resembles the form of

Equation (6) but with a radial dependence,

( ) ( ) ( )=V r GM r r . 8c vir

Most of the Mg II equivalent width is detected at Doppler shifts
less than that generated by clouds on circular orbits. The
velocity widths of the systems are broad enough to include gas
on a circular orbit, but the estimated speed of a circular orbit
exceeds the centroid velocity (cyan symbols in Figure 7).
Adding the stellar mass from Table 4 to the halo mass raises the
circular velocity slightly (2%–6%) and increases the magnitude
of the discrepancy. Only the sightline probing the CGM at
the largest radius provides an exception. At R/rvir≈0.45, the
J084723+254105 sightline has a Doppler shift larger than
expected from circular orbits.
If clouds near the disk plane with 1R r 0.45vir are not fully

described by circular orbits, then what can we say about their
dynamical state? Since we have shown that the velocity spread
of the systems is consistent with virial motion, we can conclude
that the clouds have a significant velocity component that is
perpendicular to any tangential motion in the disk plane. We
suggest radial inflow as a physically likely origin for this extra
velocity component. While the spectral line profiles do not
uniquely distinguish radial inflow from other velocity vectors,
we argue that our selection of major-axis sightlines favors this
solution.
If our interpretation is correct, then it has implications for

how galaxies get their gas. We illustrate where the infalling gas
might obtain a circular orbit by drawing curves of constant
angular momentum in Figure 7. By following these curves, we
see that some of the gas detected in Mg II absorption has

Figure 6. Comparison of circumgalactic gas kinematics to galaxy rotation. For purposes of illustration, we have deprojected the Doppler shift and impact parameter of
each Mg II system to a circular velocity and galactocentric radius. In other words, the Mg II velocity here represents the tangential motion in the disk plane that would
give the observed Doppler shift when projected onto the quasar sightline. For purposes of uniformity in this figure, galactic rotation curves are defined with a positive
velocity on the quasar side of the major axis. The symbol for each sightline is the same as in the PV-diagrams in Figure 1, but all measurements are now deprojected
onto the disk plane. The yellow (gray) bars indicate the deconvolved (measured) width of each absorption complex; these can be compared to the extended rotation
curves indicated by the magenta bars. Note that we omit J160951+353843 in this figure and Figure 7 because the large absorption strength and width stand out from
all the other sightlines; the measured velocity range requires expanding the y-axis making it less possible to distinguish the individual rotation curves.

12 Diemer & Kravtsov (2015, hereafter DK15) adopt M200c to describe a halo
with a mean density 200 times the critical density and model the corresponding
concentration parameter c200c, but Behroozi et al. (2010) define halo mass
differently. Colossus provides the conversion of halo concentration between
different mass definitions, for which the discussion in AppendixC of DK15
suggests that the inaccuracies of these conversions are no more than ∼20%.

14

The Astrophysical Journal, 835:267 (22pp), 2017 February 1 Ho et al.
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Early results E.g. Barcons, Lanzetta, Webb 1995, 
 Nature
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] Others: 

  Steidel+02; Chen+05; 
Kacprzak+10,11; Bowen+16; 

Rahmani+18; and more
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z~0.1
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Radial infall (accretion)?
A MEGAFLOW accretion study

 Johannes Zabl  - Intergalactic Interconnections, Marseille - 11.07.2018

⃗v gas(ϕ, R) = vϕ(R) ⃗ϕ (ϕ) + vr(R) ⃗r (R)

vlos = ⃗v gas ⋅ ⃗L =
vϕ cos α sin i ± vr sin α tan i

1 + sin2 α tan2 i

Problem: 

Assuming motion of gas in a disk (extension of galaxy disk) with rotational and inflow component:

vlos
vr, vϕ

Inflow velocities of cold streams 3367

Figure 5. Mass-weighted averages of the inflow velocities as a function of radius for the ARP simulations. Free-fall profiles are overplotted in dotted magenta
and the sound speeds of the hot ambient halo gas in dash–dotted turquoise. Again the inflow velocities of the gas increase with decreasing radius in most cases.
These increases are again not consistent with free-fall. In most cases one sees an increase of velocity with decreasing radius down to ∼0.5 rvir from where the
velocity is decreasing again. A shape like that is typical for low-mass haloes at high redshift.

(cf. their fig. 7). Strictly non-free-falling inflow is also in agreement
with the results from Wetzel & Nagai (2014, their figs 4 and 6)
who see a decrease in velocity with decreasing radius (roughly a
decrease of 65 per cent between 1 rvir and the centre of the host).
Unlike us, they did not exclude outflowing cells and particles which
explains their velocities that are varying with radius as well as the
on-average lower values of their speeds.

To guarantee the consistency of the MN, the ART and the ARP

simulations it is necessary to compare them directly. In Fig. 6 galax-
ies at z ∼ 2.3 with Mvir ∼ 8 × 1011 M⊙ are shown for the three
suites of simulations. The lines for stars and dark matter are very
similar for all three: the velocities are roughly constant over the
whole radius range at comparable values. However the gas curves
are slightly different: the MN one is by and large constant, whereas
the ART as well as the ARP one increase slightly with decreasing
radius. The overall increase is roughly 35 per cent over the whole
radius range (1.7–0.2 rvir). These increases, as mentioned earlier,
are not consistent with free-fall. There is an offset in the values:
the MN velocities are ∼30 per cent higher over most of the radius
range. The offset can be accounted for by the offsets which the host
haloes’ masses and redshifts have.

Nelson et al. (2015a) found that feedback affects gas accretion.
Our three suites of simulations use varying strengths of feedback.
As we can see from Fig. 6 varying strengths of feedback affect the
inflow velocities only very mildly. However, as we will discuss in
our forthcoming companion paper (Goerdt et al., in preparation)
varying strengths of feedback do affect the total amount of inflow.

After the consistency of the infall velocities in all three suites
of simulations has been established one can now look at possible
trends of the infall velocities with mass and redshift. We want to
quantify the qualitative statements made earlier. For simplicity a
constant infall velocity with radius is assumed. Its actual value is

determined by a constant line fit through the velocity curve of the
respective mass–redshift bin.

The average inflow velocities vinflow of the gas are shown as a
function of halo mass Mvir and redshift z + 1 in Fig. 7. Plotted are
in both panels all available bins of galaxies from MN, ART and ARP

as listed in Table 1. In the left panel the vinflow values are plotted
against the halo mass (Mvir) and in the right panel against redshift
z + 1. One can easily identify that the vinflow values in the right panel
follow a linear relation with respect to z + 1 on this log–log graph,
which is a power law. Since in this case the exponent is remarkably
close to a half we decided, in order to reduce the number of free
parameters of our fitting function, to choose a square root power
law as the fitting function for the vinflow values with respect to z + 1.
The best-fitting square root power law is overplotted by the solid
black line. The vinflow values in the left panel, however, seem to
follow a ‘parabola-like’ function on this log–log graph, which is the
lognormal distribution function. We choose this function because
the parabola is the simplest function with a non-constant derivative,
i.e. the simplest function which rises first and declines later. Since
we are working in log–log space we had to go with its log–log
analogue, the lognormal distribution function. The function peaks
at Mvir = 1012 M⊙. For the sake of simplicity we will refer to this
kind of function as ‘parabola-like’ throughout the paper.

The vinflow values of most data points in both panels had to be
rescaled in the following way: the vinflow values of the data points
within the left panel that were not at z = 2.46 were scaled to this
value according to the scaling relation presented in the right panel.
Likewise the vinflow values of the data points within the right panel
whose underlying galaxy bins were not at Mvir = 1012 M⊙ had to
be rescaled to that value according to the scaling relation presented
in the left panel. The colour bar axes in both panels indicate the
values the galaxy bins used to have before rescaling.

MNRAS 450, 3359–3370 (2015)Downloaded from https://academic.oup.com/mnras/article-abstract/450/4/3359/990224
by Universitïe Paul Sabatier - Toulouse 3 user
on 22 January 2018

Goerdt+2015

vr ∼ − 0.6 vvir

Input from sim. for vr Result

=>

Expectations for angular 
momdentum

<=

λ =
1

2

R
rvir

vϕ

vvir

DM (Halo averaged): λ~0.03
Cold gas expected to be higher: 

Simulations:

λ ∼ 0.2 ( R
rvir )

0.5

vlos,↵, i are measured two unknowns  v�, vr

vlos = ⃗v gas ⋅ ⃗L =
sign(vrot;gal) |vϕ |cos α sin | i | ± vr sin α tan | i |

1 + sin2 α tan2 i

Danovich+2015
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A MEGAFLOW accretion study

 Johannes Zabl  - Intergalactic Interconnections, Marseille - 11.07.2018

Question: Would the infalling gas probed by MgII enough to balance the SFR   

Min(R) = 2π R vr mp μ cos(i) NHI (NHI  from MgII to NHI  using relation from Menard 
& Chelouche (2009))

Gas accretion in MEGAFLOW - a pilot study 21

Figure 13. Mass inflow rate estimated fromMg ii column density
plotted against SFR estimate obtained from [O ii] flux combined
with reddening estimate from SED fit. The dashed lines is a 1:1
relation, which means that the SFR is exactly balanced by the
outflow rate. The dotted lines are deviations from the 1:1 corre-
spondence bu a factor five.

7 SUMMARY & CONCLUSIONS

Using our ongoing MEGAFLOW survey (Schroetter et al.
2016, Bouché et al. (in prep.)), which targets galaxies around
⇠ 80 strong Mg ii absorbers (with REW>⇠ 0.5 Å) at z ⇠ 1

with the VLT/MUSE spectrograph, we have investigated the
distribution and kinematic properties of this low-ionization
gas. Remarkably, the distribution of the azimuthal angle a
for the galaxy-absorbers pairs with 100 kpc shows a clear
bi-modality (Fig. 2, top panel), which is highly suggestive of
a CGM geometry with biconical outflows and extended gas
disks. Our result confirms a previous result by Bouché et al.
(2012); Kacprzak et al. (2012) and Bordoloi et al. (2011)

In light of this bi-model distribution, we have se-
lected for this study nine galaxy-absorber pairs which have
the right orientation for the purpose of studying extended
gaseous disks at > 20 kpc. This is the first statistical sample
with both galaxy and absorber kinematics at z ⇠ 1 specifi-
cally selected to study the cold gas disks.

Through a comparison of absorber and galaxy kinemat-
ics we could derive the following main conclusions:

• There is almost no gas with vlos > vvir sin(i), suggestive
that the gas in the disk is gravitationally bound to the halo.

• For seven out of the nine pairs the absorption velocity
shares the velocity sign with the continuation of the galaxy
rotation field to the position of the quasar. This is the case
for all four absorbers at b/rvir < 0.2 (§6.1; Fig. 9);

• The inferred rotation velocity using the peak absorption
velocity is smaller than vvir. This indicates that the gas is not
on stable pure circular orbits. There seems to be a tendency
that the discrepancy is larger at larger impact parameters,
with two cases at b/rvir > 0.25 having even anti-rotating ve-
locities (§6.2; Fig. 11);

• We investigated a scenario where the disk gas has in
addition to a circular component also a radial inflow (accre-
tion component), as predicted by simulations and required
due to indirect evidence. We showed that the data is con-
sistent with simulation predicted inflow rates (vr =�0.6vvir)

and predicted angular momentum distributions (§6.3 & §6.4;
Fig. 12).

• The inferred accretion rates are consistent with the ex-
pectation that Ṁin ⇡SFR (Bouché et al. 2010; Lilly et al.
2013; Davé et al. 2012) (§6.5; Fig. 13).

For some of the conclusions listed above we needed to
make relatively strong assumptions. E.g. we assumed that
the gas is in a perfect extension of the galaxy disk and the
angular momentum vector of the gas is perfectly aligned
with the galaxy. This is not exactly what simulations pre-
dict for the cold-streams falling into the halo, and only to
some extent the case for the cold-accretion disks into which
the streams supposedly settle in the inner-halo. In addition,
extended gas disks might be warped. While the gas needs
to finally align with the galaxy disk, how this alignment
happens and out to where it persists is far from a solved
question. In simulations it seems to depend on the code and
their feedback implementations (e.g. Stewart et al. 2017).
However, reassuringly our a histogram shows that the gas
that we probe with Mg ii needs to be at least in some kind
of a disk.

JZ:Not sure whether I should keep this The strength of
our conclusions is clearly weakened due to the inclination
sign ambiguity. For further progress it will be paramount
to break this degeneracy in the future with additional con-
straints and observations.

The result of gravitationally bound co-rotating gas is
consistent with a range of quasar-absorption studies for in-
dividual objects with the right geometry ranging up to z ⇠ 2

(e.g. Barcons et al. 1995; Bouché et al. 2013, 2016; Bowen
et al. 2016; Rahmani et al. 2018). The only other study that
systematically selected a statistical sample with the right
geometry for the purpose of studying the extended cold gas
disks was recently performed by Ho et al. (2017). Impor-
tantly, their work is targeting galaxies at significantly lower
redshift, z⇠ 0.2, and hence can be considered complementary
to our study. Qualitatively they find at this lower redshift a
similar result as we do: The majority of the Mg ii absorption
profiles matches the sign of the galaxy rotation in 12 out
of their 12 robust galaxy-absorber identifications. Similar to
us they also find that the majority of the gas has vf < vcirc.
Combining this with the fact that some absorbers have part
of their absorption on the anti-rotating they concluded also
- at z⇠ 0.2 - that the gas likely has a radial infall component.

MNRAS 000, 1–24 (2015)

• 4 galaxies: Inflow rate almost exactly balances 
SFR 


• 4 galaxies: SFR higher than inflow rate (several 
possible explanations)


• 1 galaxy: SFR lower than inflow rate
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Main conclusions

• MEGAFLOW data consistent with a two component geometry for strong 
MgII absorption -   biconical outflows & extended gas disks


• Majority of the “disk” sight-lines are co-rotating (7 out of 9; random chance 
9% )


• For 8 out of 9 cases LOS velocities smaller than expectation from co-
rotation with vvir 


• Possible explanation: Inflows. Data consistent with inflow velocity and 
angular momentum predicted in simulations.


• Inflow rates for about half of the sample sufficient to balance SFR 



 18

Thank you! 

A MEGAFLOW accretion study

 Johannes Zabl  - Intergalactic Interconnections, Marseille - 11.07.2018


