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What initial conditions fuel star-formation in galaxies?  

ab initio theory 

dark matter distribution 

WMAP/Planck 

Springel et al. (2005) 

Prediction: 
Dark Matter 

sub-grid 

recipes 

versus  Postdiction: 
Baryons     

resolution: ~ 300 pc 
convert gas to stars: 
n ~ 1-10 cm-3  

Low Feedback High Feedback 

Stinson+ 2013 

MaGICC Project Sims of Milky Way 



How Do Galaxies Get their Gas? 

Mhalo = 1011.5 M¤ Mhalo = 1012 M¤ 

Increasing Halo Mass 

va
n 

de
 V

oo
rt

+ 
11

 Mhalo = 1012.5 M¤ 

•  Sims predict less cold gas in more massive halos 

500 
kpc 

LBGs 

QSOs 

•  Cosmological hydro simulations resolve the 
circumgalactic medium (CGM) and predict its 
structure 
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Feedback may alter the structure of the CGM. If so 
predicting the CGM depends on uncertain sub-grid 
feedback prescriptions.  
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•  Observational goals of CGM studies:  
-  directly test ‘cold accretion’ picture 
-  characterize outflows: prevalence, physical state of gas  



Probing the Circumgalactic Medium (CGM) 

NHI ~ 1012-22 cm-2  
and T ~ 102-6 K 

 Use absorption 
lines to probe 
diffuse gas  
 r ~ 30 – 200 kpc  Virial 

Radius 

rvir ~ 80 kpc 

θvir ~ 10” 

Observational Challenge: 
find distant galaxies at 
small impact parameter 
to bright b/g QSO 

 

R⊥ 

background QSO 

b/g sightline 

foreground 
galaxy halo 



Practical 
• Relevant UV absorption lines are redshifted into 

optical and not too blended with Lyα forest 
•  Spectroscopy of star-forming gals doable on 8m 

telescope 
 Conceptual 
• Theory predicts more cold gas accretion at z ~ 2 
• Peak of cosmic star-formation rate. If star-formation 

powers strong outflows, z ~ 2 is best time to find them 
 
 

Why Study the Circumgalactic Medium at z ~ 2 

See also complementary work on z ~ 0 CGM with HST/
COS 



What Can we Actually Measure? 
b/g QSO 

R⊥ 

f/g QSO 

Covering factor 
& kinematics 

b/g QSO 

R⊥ 
f/g QSO 

Gas mass, 
cloud density, 

size? 

rcloud 

n M 

Multiphase? 
Cold, Warm, 

Hot? 

b/g QSO 

R⊥ 
f/g QSO 

b/g QSO 

f/g QSO R⊥ 

Metal 
Enrichment? 

Moderate R ~ 2000 
150 km/s 

Echelle R ~ 5000-50,000, 6-60 km/s 
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LBT/VLT survey for z ~ 2 galaxies in f/g of b/g QSOs with 
archival high-S/N echelle  spectra.  
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b/g QSO 
z = 2.87 

Foreground LBG at z = 2.24 

LBT/VLT survey for z ~ 2 galaxies in f/g of b/g QSOs with 
archival high-S/N echelle  spectra.  

High-Res Spectrum of b/g QSO  

absorber at R⊥= 77 kpc,  NHI < 17.2 



b/g QSO 
z = 2.87 

Foreground LBG at z = 2.24 

Rudie+ 2011; Crighton, Hennawi+ 2014a 

strong absorber NHI > 1017.2 cm-2  
no strong absorber 
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28 sightlines; ⅓ from our survey 

LBT/VLT survey for z ~ 2 galaxies in f/g of b/g QSOs with 
archival high-S/N echelle  spectra.  
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28 sightlines; ⅓ from our survey 

Fumagalli, Hennawi+ 2014 



The CGM of a Low-Mass Galaxy 

b/g QSO 
z = 2.76 

Crighton, Hennawi+ 2014b 



The CGM of a Low-Mass Galaxy 

b/g QSO 
z = 2.76 

Lyα z = 2.50 

f/g LAE   
z = 2.50 
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L = 0.2L* ;  SFR ~ 1.5 M¤/yr 
M★ ~ 109.1 M¤; Mh ~ 1011.4 M¤ 
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The CGM of a Low-Mass Galaxy 

Background QSO observed for 50 hours on UVES, S/N ~ 70 

b/g QSO 
z = 2.76 

Lyα z = 2.50 

f/g LAE   
z = 2.50 

Crighton, Hennawi+ 2014b 
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The CGM of a Low-Mass Galaxy 

f/g Lyα-emitter @ R⊥= 50 kpc  
L = 0.2L* ;  SFR ~ 1.5 M¤/yr 
M★ ~ 109.1 M¤; Mh ~ 1011.4 M¤ 
 

Lyα z = 2.50 

High-Resln. Spectrum of b/g QSO  

•  Sensitive column densities for 13 ionic metal states 
•  Full Lyman series analysis gives HI for each component 

Crighton, Hennawi+ 2014b 

LLS logNHI = 1016.94 ± 0.1 @ R⊥= 50 kpc 

f/g LAE   
z = 2.50 

b/g QSO 
z = 2.76 



The CGM of a Low-Mass Galaxy 

f/g Lyα-emitter @ R⊥= 50 kpc  
L = 0.2L* ;  SFR ~ 1.5 M¤/yr 
M★ ~ 109.1 M¤; Mh ~ 1011.4 M¤ 
 

Lyα z = 2.50 

•  Perfect alignment between metal and HI kinematics ➡ gas 
well mixed. HI  smoother because of thermal broadening  

Crighton, Hennawi+ 2014b 

Δv = 430 km/s; MgII EW = 0.37Å  
 

High-Resln. Spectrum of b/g QSO  

f/g LAE   
z = 2.50 

b/g QSO 
z = 2.76 



Precise Determination of CGM Parameters  

•  Photoionization models provide excellent fit to the data 

log nH = -2.85 ± 0.33 (cm-3) 
 
 

log Z = -0.70 ± 0.14  (Z⨀)  
 log NH = 18.18 ± 0.16 (cm-2) 
 log rcloud = -0.58 ± 0.42 (kpc) 
 

•  Bayesian MCMC modeling  gives robust errors fully 
accounting for parameter degeneracies   

xHI = -3.30 ± 0.16 
 



Precise Determination of CGM Parameters  
•  Enriched (0.2-0.6 Z⊙) LLS     

(log NHI=17) with 430 km/s 
motions ➡ ︎ outflow? 



Precise Determination of CGM Parameters  
•  Enriched (0.2-0.6 Z⊙) LLS     

(log NHI=17) with 430 km/s 
motions ➡ ︎ outflow? 

•  Extremely small clouds!       
rcloud = 100-400 pc and cloud 
masses Mcloud = 200-5×104 M⊙ 

•  Uncertain radiation field not 
an issue. Local sources make 
clouds denser and smaller  

•  Large cool gas mass implied 

Mcool = ⇡R2NHfcov

M
cool

' 4⇥ 108M� ⇠ 0.6M?



The Small Scale Structure of the CGM 
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Simulating fluids using SPH and grid techniques 971

Figure 7. Resolution study for ENZO and GASOLINE. The panels show density slices of, from top to bottom, ENZO 64, ENZO 128, ENZO 256, GAS 1M and GAS 10M

for t = 0.25, 0.75, 1.5 and 2.25τKH. We see that resolution changes the phase of the instabilities in the grid simulations while the destruction time is the same.
Higher resolution also shows less diffusion and better resolves small-scale fragments. The GASOLINE runs are not able to resolve small-scale instabilities at all.

the SPH simulation does not fragment and suffers only from lateral
elongation and ablation.

The differences are small between the high resolution and stan-
dard SPH simulation with only minor morphological differences
probably owing to different capturing of the more complicated shock
structure in this new set-up. A test of the standard resolution simu-
lation using larger viscosity setting was also performed (not shown
here) which produces identical results, assuring us that the specific
viscosity setting is not unphysically low.

We conclude that the observed differences between grid and SPH
methods are not related to resolution and that convergence must be
reached by other means.

5.3 Initial seeds

As partly shown in the previous test, the development of the in-
stabilities, particularly during the non-linear stages, is sensitive to
the exact definition of the ICs. This is because they set the seed

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 380, 963–978

Blob Test: Agertz et al. (2007) 
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for t = 0.25, 0.75, 1.5 and 2.25τKH. We see that resolution changes the phase of the instabilities in the grid simulations while the destruction time is the same.
Higher resolution also shows less diffusion and better resolves small-scale fragments. The GASOLINE runs are not able to resolve small-scale instabilities at all.

the SPH simulation does not fragment and suffers only from lateral
elongation and ablation.

The differences are small between the high resolution and stan-
dard SPH simulation with only minor morphological differences
probably owing to different capturing of the more complicated shock
structure in this new set-up. A test of the standard resolution simu-
lation using larger viscosity setting was also performed (not shown
here) which produces identical results, assuring us that the specific
viscosity setting is not unphysically low.

We conclude that the observed differences between grid and SPH
methods are not related to resolution and that convergence must be
reached by other means.

5.3 Initial seeds

As partly shown in the previous test, the development of the in-
stabilities, particularly during the non-linear stages, is sensitive to
the exact definition of the ICs. This is because they set the seed

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 380, 963–978

•  Clouds ablated in 107 yr << dynamical time ~ 108 yr, assuming:  
–  rcloud = 300 pc 
–  ncold = 5×10-3 cm-3   
–  vbulk = 300 km/s 

–  Mcloud = 2×104 M⊙ 

–  nhot = 6×10-4 cm-3 

Blob Test: Agertz et al. (2007) 
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Figure 7. Resolution study for ENZO and GASOLINE. The panels show density slices of, from top to bottom, ENZO 64, ENZO 128, ENZO 256, GAS 1M and GAS 10M

for t = 0.25, 0.75, 1.5 and 2.25τKH. We see that resolution changes the phase of the instabilities in the grid simulations while the destruction time is the same.
Higher resolution also shows less diffusion and better resolves small-scale fragments. The GASOLINE runs are not able to resolve small-scale instabilities at all.

the SPH simulation does not fragment and suffers only from lateral
elongation and ablation.

The differences are small between the high resolution and stan-
dard SPH simulation with only minor morphological differences
probably owing to different capturing of the more complicated shock
structure in this new set-up. A test of the standard resolution simu-
lation using larger viscosity setting was also performed (not shown
here) which produces identical results, assuring us that the specific
viscosity setting is not unphysically low.

We conclude that the observed differences between grid and SPH
methods are not related to resolution and that convergence must be
reached by other means.

5.3 Initial seeds

As partly shown in the previous test, the development of the in-
stabilities, particularly during the non-linear stages, is sensitive to
the exact definition of the ICs. This is because they set the seed

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 380, 963–978

•  Clouds ablated in 107 yr << dynamical time ~ 108 yr, assuming:  

•  Do current simulations resolve this?  

–  rcloud = 300 pc 
–  ncold = 5×10-3 cm-3   
–  vbulk = 300 km/s 

–  Mcloud = 2×104 M⊙ 

–  nhot = 6×10-4 cm-3 

Blob Test: Agertz et al. (2007) 



The Small Scale Structure of the CGM 
Blob Test: Agertz et al. (2007) 
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Figure 7. Resolution study for ENZO and GASOLINE. The panels show density slices of, from top to bottom, ENZO 64, ENZO 128, ENZO 256, GAS 1M and GAS 10M

for t = 0.25, 0.75, 1.5 and 2.25τKH. We see that resolution changes the phase of the instabilities in the grid simulations while the destruction time is the same.
Higher resolution also shows less diffusion and better resolves small-scale fragments. The GASOLINE runs are not able to resolve small-scale instabilities at all.

the SPH simulation does not fragment and suffers only from lateral
elongation and ablation.

The differences are small between the high resolution and stan-
dard SPH simulation with only minor morphological differences
probably owing to different capturing of the more complicated shock
structure in this new set-up. A test of the standard resolution simu-
lation using larger viscosity setting was also performed (not shown
here) which produces identical results, assuring us that the specific
viscosity setting is not unphysically low.

We conclude that the observed differences between grid and SPH
methods are not related to resolution and that convergence must be
reached by other means.

5.3 Initial seeds

As partly shown in the previous test, the development of the in-
stabilities, particularly during the non-linear stages, is sensitive to
the exact definition of the ICs. This is because they set the seed

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 380, 963–978

•  Clouds ablated in 107 yr << dynamical time ~ 108 yr, assuming:  

•  Do current simulations resolve this?  

–  rcloud = 300 pc 
–  ncold = 5×10-3 cm-3   
–  vbulk = 300 km/s 

–  Mcloud = 2×104 M⊙ 

–  nhot = 6×10-4 cm-3 

Requiring ~ 3 resolution elements per rcloud implies: 
- Grid hydro: grid cells ~ 100 pc 
-  SPH: ~ 7000 particles per cloud, or Mgas ~ 3 M⊙ 

    Eris2 zoom-in: Mgas = 2×104 M⊙, FIRE: 5×103 M⊙ 
 

 

Not even close 



SMALL-SCALE STRUCTURE AT HIGH REDSHIFT. I. 501

matter is less likely to be dynamically inÑuenced by the
quasar.

2. THE z \ 3.538 METAL ABSORPTION SYSTEM

2.1. Description
Most of the absorption lines in the spectra of the A and C

images look very similar because of their small separation
(see also Bechtold & Yee 1995 ; Petry et al. 1998 ; Rauch
1998). However, striking di†erences are found in the
appearances of some low-ionization metal absorption
systems. In particular, a strong system at z \ 3.538 for
which both low- (O I, Si II, and C II) and high- (C IV and
Si IV) ionization lines can be observed appears to hold clues
as to the small-scale properties of the absorbing gas clouds
(Fig. 1). The origin of the (proper) velocity scale in the Ðgure
has been arbitrarily set to coincide with redshift
z \ 3.53792. The beam separation here is only *r B 26 h50~1
pc, corresponding to an e†ective angular resolution of 3.8
mas (for The system is blueshifted with respect toq0 \ 0.5).
the QSOÏs (C IV) emission line by about 6000 km s~1 in the
rest frame of the QSO. The actual velocity di†erence is

FIG. 1.ÈThe absorption system at z \ 3.538 as seen in the A (thin gray
line) and C (thick solid line) images of QSO 1422]231. The plot shows the
continuum-normalized Ñux in various ions vs. a relative velocity along the
LOS (arbitrary zero point), for eight transitions. The sections are o†set in
the y-coordinate by suitable amounts for clarity. For convenience, some
components discussed in the text are singled out by numbers. The right-
most absorption line (““ X ÏÏ near 260 km s~1) in the Si II j1260 region is an
accidental C IV j1548 interloper (at z D 2.7), unrelated to the system. The
X-component in the C II section of the spectrum is a similar, weak stray
C IV at z \ 2.91 (A. Boksenberg 1998, private communication).

likely to be even somewhat larger because of the blueshift
commonly observed between broad and narrow
(““ systemic ÏÏ) emission lines (Espey 1993 and references
therein). It is not a priori clear whether the absorbing gas
clouds are being ejected from the QSO (in which case all or
a part of the redshift di†erence would be due to the velocity
and the gas could be very close to the QSO) or whether they
belong to a separate galaxy, a question we will discuss
below. If independent from the QSO, the absorbing clouds
are at a proper luminosity distance of 11.6 Mpc fromh50~1
the QSO, if we adopt as the emission redshift,zem \ 3.628
which is consistent with an origin in an intervening galaxy
unrelated to the QSO.

Figure 1 shows the absorption complex as it appears
(going from top to bottom) in the C IV doublet, Si IV doublet,
Si II, C II, O I, and Lya. In each case, the solid line is the
spectrum of the C image, and the gray line that of the A
image. For further reference, we have numbered the strong-
est low-ionization (1È3) and high-ionization (4È7) com-
ponents.

For this particular system, the high- and low-ionization
lines exhibit very di†erent component structures. While the
total velocity extent is similar (D300 km s~1) in both cases,
only component 2 appears to be clearly present in all ions.
It is further interesting to note that the C IV components in
the two images seem to be identical within the errors. This
lack of structure indicates that the typical gas cloud giving
rise to C IV lines is larger than a few tens of parsecs. From
more widely separated lines of sight (Rauch 1998 ; Rauch,
Sargent, & Barlow 1998), we also know that the structures
producing individual C IV lines di†er in column density by
50% or more over a few hundred parsecs to a kiloparsec, so
this range appears to be characteristic of the typical sizes of
C IV ““ cloudlets.ÏÏ The Si IV absorption patterns are also very
similar between the two LOS, except for some slight but
signiÐcant di†erences in the column density and/or velocity
structure of component 2. The observed di†erences can be
interpreted as a shift in column densityÈweighted velocity
by *v \ km s~1 between the two lines of sight.vA [ vC B 3
A similar shift is also visible in Si II j1260 and C II j1334
(*v B 5 km s~1 for component 2 ; *v B [16 km s~1 for
component 3). However, the most striking di†erence is
found between the low-ionization column densities across
the LOS (see Table 1). Component 2 has a Si II (C II) column
2.1 (2.4) times larger in the A image ; the strongest low-
ionization component 3 is even 10.5 (10.0) times stronger in
the A than in the C image.

2.2. Physical State and Mass5
Constraints on the ionization parameter, metallicity, and

density of the absorbing gas can be obtained by using
observations of several ions (see, e.g., Bergeron & Stasinska
1986 ; Cha†ee et al. 1986 ; Steidel 1990 ; Donahue & Shull
1991). First, we note that system 3 is apparently optically
thin to ionizing radiation, which is somewhat surprising
given the strength of the low-ionization lines Si II and C II.
From a direct Voigt proÐle Ðt to several lines of the Lyman
series (up to Lyman 7), we get log N(H I) \ 16.05 ^ 0.15
(with N measured in units of cm~2) for component 3, in
LOS A; the error gives only the uncertainty of the Ðt. For

5 Unless other components are mentioned explicitly, the analysis below
will be focused on the strongest low-ionization component (component 3)
in the A image.

Lensed QSOs 
R⊥≈ 30 pc 

Rauch et al. 1990 

nH ~ 1-5 cm-3 

Prochaska &  
Hennawi 2009 

r ~ 10-100 pc 

QSO CGM 

NHI = 1016 cm-2 

HVCs 
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Fig. 7. Upper panel: Na I absorption and corresponding Effelsberg
H I emission spectra in the direction of J081331+254503. No Ca II
data are available for this sight line. Lower panel: WSRT 21-cm
map of the intermediate-velocity gas in the direction of the quasar
J081331+254503. The line of sight towards J081331+254503 passes
the very outer envelope of clump D. The contour lines are identical to
those in Fig. 1 (lower panel).

Table 4. Distance-dependent parameters of the small-scale structures
observed towards QSO B1331+170 (WSRT) and QSO J0003−2323
(VLA).

Quasar clump r MHI nHI

!
P

kB

"
upper

[pc] [M⊙] [cm−3] [cm−3 K]
QSO J0003−2323 A 45 470 0.14 27

B 45 280 0.06 14
C 49 160 0.06 14
D 36 150 0.06 45
E 32 160 0.07 8

QSO B1331+170 A 0.8 0.05 2.5 900
B 0.6 0.07 5.0 1100
C 0.5 0.02 5.5 3800
D 0.6 0.06 5.0 2600
E 0.5 0.02 4.8 700
F 0.5 0.05 7.9 600

the particle densities, and the upper pressure limits of the
clumps.

The small line widths of the clumps, especially the ones to-
wards QSO J0003−2323 (Sect. 3.1 and Table 3), indicate that
the absorbing gas is cold with upper temperature limits of Tkin ≈
100 K for the clumps with the most narrow line widths of about
∆vFWHM ≈ 2 km s−1 and Tkin ≈ 3700 K for the structures with
the most broad values of ∆vFWHM ≈ 13 km s−1. The tempera-
tures could be even lower because effects like turbulent motions
within the gas likely contribute to the observed line width. The
temperatures and projected sizes of the clumps detected in the
direction of QSO B1331+170 and QSO J0003−2323 show that

the clumps are compact and cold rather than diffuse and ex-
tended.

Because the smallest spatial structures observed are similar
in size to the synthesised WSRT and VLA beams, it is pos-
sible that the observed clumps are actually not resolved and
contain structures on even smaller scales. This raises the ques-
tion whether IVCs and HVCs and their small-scale structures
could have fractal properties, as discussed in Vogelaar & Wakker
(1994). However, the answer to this question requires many
more observations at different spatial resolutions.

We can now compare the determined upper pressure lim-
its for the high-velocity absorbing system in the direction of
QSO J0003−2323 and QSO B1331+170 with the models of
Wolfire et al. (1995). These authors calculated the thermal
equilibrium gas temperature for HVCs in the Galactic halo
as a function of height z above the Galactic plane and find
that stable two-phase gas exists only within a narrow pressure
range. Both sources lie near the Galactic poles, so the distance
roughly equals the Galactic height. Various values for metal-
licities and dust-to-gas ratios were used to take different IVC
and HVC origins into account. Under the assumption that the
observed HVC in the direction of QSO J0003−2323 is asso-
ciated with the Magellanic Stream, we compared the derived
upper pressure limit of (P/kB)upper with the pressure range of
P ≈ 20 . . .180 cm−3 K for the HVC gas stripped from the MS,
calculated using a metallicity of Z ≈ 0.4 and a dust-to-gas ratio
of D/G = 0.2 (Wolfire et al. 1995). To remind the reader, D/G
refers to the mass of the small grain population, where D/G = 1
implies that about 4% of the cosmic carbon is found in grains
smaller than 15 Å.

The observed values of clump A and D are relatively low
but consistent with the models. The other structures reveal pres-
sures that are incompatible with the simulations. However, as
discussed before, the physical size of the clumps might be over-
estimated (if unresolved). In that case, the derived upper pressure
limit would be underestimated.

For QSO B1331+170, the simulated pressure range of P ≈
150 . . .650 cm−3 K (assuming a Galactic fountain origin, a
metallicity of about 1.0 solar, and a dust-to-gas ratio of D/G =
0.3) or P ≈ 650 . . .3500 cm−3 K (metallicity of about 1.0 and a
dust-to-gas ratio of D/G = 1.0) is consistent with our observa-
tions.

For the two other sightlines toward QSO B0450−1310 and
J081331+254503, the lack of distance information for the halo
clouds in these directions unfortunately impedes a similar pres-
sure analysis.

4.2. On the metal abundances of the clumps

To better understand the nature and the origin of these low-
column density, small-scale clumps in the halo and their relation
to large IVC and HVC complexes, it would be very helpful to
constrain the chemical composition of these objects. Our opti-
cal observations provide column density information for the two
species Ca II and Na I, while the 21-cm observations give N(H I).

However, there are a number of systematic effects that inhibit
any reliable estimate of the absolute calcium and sodium abun-
dances in the clouds. In diffuse neutral gas, Ca II and Na I are
not the dominant ionization stages of these elements because of
their low ionisation potentials compared to hydrogen and both
elements usually are depleted into dust grains. Therefore, the
measured Ca II and Na I column densities in the halo absorbers
are not expected to be representative of the total calcium and

Ben Bekhti et al. 2009 

Sizes r < 50 pc 

Absorption 
Line Modeling 

Schaye et al. 2007 

Sizes r < 100 pc 

Problem #1: The Small Scale Structure of the 
CGM is Likely Unresolved by Current Models   

This has been seen before….  

The entire CGM could be in rcloud ~ 300 pc clumps 



Probing the CGM of High Mass Halos 

•  QSOs trace massive halos Mhalo ~ 1012.5 M¤ at z ~ 2, 6 × larger 
than LBGs. Progenitors of local quenched galaxies 

•  Why QSOs? Because we can find 106 in digital sky surveys (SDSS) 

foreground 
QSO halo Virial 

Radius 

rvir ~ 160 kpc 

θvir ~ 20” 
background QSO 

R⊥ 

b/g sightline 

In rare projected 
pairs, a b/g QSO 
probes a f/g QSO 
in absorption  

Mhalo = 1012.5 M¤ 

•  Herschel studies indicate QSOs lie on star-forming main sequence 
(Rosario et al.  2013; Knud Jahnke’s talk) and represent unbiased tracers 
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f/g QSO 

R⊥ = 139 kpc 
logNHI = 20.3 

2’ 

Δθ = 16.3”  
zbg = 2.17 

zfg  = 2.11 

Hennawi+ 2006, 2007, 2013; Prochaska, Hennawi+ 2013 



2’ 

b/g QSO 

f/g QSO 

Δθ = 13.3”  
zbg = 2.53 

zfg  = 2.43 

R⊥ = 108 kpc 
logNHI = 19.7 

Hennawi+ 2006, 2007, 2013; Prochaska, Hennawi+ 2013 



A Massive Reservoir of Cool Gas Around QSOs 
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•  High ~ 60% covering factor for R < rvir = 160 kpc 
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A Massive Reservoir of Cool Gas Around QSOs 

•  High ~ 60% covering factor for R < rvir = 160 kpc 

74 sightlines with 
R⊥ < 300 kpc 

R⊥  (impact parameter) 
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•  CGM is dominated by a cool (T ~ 104 K) massive     
(>1010 M⊙) metal-enriched medium (Z > 0.1Z⊙) 



M = 1011.2; rvir = 58 kpc M = 1011.9; rvir = 98 kpc M = 1012.6; rvir = 153 kpc 

Simulating CGM Observations 

ART AMR zoom-in + ionizing rad. transfer  Fumagalli, Hennawi+ 2014 
 
 

Ceverino et al. 2010 
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•  More cold gas observed at high-mass (QSOs) than sims predict  

The Perplexing CGM of Massive Halos 
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The Perplexing CGM of Massive Halos 

•  Solutions: QSO feedback? Is this what we want/expect it to 
look like ~ 1011 M¤ cold gas? QSOs are special (unlikely)?  

•  More cold gas observed at high-mass (QSOs) than sims predict  

star-forming 
gals 

•  Small-scale structure unresolved in sims? 



Problem #2: The Perplexing CGM of Massive Halos 

•  Solutions: QSO feedback? Is this what we want/expect it to 
look like ~ 1011 M¤ cold gas? QSOs are special (unlikely)?  

•  More cold gas observed at high-mass (QSOs) than sims predict  

•  Small-scale structure unresolved in sims? 

Fumagalli, Hennawi+ 2014 
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Can We Detect CGM Gas in Lyα Emission? 
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Photoionization/Scattering 

QSO ionizing 
radiation 

f/g QSO 
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• QSO acts as a flashlight 
illuminating CGM/IGM 
•  Recombinations/scattering 

from neutral gas 
 

3-d gas distribution 
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The CGM in Absorption and Emission 

45“$(400$kpc)$

45“$(400$kpc)$

Narrow Band Lyα Image  V-band (continuum) 

•  Slit-spectroscopic survey for extended Lyα emission 
•  Large scale nebulosity discovered extending ~ 400 kpc 

SNR 

slit orientation 

b/g QSO 

f/g QSO 

Hennawi+ 2014 

SB (cgs) 

45“$(400$kpc)$

Imaging from Keck telescope 

f/g QSO 
z = 2.04 



The Largest Emission Line Nebulae Known 
Jackpot: Lyα Image  

•  Limited statistics suggest ~10% of QSOs may similarly 
illuminate their CGM detectably 

45“$(400$kpc)$

45“$(400$kpc)$SNR 

slit orientation 

Hennawi+ 2014 

SB (cgs) 

45“$(400$kpc)$

Cantalupo, Arrigoni, Prochaska, Hennawi + 2014 

Slug: Lyα Image  
SB (cgs) 

f/g QSO 
z = 2.04 

QSO 
z = 2.27 

•  Emission is likely recombination powered by the QSOs  



What is the Origin of this Dense Cool Gas? 
•  Absorption line analysis reveals high enrichment 

Z > 0.1Z⊙, suggesting a merger or outflow origin 

Blob Test: Agertz et al. (2007) 
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Simulating fluids using SPH and grid techniques 971

Figure 7. Resolution study for ENZO and GASOLINE. The panels show density slices of, from top to bottom, ENZO 64, ENZO 128, ENZO 256, GAS 1M and GAS 10M

for t = 0.25, 0.75, 1.5 and 2.25τKH. We see that resolution changes the phase of the instabilities in the grid simulations while the destruction time is the same.
Higher resolution also shows less diffusion and better resolves small-scale fragments. The GASOLINE runs are not able to resolve small-scale instabilities at all.

the SPH simulation does not fragment and suffers only from lateral
elongation and ablation.

The differences are small between the high resolution and stan-
dard SPH simulation with only minor morphological differences
probably owing to different capturing of the more complicated shock
structure in this new set-up. A test of the standard resolution simu-
lation using larger viscosity setting was also performed (not shown
here) which produces identical results, assuring us that the specific
viscosity setting is not unphysically low.

We conclude that the observed differences between grid and SPH
methods are not related to resolution and that convergence must be
reached by other means.

5.3 Initial seeds

As partly shown in the previous test, the development of the in-
stabilities, particularly during the non-linear stages, is sensitive to
the exact definition of the ICs. This is because they set the seed

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 380, 963–978

Clouds ablated in 7×106 yr or after traveling only 4 kpc! 
–  rcloud = 30 pc 
–  ncold = 1 cm-3   
–  vbulk = 500 km/s 

–  Mcloud = 2×104 M⊙ 

–  nhot = 2×10-3 cm-3 

•  But such small clouds cannot survive in hot halo 

•  Cool dense enriched gas must form in situ from hot halo 



Three Unresolved Problems  

•  Problem # 2: Covering factor of LLSs in massive 
(QSO) halos conflicts with predictions of existing 
simulations 

•  Problem # 1: CGM is clumpy on ~ 100 pc scales, 
which is not resolved by current simulations 

•  Problem # 3: CGM detected in Lyα emission all the 
way out to IGM in ~ 10% of QSOs. Extreme ISM like 
densities in tiny clumpa ~ 30 pc required to explain 
emission 


