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Infall on cosmic scales (linear) 
Infall onto groups and clusters (non-linear) 
Large-scale shocks 
Infall onto galaxies 
Disk formation: Fall's argument 
Angular momentum build-up (in brief) 
Hot halos  cooling flows 
Cold flows, warm flows 
Recycling and feedback 
Galaxy formation within ΛCDM: score card 

“Nature operates by rules we can discover in successive approximations…” 
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Do we observe Zeldovich-like cosmic infall over
 huge homogeneous volumes ? 
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Cosmic infall out to z~0.2 

2001 

fingers of god 

Kaiser flattening 

Zero quadrupole 

transverse 

rad
ial 
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Cosmic infall at z~3.6 

Lyα absorbers along paired
 QSO sightlines 

Two sets of QSO pairs added 

pancake
 model 



Weak Kaiser effect seen (z~2.4) 

Bland-Hawthorn (Bologna 2011) 
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Kinematic infall around groups & clusters… 

This topic, like so many in astronomy, has a chequered history. Easy to
 detect this, right? 

Famous paper: 

Seven Samurai detect GA?! 

1988 

1990: they claimed to see nearside and farside infall 
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Disputed, at least on the far side... 

A little known and very good paper on how to do the statistics right, Malmquist bias,
 noise, pairwise velocity... this is hard to do properly! 
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Kinematic infall around groups & clusters… 

Ceccarelli et al 2005 

On scales where linear theory
 dominates and with assumption
 of spherical symmetry & radial
 infall only (i.e. no tangential) 

The match is better on scales
 larger than 5 Mpc…  

KEY 



Accretion shocks on large scales 
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“It is possible that a significant fraction of the
 intergalactic gas (10-50%) was not subjected to
 compression in the pancakes but was heated only by
 the damped shock waves moving away from them…” 

In fact, much of the IGM must stall in large-scale shocks, otherwise
 the gas compressing into CDM haloes would exceed the x-ray
 background (Pen 1999, Wu+ 2001), i.e. non-gravitational heating is
 essential. 

1972 
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Why shocks across the cosmos? 
  While the dark matter accretes smoothly onto the “cosmic web,” the baryons do not 
  Their infall velocities often exceed the local sound speed and a complex network of

 shocks emerges 
  The most well known shocks are the expected virial shocks associated with halo

 collapse, except that simulations reveal shocks also occur even further out (Cen &
 Ostriker) 

  …but there is there clear observed evidence for Sunyaev-Zel’dovich shocks
 associated with filaments and sheets between haloes? 

  In fact, shocks are likely to occur 
 across the entire hierarchy 

cluster 

group 

filament 

What is the eventual fate of this gas? 

Where are the missing baryons?  

How does gas get into galaxies?  
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This is no longer theoretical: 

First image of large-scale CDM shocks on
 ~Mpc scales 2006 

unbelievably overblown abstract! 
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Distribution of shocks in the IGM 

  We associate shocks with the collapse of non-linear objects 

  The shock velocity vS ~ lengthscale of perturbation / age of universe 

  R2 is the physical radius the region would  
 have had if it had expanded with Hubble flow 

  Shock temperature 

  Note dependence on MS and redshift 
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Simple analytic applications 
  R2 – when set to natural scales in collapsing hierarchy – hides a great deal of gas

 in a Warm Hot Intergalactic Medium (WHIM), >20% in range 105-107 K 
     Cen & Ostriker (1999), Davé et al (2001) 

  Improved mass estimates of WHIM gas fraction with Zel’dovich approximation 
          Nath & Silk (2001) 

  Evolution of virial shocks with redshift: these may be weak beyond z=2 because IGM
 temperature is hotter and therefore harder to drive shocks 

     Miniati et al (2000, 2004) 

  But maybe we can pick up virial shocks prior to reionization  
(z~10) when the IGM was mostly neutral, e.g. Press-Schechter models 

     Furlanetto & Loeb (2004), Shapiro et al (2006) 

These are all simple semi-analytic estimates that
 have been checked with numerical simulations.
 The theory of IGM shocks and redshift evolution is
 very rudimentary. 



Bland-Hawthorn (Saas Fee 2007) 

WHIM simulations (Cen & Ostriker 1994, 1999, 2001…) 

Thermal energy completely
 dominated by large-scale
 structure at z~0 where TK~104 K
 in IGM prior to collapse. 

But shocks were weaker at high
 redshift because TK was higher
 and vS was lower. 
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WHIM simulations 

Croft+ 2001 

Maybe 1/3 of soft x-rays will stay diffuse, only 4% of hard x-rays 

The x-ray background is strong constraint on how gas collapses into DM haloes (Kaiser) 
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But in x-rays, evidence of missing ingredients… 

Rosati, Borgani & Norman 2002, ARAA 

Comparing clusters to ΛCDM is
 surprisingly difficult. 

ICM evolution should be driven by
 adiabatic compression in CDM
 collapse leading to accretion
 shocks (Kaiser 1986) 

Since no preferred scale, clusters
 should be self similar, but they are
 not, e.g. complex Lx-T relation 

Even on the ~Mpc scales of clusters,
 simple accretion formalisms cannot
 explain the x-ray properties….  

We need extra ingredients! 

ΛCDM  

EdS 
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Early success: Lyα forest 

1992 

Hernquist+ 96 

Miralda-Escude+ 1996 Then followed Cen+ 1994 and many others… 

Bi+ 1992 simulated clumpy IGM irradiated by
 cosmic background UV 



What can we say about cool gas on large scales? 

Bland-Hawthorn (Bologna 2011) 

As you have seen from Drs. Nicastro and Viel, we know a lot about the high-z universe (from
 QSO absorption lines) and find that a lot of gas is locked up in Lyα clouds. 

We see evidence of rare Lyα clouds in the local universe from observations towards 3C 273
 (Morris; Bahcall; Shull; Fox). 

It's hard to understand how gas 
gets into galaxies for two reasons: 

(1) much of the activity happened 
long ago; 

(2) we cannot easily see or locate  
cold, warm, hot gas in the local 
universe, especially if it is diffuse. 



Shocks on galactic scales? 

Bland-Hawthorn (Bologna 2011) 

Is this how galaxies get their gas?  

Shocked into hot haloes followed by a "cooling flow"? 
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Hot accretion via cooling in haloes —  
central tenet of GF 

  History:  Hoyle 1953, Binney 1977, Rees & Ostriker 1977, Silk 1977, White & Rees
 1978, White & Frenk 1991… 
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1994 

. 
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Do cooling flows exist? 
•  Not according to XMM/Newton spectra of 14  top-ranked “cooling flow”
 clusters.  

Peterson et al 2003 
Something appears to
 keep the gas hot… 

…black holes appear to
 provide an important
 source of feedback 

Expected — huge cooling flow predicted 

Observed — too hot for substantial cooling 
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Disks through cooling flows? 

They ignore the long literature on thermal instability in cooling flows.  

Linear thermal instability is almost completely suppressed (because an overdense blob convects
 back to its equilibrium location faster than an instability can grow); Binney, Nipoti, Fraternali 09. 

Non-linear thermal instability possible but tends to produce tiny fragmentary clouds. SPH is not the
 way to do this. 

2004 

2006 



Pedersen+ 06;  Rasmussen+ 06 

Don't believe papers that make these claims. 
Extraordinary claims require extraordinary 
evidence. 

Almost any disk with a hot halo is a galactic 
wind or the data have not been reduced 
properly.  
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NEXT TIME: 
This appears to be first reliable
 detection after the Galaxy 



Disk formation 

Disk formation 



Leiden 2007 

Spin: the disk must have collapsed down from an
 initially large volume 

1983 

In terms of the dimensionless spin 
parameter 

N-body simulations reveal that the 
distribution of halo spins is log normal, 
i.e. 

Most haloes have low spin, little 
dependence on cosmology parameters 



λparameter measures degree of rotational support 

Bland-Hawthorn (Bologna 2011) 

r 

Sadly, we won't have time to chat about tidal
 torque theory T = r x F. 

This is a beautiful topic – next time! 



Leiden 2007 
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Fall’s argument 
We can relate factor by which baryons collapse in radial direction before they 
reach centrifugal balance in a disk to the initial rotation of a protogalaxy, i.e. 

Consider a luminous disk D and halo H. The baryons destined to become the disk 
receive the same external torques as the dark matter, say, prior to dissipation. 

During and after collapse, the specific angular momenta are conserved such that 
there is no angular momentum transfer. 

It can be shown 

which leads to 

α  = exponential disk scale length 
vc= isothermal halo circular velocity 
rT = halo truncation radius 

For α-1 = 3 kpc,  

rT = 100 kpc   



Does either the HI or stellar disk
 edge relate to the protocloud? 

But where is the edge? 
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First “break radius” confirmed with star counts 

M33: Ferguson+ 2006 

Remarkably clean edge with no
 sign of tidal structure 
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Matter moves in ~ circular orbits, and angular
 momentum increases outwards, so the
 surface brightness cut-off represents material
 moving with the highest specific angular
 momentum j. 

This may reflect the maximum value of  j  for 
baryonic material in the original protocloud.   

That would be interesting. 

What does truncation mean ? 

e.g. van der Kruit 1980 
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Basic parameters 
Basic parameters 

i = 42o 

D = 2.0+/-0.07 Mpc 

MB = -18.6 

hR = 1.5 kpc 

Much like M33 
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First “continuously exponential disk” 

NGC 300: Bland-Hawthorn+ 2005 

NGC 7793: Vlajic+ 2009, 2011 

i.e. no sign of truncation or break 

correct 
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Photometric quality 

Slightly elliptic psf:  0.56”x0.60” 

Top 2% photometric 

r’=27.0 (3σ) 70% complete 

r’-R=0.2 

There are very few disks mapped in
 this way. You need a big telescope
 and exceptional seeing. 
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GalaxyCount (www.aao.gov.au/astro/GalaxyCount) 

Ellis & JBH (2007), MNRAS, in press 

b = 110 +/- 20 gals arcmin-2 
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Minor axis of M31 

Exponential disk to > 50 kpc 

(Irwin+ 2005) 



Does the gas have a well defined edge? 

Bland-Hawthorn (Bologna 2011) 
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Hard to say: 

Most outer HI disks are warped and
 get messy further out 

M83: Rogstad+ 1974 
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HI envelopes can be huge… 

Begum+ 2005 

HI seen to 38 optical scale lengths 

New record holder: NGC 3741 



Gas is messy outside optical disk 

Bland-Hawthorn (Bologna 2011) 
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Leo Ring 
(Schneider+1981) 
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Chynoweth+ 2007 
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NGC 891: external view of the Galaxy 

Slowly rotating HI halo 

Possible slow accretion
 onto plane? 

HI: <0.3 Mo yr-1 (Fraternali+ 2007) 

X-rays: <0.1 Mo yr-1 (Bregman+ 1997) 

EUV: <0.1 Mo yr-1 (Miller+ 2000) 

Model: Mapelli, Moore & JBH 2009 
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M31 – M33 filament 

These galaxies may have
 undergone several orbits… 

…and gas may have been dislodged
 in earlier passage, rather than
 “primordial” 

Braun 2004 

Loeb 2004 
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Reaching down to the HI cosmic web? 

M31 — M33 HI bridge? Two major problems:  

(i)   HI gas well within Rvir 

(ii) <1018 cm-2 does not survive ~ TH 



Marseille 2007 



Bland-Hawthorn (Bologna 2011) 



But is any of this infalling gas "primordial"
 or simply dislodged from earlier passages?  

Bland-Hawthorn (Bologna 2011) 
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Adopting an old idea of Oort, they proposed that the HVCs were
 self-gravitating and therefore mostly ~1 Mpc from the Galaxy, and
 thus very massive. 

They thought the HVC population represented huge levels of HI
 accretion onto the Local Group, i.e. that we are surrounded by a
 huge Oort cloud, a very appealing notion. 
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“Anomalous” Galactic H I 
 H

V
C

  (> 90 km
 s

-1 )     &
         IV

C
  (< 90 km

 s –1)  – W
akker et al.  2004 

Hα distances (JBH+ 1998-2002) and
 stellar absorption line distances
 show that most HVCs are within 50
 kpc 

Blitz+ 1999 idea was attractive
 but… 



Mass budget 
Total mass in dark matter:    1.4 x 1012 Mo 

(RAVE; SDSS) 

Expected total baryon mass:    2.4 x 1011 Mo 

(0.17 CMB) 

Observed baryon mass:    (6-8) x 1010 Mo 

(Flynn et al 2006) 

"Missing" baryons:    (1.6-1.8) x 1011 Mo 

~70% of baryons invisible out to virial radius 
or the Galaxy is baryon deficient 



What evidence do we have that cool gas is broken
 down?  (JBH+ 2007: "a warm rain") 

Bland-Hawthorn (Bologna 2011) 

1. It's easier to hide warm than cold gas (ionized HVCs) 

2. Gas depletion in dwarfs (~250 kpc) 

3. Magellanic Stream (~50 kpc) 

4. Smith Stream (~20 kpc) 

5. Accretion activity is concealed in the disk-halo interaction 

6. The story is incomplete but GF, like most astro. processes, is inefficient 
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1. EUVX halo accreted via disk-halo interaction 

1999 

Limit set by COBE
 Compton y
-parameter and
 quadrupole moment 

An EUVX halo is expected in the context of virial shock heating, is
 consistent with the timing mass, and the baryon inventory. 
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Grcevich & Putman 2009 

2. Local Group Dwarfs (excl. Magellanic System) 

gas rich 

gas poor 
deficient in HI gas. 
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ApJ, 2007 

3. The Magellanic Stream 
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Hα detections along the Magellanic Stream 

Narrow line emission (25-45 km s-1 FWHM) 

There are no stars
 along the Stream! 
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G. Madsen compilation 
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Fractal clouds disrupted by KH 

JBH et al (2007), ApJ 
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Conversion of HI to H+ 

Time since
 onset of
 cascade: 

70 Myr 

120 Myr 

170 Myr 

220 Myr 

270 Myr 

Shock induced ionization rate = 1.5 x 1047 phot/s/kpc 

or about 0.5 Mo/yr along the entire Stream 

X-ray
 halo 
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4. Smith Stream 
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What is the extended halo? 

Continuum of phases in a dynamical medium 

Cold gas breaks down, passes through WNM, WIM, etc; 
Detection timescales are moderately short. 
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Disk-halo interactions are strong 

NGC 4594 

Lx ~ 1039 erg/s 

Chandra/ACIS3 

NGC 4631  

Lx ~ 1039.5 erg/s 

Chandra/ACIS3 

Wang+ 2001 
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Just in case there are doubts… 

NOTE: Disk-halo interaction ~ 5 Mo yr-1 is a problem for detecting gas
 accretion directly across the optical disk unless we select disks in the
 quiescent phase… otherwise accretion is mixed up with recycling (e.g.
 Bologna work; JBH 2009).  
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Most of the accretion and feedback
 happened early on. 



Leiden 2007 

ΛCDM 
While successful on the largest scales, ΛCDM struggles in regions of 
high density and high density contrast: 

Overcooling: predicted cosmic fraction of cooled baryons is 
larger than observed; too many low mass gals predicted 
Disk angular momentum: angular momentum loss is too 
high, disk scale lengths are too small 
Halo density profiles: too centrally concentrated 
Dark satellites: too many satellites predicted in Local Group 

The fact that ΛCDM demands feedback is no bad thing. 

The real universe is rife with feedback processes across the hierarchy. 


