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1.  Direct	  imaging	  of	  the	  low	  z	  cosmic	  web	   	   	   	  
	  (Braun	  &	  Thilker	  2004,	  A&A	  417,	  421)	  

–  Ultra-‐sensiDve	  HI	  emission	  observaDons	  
2.  Direct	  imaging	  of	  low	  z	  DLAs:	   	   	   	   	   	   	  

	  Cosmic	  evoluDon	  of	  the	  HI	  DistribuDon	  FuncDon	  
	  (Braun	  2012,	  ApJ	  749,	  87)	  

–  The	  HI	  column	  density	  and	  mass	  distribuDon	  funcDons	  at	  z	  =	  0	  	  
contrasted	  to	  those	  	  at	  z	  =	  1	  and	  3	  	  

3.  Ram	  pressure	  interacDons	   	   	   	   	   	   	   	  
	  (Haan	  &	  Braun,	  2014a/b,	  MNRAS	  440,	  L21,	  443,	  186,	  2015	  in	  prep.)	  
–  KinemaDc	  and	  morphological	  indicators	  of	  space	  velocity	  and	  
IGM	  density	  

Outline 



Braun & Thilker 2004, A&A 
•  Sensitive(!) HI total power 

image reveals M31 – M33 
bridge (14 single dishes) 

•  Connects the two VSYS-es 
•  HI column equivalent to 

Lyman Limit systems in 
QSO absorption studies 

•  NHI in 99% ionized regime  
•  Tidal or primordial origin? 

Need modeling to 
determine scenario.  

•  Cold accretion feeds both 
galaxy disks 

Imaging the HI cosmic web 



•  Confirmation of bridge by Lockman et al 2012, AJ, with the Green Bank 
Telescope 

•  Some brighter sub-structure, but intrinsic NHI really only few 1017 cm-2 in 
places, MBAR > 100 MHI ~ 109 MSun!   

Imaging the HI cosmic web 



Lewis, Braun et al 
2012  

•  “PAndAS in the 
Mist” shows very 
loose 
correspondence 
of stars and gas  

•  Gas is dissipative, 
stars are not.  

•  Need simulations to 
reconstruct 
interactions 

Cosmic Evolution of the Atomic ISM | 
Robert Braun 

Imaging the HI cosmic web 



RelaDon	  between	  HI	  
apparent	  column	  and	  
21cm	  opacity	  

• Non-‐linear	  correspondence	  of	  21cm	  opacity	  and	  apparent	  column	  density	  
(Kanekar,	  Braun	  &	  Roy	  2011,	  ApJL)	  

• Well-‐fit	  with	  warm	  /	  cool	  /	  warm	  “sandwich”	  model	  
• Cloud	  shielding	  column	  gives	  threshold	  log	  NHI	  ≈	  20.1	  
• Self-‐opacity	  gives	  saturaDon	  at	  apparent	  log	  NHI	  ≈	  21.8	  	  

Imaging low z DLAs 



•  Filamentary	  local	  minima	  in	  TB	  are	  correlated	  with	  broad,	  flat-‐topped	  profiles	  

•  AssociaDon	  with	  leading	  edge	  of	  spiral	  arms,	  >	  1	  kpc	  length	  

Opaque	  HI	  Filaments	  in	  M31	  



Opaque	  HI	  Filaments	  in	  M31	  

•  Examples	  of	  HI	  spectra	  

separated	  by	  100	  pc	  

•  Each	  sequence	  centered	  on	  a	  

“dark”	  filament	  

•  “Dark”	  features	  have	  boxy	  

line	  profiles	  and	  small	  

physical	  size	  in	  at	  least	  one	  

dimension	  



Opaque	  HI	  Filaments	  in	  M31	  

•  PopulaDon	  of	  opaque	  

filaments	  and	  clumps	  

•  Some	  gaps	  (<2%)	  where	  

velocity	  field	  becomes	  

mulD-‐valued	  (poor	  fits)	  

•  Local	  correcDon	  to	  NHI	  up	  

to	  10+	  Dmes	  

•  Global	  correcDon	  to	  MHI:	  	  	  

1.3	  Dmes	  

 

Braun et al 2009, ApJ 



Opaque	  HI	  Filaments	  in	  M31	  



 

HI data from Kim et al. 2003, 
ApJS 

Opaque	  HI	  Filaments	  in	  the	  LMC	  



Opaque	  HI	  Filaments	  in	  the	  LMC	  

•  Opaque	  filaments	  on	  flocculent	  arms,	  +	  more	  uniformly	  distributed	  clumps	  

•  Locally	  10+	  Dmes	  NHI,	  globally	  1.32	  Dmes	  MHI	  



Opaque	  HI	  Filaments	  in	  the	  LMC	  

•  Cold	  filaments	  and	  clumps	  in	  warmer	  matrix,	  beauDfully	  “resolved”	  with	  15	  pc	  

•  High	  σNT	  on	  the	  flocculent	  arms,	  also	  organized	  into	  “filaments”	  



•  Use	  opacity-‐corrected	  M31,	  M33	  &	  LMC	  images,	  plus	  ultra-‐deep	  Local	  
Group	  HI	  to	  calculate	  HI	  column	  density	  and	  mass	  distribuDon	  funcDons	  
–  Normalised	  using	  space	  density	  of	  galaxies	  from	  HIPASS	  HIMF	  
–  Compare	  with	  <z>	  =	  1	  &	  3	  QSO	  absorpDon	  lines	  

HI	  column	  density	  and	  mass	  distribuDon	  
funcDons	  



•  Previously published z = 0 HI column density distribution functions 
–  Based on large galaxy samples, but low resolution of 1.4 kpc (like above) 
–  Intrinsic HI peaks completely lost, no ability to determine opacity corrections 
–  Reached conclusion that distribution function unchanged with z 

HI	  column	  density	  and	  mass	  
distribuDon	  funcDons	  



• Rough	  agreement	  at	  and	  above	  mass	  peak	  (log	  NHI	  >	  21)	  for	  all	  z	  
• Dense	  atomic	  phase	  very	  similar	  over	  past	  12	  Gyr	  
• Dense	  HI	  phase	  is	  a	  short-‐lived	  transiDon	  from	  diffuse	  to	  molecular	  

• SystemaDc	  decline	  in	  diffuse	  HI	  (log	  NHI	  <	  21)	  by	  factor	  5	  since	  z	  =	  3	  
• HI	  halos	  (refueling	  of	  the	  dense	  phase)	  are	  on	  their	  way	  out	  	  

HI column density and mass 
distribution functions 



•  Damped Lyman Alpha (log NHI > 20.3) evolution of number and 
mass is systematic but modest 

•  Decline in ΩHI since z = 3 only factor of two 

HI path-‐length function and DLA 
evolution 



Ram	  Pressure	  InteracDons?	  

“Common wisdom”:  
1.  Most galaxies are essentially at rest with 

respect to their CGM environment 
2.  The CGM density is typically so low that it can 

be neglected (except in dense cluster 
environments) 

But are these assumptions true?  



Ram	  Pressure	  InteracDons?	  

Recent “facts”:  
1.  The majority of galaxies occur in intermediate mass groups  

–  First in Eke et al. 2005, now Nurmi et al. 2013 using SDSS 

  The median group properties are: 
–  Mass, MDyn = 1013 h-1 M¤  
–  3D Galaxy separation, <R> = 0.16 h-1 Mpc 
–  3D Velocity dispersion, <σ> = 260 km/s 

2.  The CGM has a “universal” baryonic density profile at 
intermediate radii within bound potentials: 

–  Dave et al. 2010 

–  nH(<R>) = 1.0 × 10-4 cm-3 

Mon. Not. R. Astron. Soc. 000, 1–?? (2014) Printed 15 January 2014 (MN L
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On the Formation of Warped Gas Disks in Galaxies
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ABSTRACT
We consider the most commonly occurring circumstances which apply to galaxies,

namely membership in galaxy groups of about 10

13h�1 M� total mass, and estimate

the accompanying physical conditions of intergalactic medium (IGM) density and the

relative galaxy-IGM space velocity. We then investigate the dynamical consequences

of such a typical galaxy-IGM interaction on a rotating gaseous disk within the galaxy

potential. We find that the rotating outer disk is systematically distorted into a charac-

teristic “warp” morphology, of the type that has been well-documented in the majority

of well-studied nearby systems. The distortion is established rapidly, within two rota-

tion periods, and is long-lived, surviving for at least ten. A second consequence of the

interaction is the formation of a one arm retrograde spiral wave pattern that prop-

agates in the disk. We suggest that the ubiquity of the warp phenomenon might be

used to reconstruct both the IGM density profile and individual member orbits within

galaxy groups.

Key words: galaxies: evolution, galaxies: interactions, intergalactic medium, kine-

matics and dynamics

1 INTRODUCTION

Although historically is was customary to consider galaxy
evolution to occur in relative isolation, there has been a
growing realisation that interactions amongst galaxies and
with the broader inter-galactic environment play an impor-
tant role in determining both the evolution and the ultimate
fate of individual galaxies. Two assumptions in particular
still color the intuition of many researchers, namely (1) that
most normal galaxies can be considered to be essentially
at rest with respect to their environment, and (2) that the
typical intergalactic densities are so low that they can be
neglected. But are those assumptions justified?

Comparative studies of large observational surveys of
galaxy populations in the local universe with cosmological
numerical simulations have established that the majority of
galaxies occur in groups with a median total mass of about
1013h�1 M�, and neither in isolation nor in massive clusters
(Eke et al. 2005; Nurmi et al. 2013). Such mass concentra-
tions will be self-gravitating out to radii that enclose a mean
mass density of about, < ⇢ >= 200⇢crit, for a critical den-
sity, ⇢crit = 3H2

0/(8⇡G), with the Hubble constant, H0, so
that M200 = 200⇢crit(4⇡/3)r

3
200. The corresponding median

group radius is therefore about r200 = 350h�1 kpc.
It has also been demonstrated that the characteristic

median projected galaxy separation within such groups is,
< R >= 0.13h�1 Mpc, and the line-of-sight velocity disper-
sion is �V = 150 km s�1 (Nurmi et al. 2013). The corre-
sponding physical radius and space velocity for an isotropic
distribution is < r >= (3/2)0.5 < R >= 0.16h�1 Mpc and
�3d = 30.5�V = 260 km s�1. The intergalactic medium den-
sities within galaxy group environments may also conform
to a “universal” radial profile. This was first suggested by
Navarro et al. (1996) for the dark matter profile and has been
verified in many subsequent cosmological simulations. More
recently, Davé et al. (2010) have suggested that a character-
istic baryonic mass over-density ⇢c/⇢̄ = 120±0.2 dex occurs
at the radius, r200, of self-gravitating halos of any mass, with
⇢̄ as the mean baryon density in the Universe. At interme-
diate radii, both an isothermal and an NFW density profile
(Navarro et al. 1996) predict a baryonic density that varies
as (r/r200)

�2. This allows estimation of the corresponding
volume density from,

nH(r) =
⇢(r)
µmH

=
⇢c
⇢̄

✓
r

r200

◆�2 ⌦b3H
2
0

µmH8⇡G
. (1)

With ⌦b = 0.049, H0 = 67.3 km/s/Mpc (Ade et al. 2013)
and a mean atomic mass, µ = 1.4, this yields a characteristic
IGM density, nH(< r >) = 1⇥ 10�4 cm�3.
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Ram	  Pressure	  InteracDons?	  

But is that really true?  



Galaxy	  Model	  

•  Ram	  wind	  perpendicular	  to	  disk:	  

Induced	  velocity	  component:	  
m=0	  mode	  



Kinematic Ram Pressure Measurements 9

Figure 5. Model velocity (left) and residual field (right) with ram wind parallel to disk. The ram wind is shown for 4 different angles.
From top left in clockwise direction: θram = 0deg, θram = 45deg, θram = 90deg, and θram = 135 deg.

Figure 6. Model velocity and residual field with ram wind from an angle of γram = 45deg (left panel) and γram = −45 deg (right
panel) inclined to disk and an azimuthal angle of θ = 0deg.

c⃝ 2013 RAS, MNRAS 000, 1–??

Galaxy	  Model	  
•  Ram	  wind	  parallel	  to	  disk:	  

Θ=45°	  Θ=0°	  

Θ=90°	  Θ=135°	  

Induced	  velocity	  component:	  	  	  	  	  m=2	  mode	  



Galaxy	  Model	  
•  Ram	  wind	  inclined	  by	  +45°	  and	  	  -‐45°	  to	  disk:	  

Kinematic Ram Pressure Measurements 9

Figure 5. Model velocity (left) and residual field (right) with ram wind parallel to disk. The ram wind is shown for 4 different angles.
From top left in clockwise direction: θram = 0deg, θram = 45deg, θram = 90deg, and θram = 135 deg.

Figure 6. Model velocity and residual field with ram wind from an angle of γram = 45deg (left panel) and γram = −45 deg (right
panel) inclined to disk and an azimuthal angle of θ = 0deg.

c⃝ 2013 RAS, MNRAS 000, 1–??



Example:	  NGC	  6946	  
DecomposiDon	  of	  non-‐circular	  velocity	  field:	  



Single	  Object:	  
•  Measurement	  of	  3D	  

vector	  of	  the	  galaxies’	  
movement	  through	  IGM	  	  

•  Constrain	  product:	  
(relaDve	  velocity	  ×	  IGM	  
density)	  

MulD-‐object:	  
•  Determine	  galaxy	  orbits	  

and	  IGM	  density	  profile	  
Current	  measurements	  
already	  confirm	  IGM	  
properIes	  fully	  consistent	  
with	  median	  group	  
condiIons	  

ApplicaDons:	  

[ <σ>, nH(<R>) ] 



4 Haan & Braun

Figure 2. Distribution of test gas clouds in the (X, Y )-plane
(top left) and (X,Z)-plane (top right) after two dynamical time-
scales (∼1.0 Gyrs) in the combined gravitational potential of a
disk and spherical halo. The bottom left panel shows the circular
rotation velocities (black points) as function of radius, which can
be decomposed into a stellar disk (blue line) and a spherical halo
component (dashed red line). The dispersion velocity measured
from the velocity component in the Z-direction is shown in the
bottom right panel.

on one side of the galaxy are elongated due to the ram com-
ponent in the (X,Y)-direction while on the other side they
are shortened. This leads to an asymmetry where gas clouds
are exposed for a longer time and to a more effective ram
wind in the z-direction due to the smaller gravitational forces
at larger radii on one half of the orbit than on the other. In-
tegrated over the entire orbital path, this causes a change
in the inclination angle and a warped disk evolves. Our re-
sults show that the warp direction depends on the direction
of the galaxy’s motion through the IGM and whether the
galaxy is rotating in the clockwise or counter-clockwise di-
rection, which results in a distortion which has the opposite
sign in the Z-direction. The formation of warped structure
is in agreement with studies of torques exerted by accretion
flows (e.g. López-Corredoira et al. 2002; Sánchez-Salcedo
2006), and our results corroborate the picture that warps
in galactic disks are formed by the interaction with their
surrounding material.

The radius at which the disk becomes warped depends
not only on the gravitational potential but also significantly
on the state of the neutral ISM, which goes through a phase
transition from dense clumpy clouds (with possible molecu-
lar gas cores) towards lower density clouds and diffuse gas
(see Haan & Braun 2013). We have compared the geometry

of the final warped gas disk after 4 Gyrs for three different
density profiles: (a) uniform, (b) exponential, and (c) hy-
perbolic with a transition radius at 15 kpc (see Fig. S2 in
the supplementary material). In all cases the final gas dis-
tribution and velocities show that the ram wind induces an
“S-shaped” warped gas disk for a moderately inclined ram
wind angle. However, the radial scale at which the inclina-
tion of the disk changes depends on the density properties
of the ISM.

Besides the warped morphology, we find that a ram
wind component parallel to the plane of the galaxy induces
a one-arm spiral pattern that slowly evolves with time in
a retrograde direction. The nature of this structure can be
interpreted as a wave phenomenon due to the combination
of the underlying gravitational potential and the ram wind
direction in the plane of the galaxy. Tosa (1994) has shown
a similar structure evolving under ram pressure, but was
restricted only to the plane of the galaxy and no vertical
component was included. If the ram wind also has a vertical
component, as is the case in our study, the retrograde spiral
in the disk evolves into a warped retrograde helix structure
along the vertical axis as shown in Fig. 4 and in the simula-
tion movie (see supplementary material). Moreover, we find
that the ram pressure induced “instantaneous” non-circular
motions (∼ 10− 50 km s−1 over less than one orbit) are in
the same range as measured in our kinematic ram pressure
study (Haan & Braun 2013), which suggests that both, the
warped geometry and the non-circular motions that are not
due to warps, require similar ram pressure properties (IGM
density and relative velocity of galaxy to IGM).

This study demonstrates that the measured typical mo-
tion of a disk galaxy relative to its median intergalactic en-
vironment can lead to a significant change of the morphol-
ogy of the gas distribution, characterized by a “S-shaped”
warped, lopsided disk and a one arm retrograde helix struc-
ture. Given the results of our previous kinematic ram pres-
sure study (Haan & Braun 2013) and the fact that most
galaxies show these structures, we suggest that the interac-
tion between galaxies and their surrounding IGM are the
main drivers for both non-planar and non-circular motions
in the outer gas disks of galaxies. Having recognised the
cause of these distortions, one can use the ubiquity of these
phenomena to infer the physical attributes of galaxy groups.
With multiple probes of the same environment, each galaxy
within a group can be used to infer the likely IGM density
profile, the galaxy space velocity and a likely orbital history.
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Long-‐Term	  Consequences	  of	  Ram	  
Pressure	  

How	  about	  seung	  up	  a	  
whole	  populaDon	  of	  
clouds	  in	  a	  realisDc	  
galaxy	  potenDal	  ?	  	  



Long-‐Term	  Consequences	  of	  Ram	  
Pressure	  

Now	  what	  happens	  ?	  	  

2

Figure S1: The gas distribution (left panel) and the line-of-sight velocity fields (right panel) as observed on the sky with an inclination
of 45 degree of the final warped disk after 4 Gyrs (ram properties and disk geometry are the same as in Fig. 3).

Figure S2: Comparison of the geometry of the final warped gas disk after 4 Gyrs under a moderate inclined ram wind between
counterclockwise-rotating (left panel) and clockwise rotation (right panel). Ram properties and disk geometry are the same as in Fig. 3.

c⃝ 0000 RAS, MNRAS 000, 000–000



Warped Gas Disks 5

Figure 3. The gas distribution as function of time under ram
pressure (45 degree angle between X and Z axis, the red arrow
indicates the wind direction) in the combined gravitational po-
tential of disk and spherical halo. All gas clouds have the same
density with a uniform effective ram pressure and the galaxy is
rotating in counter-clockwise direction.
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López-Corredoira, M., Betancort-Rijo, J., & Beckman,
J. E. 2002, A&A, 386, 169
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Long-‐Term	  Consequences	  of	  Ram	  
Pressure	  

ConDnuous	  exposure	  to	  a	  
ram	  wind	  induces	  a	  “classical”	  
S-‐shaped	  warp	  of	  outer	  disk	  
•  warp	  sets	  in	  within	  2PRot	  
•  warp	  is	  stable	  for	  >10PRot	  
Also	  induces	  one	  arm	  
retrograde	  spiral	  density	  
wave	  pavern	  in	  disk	  

2

Figure S1: The gas distribution (left panel) and the line-of-sight velocity fields (right panel) as observed on the sky with an inclination
of 45 degree of the final warped disk after 4 Gyrs (ram properties and disk geometry are the same as in Fig. 3).

Figure S2: Comparison of the geometry of the final warped gas disk after 4 Gyrs under a moderate inclined ram wind between
counterclockwise-rotating (left panel) and clockwise rotation (right panel). Ram properties and disk geometry are the same as in Fig. 3.

c⃝ 0000 RAS, MNRAS 000, 000–000



2

Figure S1: The gas distribution (left panel) and the line-of-sight velocity fields (right panel) as observed on the sky with an inclination
of 45 degree of the final warped disk after 4 Gyrs (ram properties and disk geometry are the same as in Fig. 3).

Figure S2: Comparison of the geometry of the final warped gas disk after 4 Gyrs under a moderate inclined ram wind between
counterclockwise-rotating (left panel) and clockwise rotation (right panel). Ram properties and disk geometry are the same as in Fig. 3.
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Long-‐Term	  Consequences	  of	  
Ram	  Pressure	  

How	  does	  outcome	  depend	  on	  relaDve	  galaxy	  spin?	  	  
•  Mirror	  Z-‐X	  symmetry	  of	  induced	  warp	  signatures	  for	  CW	  vs	  CCW	  



1.	  Summary	  
Ultra-sensitive HI emission studies can reach the densest parts 
of the cosmic web ( log(NHI) ~ 17, log(NH) ~ 19 ) 

• Direct imaging of ongoing cold (T ~ 104 K) accretion 
 



2.	  Summary	  
Opaque HI accounts for 30 – 40 % more HI in galaxies than is 
apparent in standard imaging (local correction often > factor 10) 

• Decline in ΩHI by only a factor of two from z = 3 to z = 0 
• Contrast with ULIRG MH2 which has declined by factor 10 since z = 0.5  

Similar dense atomic phase (log NHI > 21) for all z 
•  Dense atomic phase is a short-lived transition from diffuse to 

molecular gas 

Strong evolution of diffuse atomic phase (log NHI < 21) for all z 
•  Decline by factor of 5 since z = 3 

•  Accretion for continued star formation has all but disappeared 



•  Median	  Galaxy	  –	  CGM	  ram	  pressure	  interacDon	  produces	  a	  
significant	  kinemaDc	  and	  morphological	  signature	  in	  the	  diffuse	  
HI	  disk:	  CGM	  nH	  is	  significant	  and	  galaxy	  not	  at	  rest	  w.r.t.	  CGM	  	  

•  “Short-‐term”	  effects	  are	  m=0	  and	  m=2	  kinemaIc	  modes	  in	  the	  
residual	  velocity	  field	  and	  have	  a	  strong	  dependence	  on	  ISM	  
density	  

•  “Long-‐term”	  effect	  is	  the	  formaDon	  of	  a	  classical,	  m	  =	  1,	  S-‐
shaped	  warp	  (addresses	  long-‐standing	  puzzle	  of	  why	  so	  many	  
“isolated”	  galaxies	  are	  warped)	  as	  well	  as	  m	  =	  0	  morphological	  
distorDon	  

•  ApplicaDons:	  	  
–  Reveal	  3D	  vector	  of	  single	  galaxies’	  movement	  through	  the	  CGM	  
–  Reconstruct	  CGM	  density	  profile	  and	  individual	  member	  orbits	  within	  

galaxy	  groups	  

3.	  Summary	  




