
GAS MIXES

Rayleigh-Taylor Test:  High density medium starts on top of low 
density medium and they mix (oil+vinegar)
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STARS FORM FROM  
COOL, DENSE GAS

Tmax = 15000 K; nmin = 10 cm-3 (resolved density)	


Inherit kinematics and chemistry from parent gas
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HOW DOES THAT WORK?

• Not well:  Massive cooling instabilities lead to many unstable clumps
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THERMAL FEEDBACK IN 
PHASE DIAGRAM

all SN energy packed into 1 particle at 1 time	


(Dalla Vecchia & Schaye 2012)
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g1536:   
7x1011 M☉

g5664:   
5x1011 M☉

g511r5:   
6.5x1011 M☉



A  C R I T I C A L  M A S S  S C A L E  
I N  G A L A X Y  F O R M AT I O N

G R E G  S T I N S O N  ( M P I A ,  H E I D E L B E R G )
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Fig. 1. HRD for the non-rotating models. The colour scale indicates the surface number abundance of nitrogen on a logarithmic scale where the
abundance of hydrogen is 12. The grey shaded area represents the Cepheid instability strip for the SMC according to Tammann et al. (2003).

core increases with respect to the total mass (like an over-
shoot would do). However if the mass loss is still stronger
and su�cient to remove a significant part of the H-rich en-
velope and keep the star in a blue position in the HRD, the
MS width shrinks back. These e↵ects produce the elbow ap-
pearing in di↵erent mass ranges depending on the strength of
the stellar winds. At Z�, the shrinking occurs for stars with
Mini > 60 M�. At low Z, mass-loss rates are globally weaker,
hence only the widening occurs in the highest masses range.

– The non-rotating tracks at Z = 0.002 give a maximum lumi-
nosity for the red supergiants (RSGs) around 5.7, the same

value as the Z = 0.014 non-rotating models. However, the
value of 5.7 at Z = 0.002 is obtained by the 40 M� model
that spend only a very short time as a RSG (about 1000 yr).
Thus the e↵ective upper luminosity is rather in the range
of 5.5 corresponding to the luminosity reached by the 32 M�
stellar model during its RSG phase (which lasts 45 000 yr).

– Models with Mini � 40 M� at Z = 0.002 evolve back to the
blue after a luminous blue variable (LBV) or a RSG phase.
The corresponding inferior mass limit for evolving back to
the blue is 25 M� for the non-rotating solar metallicity mod-
els. As a consequence of weaker stellar winds, this mass limit
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T I M E S C A L E S

• Typical density of a star:  1 g / cc 

• tdyn = 15 minutes 

• Typical density of a galaxy:  0.1 mp / cc 

• tdyn = 100 Myr

T D Y N =  
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√4πGρ =26.8 Myr ( n	


cm-3 )-1/2
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B U R S T  F R E Q U E N C Y

• 6 / 500 Myr ~ 1 / 100 Myr  ⇒ n~0.1 cm-3   

• This is closest to the ISM density 

• It takes the ISM this long to recollapse 

• Are the burst amplitudes crazy?

T D Y N =26.8 Myr ( n	


cm-3 )-1/2
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Figure 2. Examples of galaxies with the number density of the Milky Way at 0 < z < 2.75. Galaxies at z ≈ 0.015 are from the SDSS; galaxies
at higher redshift are from the 3D-HST and CANDELS surveys. The color images were created from data in the same rest-frame bands (u and
g) at all redshifts and have a common physical scale. Their intensities are scaled so they are proportional to mass, indicated in the top panel.
Galaxies at high redshift have relatively low surface densities; their centers and outer parts seem to build up at the same time, at least until
z∼ 1.

(Brammer et al. 2012). Redshifts, stellar masses, and star for-
mation rates were determined from deep photometric catalogs
in these fields, combined with the grism spectra (see Bram-
mer et al. 2012 and references therein, and R. Skelton et al.,
in preparation). The 3D-HST v2.1 catalogs are≈ 100% com-
plete in the relevant mass and redshift range, but we note that
we rely largely on photometric redshifts (rather than grism
redshifts) at z! 1.3.
There are 361 galaxies at 0.25 < z < 2.75 in the catalogs

whose mass is within ±0.1 dex of MMW(z). Images of a ran-
dom subset of 90 are shown in Fig. 2. The images have the
same physical scale and represent the same rest-frame filters
(u and g). Their brightness is scaled in such a way that their
total (u + g) flux is proportional to MMW(z). The rest-frame
u and g images were created by interpolating the two ACS
and/orWFC3 images (smoothed to theH160 resolution) whose

central wavelengths are closest to the redshifted u and g filters.
Also shown are nearby galaxies from the Sloan Digital Sky

Survey (SDSS). We selected 40 galaxies with 0.013 < z <
0.017 and 10.62 < logM < 10.78 from the DR7 MPA-JHU
catalogs12 (Brinchmann et al. 2004), and degraded their u and
g images to the same spatial resolution as the high redshift
galaxies. A random subset of 10 are shown in Fig. 2.
It is clear from Fig. 2 that present-day galaxies with the

mass of the Milky Way have changed over cosmic time. The
most obvious change is that galaxies became redder with time,
particularly after z∼ 1, indicative of a decrease in the specific
star formation rate. The galaxies also appear brighter at lower
redshift in Fig. 2, reflecting the mass evolution of Eq. 1. A
striking aspect of this change in brightness, and a central re-

12 http://home.strw.leidenuniv.nl/˜jarle/SDSS/
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W H E R E  D O E S  O U T F L O W  
G O ?



C O S  H A L O S  O V I  
O B S E R VAT I O N S

Figure 2: O VI association with galaxies. (A) O VI column density, NOVI in cm�2, vs. R
in kiloparsec for the star-forming (blue) and passive (red) subsamples. Filled and open sym-
bols mark O VI detections and 3� upper limits, respectively. The detections in the star-forming
galaxies maintain logNOVI ⇠ 14.5 to R ⇠ 150 kpc, the outer limit of our survey. (B) Com-
ponent centroid velocities with respect to galaxy systemic redshift for O VI detections, versus
inferred dark-matter halo mass. The range bars mark the full range of O VI absorption for each
system. The inset shows a histogram of the component velocities. The dashed lines mark the
mass-dependent escape velocity at R = 50, 100, and 150 kpc from outside to inside.
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Figure 1: An illustration of our sampling technique and data. (A) An SDSS composite
image of the field around the QSO J1016+4706 with two targeted galaxies, labeled G1 and
G2, which are both in the star-forming subsample. (B) The complete COS count-rate spectrum
(counts s�1) versus observed wavelength. The panels below concentrate on the redshifted O VI
1032,1038 Å doublet for galaxies G1 (C) and G2 (D). The upper right panels illustrate the full
sample by showing the locations of all sightlines in position angle and impact parameter R with
respect to the targeted galaxies, for the star-forming (E) and passively evolving (F) subsamples.
The circles mark R = 50, 100, and 150 kpc.
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M I S S I N G  B A R Y O N S ?
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Figure 11. The baryonic budget (0.17Mhalo) of the fiducial COS-Halos galaxy, at L ≈ L∗, represented as a bar chart showing the
most massive baryonic components of the galaxy. The solid filled bars are lower limits to the fraction each component will contribute,
while the hashed area above the solid bars shows potential additional contributions allowed by the data. The stars and gas in the disk of
the galaxy (green) make up between 14 and 24% of the total budget, with the stellar contribution determined from abundance matching
(e.g. Behroozi et al. 2010) and the gas contribution (hashed region) estimated from HI surveys (Martin et al. 2010) and the baryonic
Tully-Fisher relation (McGaugh et al. 2010, 2012). The cool CGM contribution of baryons ranges between 25 - 45%. We have taken the
preferred lower limit (solid blue, Section 4.2.2 ), and bounded it on the top end by adding a factor of 3 to the HI column densities of the
sightlines that show saturation. The warm CGM, traced by OVI, is poorly constrained, with a contribution of at least of 5% (solid orange)
from very conservative assumptions regarding the ionization fraction of OVI (Peeples et al. 2013; Tumlinson et al. 2013) and assuming solar
abundance, ranging up to 37% which allows for gas metallicities of down to 0.1 Z⊙. We take the contribution from X-ray gas at ∼ 107 K
from Anderson et al. (2013), which ranges from 2% to 6% (red bar), depending on the distance to which the hot halo extends. The sum
of these components is given by the black bar, illustrating that galaxies have anywhere between 45% and 100% of their baryons relative to
the cosmological fraction.

the density falls off very steeply with radius resulting
in a negligible value in the outer halo (r > rs). We
conclude that an isothermal, cool CGM cannot reproduce
the observations.
For the polytropic case, we have

ρ(r) = ρ0

[

1−
Γ− 1

Γ
∆NFW

(

1−
ln(1 + r/rS)

r/rS

)]1/Γ−1

(11)
This leads to a slightly shallower density profile for Γ =
0.8 but still one where ρ(rS) ≈ ρ0/1010. The outer halo
is very nearly a vacuum.
We conclude that a single-phase CGM with T ≈ 104K

in hydrostatic equilibrium with an NFW potential cannot
reproduce the observations. We are motivated, therefore,
to consider more complex (and realistic) scenarios.

5.3.2. Two-phase Models

Guided by the observations for a wide range of ion-
ization states in halo gas (e.g. Si II, Mg II, Si III,
C IV, O VI), it is likely that the medium has multiple
phases. In their seminal paper, Mo & Miralda-Escude
(1996) introduced a two-phase model composed of cool

clouds (T ∼ 104K) in pressure equilibrium within a more
diffuse, hot halo gas (T ∼ 106K). They presented solu-
tions for the density profile of the hot phase, placed con-
straints on the masses of the cool clouds, and tracked
the dynamics (i.e. infall kinematics) of the cold clumps.
In turn, they demonstrated that this two-phase model
could reproduce some of the basic observables of halo
gas at z < 1.
Other authors have since developed hydrostatic solu-

tions in the context of high velocity clouds of the Milky
Way (Sternberg et al. 2002). These treat the EUVB ra-
diation field to model the Log NHI profile of the clouds
and also examine higher ionization states of the gas. In
all of these models, the cool phase is assumed to have
‘condensed’ out of the hot phase, via hydrostatic insta-
bilities. While there is theoretical support for this as-
sumption (Field 1965), other analyses have argued that
galactic halos are generally stable to such condensations
(Binney et al. 2009).
In the following, we adopt the formalism of

(Maller & Bullock 2004, hereafter MB04) who expanded
upon the Mo & Miralda-Escude (1996) treatment. Our
goal is to examine whether such clumpy, two-phase sce-
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VA R Y I N G  
P O T E N T I A L

• Changes in 
potential change 
the orbits of 
particles



D O  B U R S T S  A F F E C T  T H E  
G A L A X Y ’ S  S H A P E ?

A L S O  S E E  
P O N T Z E N  &  

G O V E R N AT O  
( 2 0 1 2 )

T H E R E  I S  N O  C E N T E R  S I N C E  S T E L L A R  F E E D B A C K  K E E P S  
M O V I N G  E N O U G H  G A S  T O  A F F E C T  P O T E N T I A L

2 X 1 0 11  M☉



F L AT T E N I N G  D E P E N D S  
O N  M A S S

W A R N I N G :   P R E L I M I N A R Y  A N A LY S I S



M E D I U M  M A S S Mhalo=1011 M☉



L O W  M A S S Mhalo=3x1010 M☉



H I G H  M A S S  ( M I L K Y  W AY ) Mhalo=1012 M☉





D A R K  M AT T E R  
P R O F I L E S

α  I S  P R O F I L E ’ S  I N N E R  S L O P E

at z=0

DM only

with  
feedback

α

α



D A R K  M AT T E R  
O N LY

• Fairly constant 
independent of mass
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F E E D B A C K

• trend with mass 

• lots of scatter



A S  F U N C T I O N  
O F  S T E L L A R  
M A S S

• same trend 

• maybe less scatter?

Mass of stars
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• even less scatter?

Star formation efficiency
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S U M M A R Y

• Stars drive outflows 

• Bursty star formation histories 

• Creates Circum-galactic medium (CGM, gas halo) 

• Change DM profile cusps to cores and back again



MISSING 
SATELLITES 
PROBLEM
Far fewer satellite 

substructures found around 
Milky Way than CDM predicts	
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Fig. 1.—Density of dark matter within a cluster halo of mass 5#
(top) and a galaxy halo of mass (bottom). The edge of14 1210 M 2# 10 M, ,

the box is the virial radius, 300 kpc for the galaxy and 2000 kpc for the cluster
(with peak circular velocities of 200 and 1100 km s , respectively).!1

Fig. 2.—Abundance of cosmic substructure within the Milky Way, the Virgo
Cluster, and our models of comparable masses. We plot the cumulative numbers
of halos as a function of their circular velocity, , where is1/2v = (Gm /r ) mb b bc

the bound mass within the bound radius of the substructure, normalized torb
the circular velocity, Vglobal, of the parent halo that they inhabit. The dotted
curve shows the distribution of the satellites within the Milky Way’s halo
(Mateo 1998), and the open circles with Poisson errors are data for the Virgo
Cluster (Binggeli et al. 1985). We compare these data with our simulated
galactic mass halo (dashed curves) and cluster halo (solid curve). The second
dashed curve shows data for the galaxy at an earlier epoch, 4 billion years
ago—dynamical evolution has not significantly altered the properties of the
substructure over this timescale.

make a comparative study with observations and simulations
of larger mass halos.

2. SUBSTRUCTURE WITHIN GALAXIES AND CLUSTERS

We simulate the hierarchical formation of dark matter halos
in the correct cosmological context using the high-resolution
parallel treecode PKDGRAV. An object is chosen from a sim-
ulation of an appropriate cosmological volume. The small-scale
waves of the power spectrum are realized within the volume
that collapses into this object with progressively lower reso-
lution at increasing distances from the object. The simulation
is then rerun to the present epoch with the higher mass and
force resolution. We have applied this technique to several halos
identified from a 106 Mpc3 volume, including a cluster similar
to the nearby Virgo Cluster (Ghigna et al. 1998) and a galaxy
with a circular velocity and isolation similar to the Milky Way.
The cosmology that we investigate here is one in which the

universe is dominated by a critical density of cold dark matter,
normalized to reproduce the local abundance of galaxy clusters.

The important numerical parameters to remember are that each
halo contains more than one million particles within the final
virial radius rvir and that we use a force resolution that is ∼0.1%
of rvir. Further details of computational techniques and simu-
lation parameters can be found in Ghigna et al. (1998) and
Moore et al. (1999). Here we focus our attention directly on
a comparison with observations.
Figure 1 shows the mass distribution at a redshift of z = 0

within the virial radii of our simulated cluster and galaxy. It
is virtually impossible to distinguish the two dark matter halos,
even though the cluster halo is nearly a thousand times more
massive and forms 5 Gyr later than the galaxy halo. Both
objects contain many dark matter substructure halos. We apply
a group-finding algorithm to extract the subclumps from the
simulation data, and we use the bound particles to measure
their kinematical properties directly: mass, circular velocity,
radii, and orbital parameters (cf. Ghigna et al. 1998). Although
our simulations do not include a baryonic tracer component,
we can compare the properties of these systems with obser-
vations using the Tully-Fisher relation (Tully & Fisher 1977).
This provides a simple benchmark for future studies that in-
corporate additional physics such as cooling gas and star
formation.
Figure 2 shows the observed mass (circular velocity) func-

tion of substructure within the Virgo Cluster of galaxies com-
pared with our simulation results. The circular velocities of
substructure halos are measured directly from the simulation,
while for the Virgo Cluster, we invert the Binggeli et al. lu-
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Figure 1. The cumulative V-band luminosity functions of the subhalo populations of the host galaxies at z = 0, in solid black, ordered
by mass, with the mass given just below the host label. Observational data of the Milky Way gathered by Tollerud et al. (2008) is
in dashed-dotted red, M31 is in dashed-dotted purple (Mateo 1998; Brasseur et al. 2011; Slater et al. 2011; Bell et al. 2011) and the
theoretical complete function of the Milky Way is in dashed blue from Koposov et al. (2009), normalized to Equation 1 from Trentham
& Tully (2009). The ultra faint dwarfs as observed in the Milky Way go much fainter than the resolution limit of our simulation.

galaxies g5664, g8893, g1536, g21647, and g22795 did not
have an overly-large overabundance of of high-luminosity
satellites and so we reproduced the Press-Schechter function
in Figure 3. The values we have are ↵ = �1.19 for the faint-
end slope, and luminosity cuto↵ M⇤

R

= �23.8, where our ↵
falls into the range of �1.27 < ↵ < �1.12 that Trentham &
Tully (2009) found for their sample.

Comparing to the Trentham & Tully (2009) study of the
relationship between the host mass and number of subhalos,
we present Figure 4: number of satellites versus the mass of
the host galaxy, for only our luminous satellties. We do not
consider our satellites galaxies dimmer than M

R

= �11,
their confidence cuto↵, and we split the dwarfs from the
giant satellites at M

R

= �17. We obtain for dwarfs,

N
d

⇠ M1.2±0.2 (5)
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WHY SUBHALOS FAIL
Low mass potentials not deep enough to hold ionized 104 K gas 
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Figure 14. Mechanisms for baryon loss over time for the medium
mass subhalo (b) (maximum mass: 4.2 × 109 M⊙, final mass:
2.0 × 108 M⊙) from Figure 5. The colour scheme follows Figure
13.

Figure 15. Mechanisms for baryon loss over time for the medium
mass subhalo (c) (maximum mass: 1.4 × 109 M⊙, final mass:
7.2 × 108 M⊙) from Figure 5. The colour scheme follows Figure
13.

efficiently form stars and for tidal stripping to play the most
important role in their mass loss. Medium mass subhalos
tend to be more dominated by stellar feedback, since they
are massive enough to form stars but light enough that they
are more susceptible to losing their gas. Following Figure
15, lower mass subhalos lose significant mass due to UV
reionisation and then much of the remaining mass is stripped
by ram pressure.

A dichotomy of evolutionary scenarios appears in Figure
16. Halos less massive than ≈ 2.0×109 M⊙ lose their gas due
mostly to UV reionisation. Higher mass halos formed stars,
lost less mass to reionization, and lost gas due to a variety
of other mechanisms. This distinction disappears when the
satellites are classified by their final mass as in Figure 2
where the populations of baryonless and luminous subhalos
overlap in terms of total mass at z = 0.

Table 1 summarizes the results of Figure 16 by dividing
the subhalos into three categories (ones with gas and stars
at z = 0, ones without gas at z = 0 but had stars, and
ones that never formed stars and have no gas at z = 0). UV
ionisation is the most prominent for all subhalos. For the

Figure 16. Mechanisms for baryon loss at z = 0 for all subhalos,
as a function of the maximum mass that a subhalo was able to
achieve. The colour scheme follows Figure 13. The various loss
mechanisms are cumulative over time, while the total gas and
stars are for the current time. All values are a fraction of the
subhalo’s maximum mass. The luminous subhalos show an excess
of baryons over their lifetime, above the cosmic mean of 0.17.
The cutoff between luminous and dark satellites happens at about
2.0× 109 M⊙.

most massive subhalos tidal stripping followed, while stellar
feedback and ram pressure stipping had little impact. For
the subhalos massive enough to form stars at some point
but which did not retain gas at z = 0, after UV ionisation,
stellar feedback was the most prominet mechanism, while
tidal and ram pressure stripping were close in magnitude.
Finally, UV ionisation was the most important for the sub-
halos that never formed stars, with some impact from ram
pressure stripping. Tidal stripping and stellar feedback were
negligible. Note the caveat: since it is impossible in all cases
to clearly distinguish the mechanism that leads to the loss of
a gas particle, the boundaries between the mechanisms are
not clearly defined and the percentages should, therefore, be
take as indicative of the relative importance of the various
gas loss mechanisms.

For the lower mass subhalos, the amount of mass lost
adds up nearly to the cosmic baryon fraction (≈ 0.17), in
part because our analysis relied on pairing dark and gas
particles. However, not only do the higher mass subhalos
contain more baryons than the cosmic fraction, they contain
more stars than the cosmic fraction. To understand how the
higher mass subhalos form so many stars, we investigated
the origin of these stars. Figure 17 shows the mass evolution
of a 7.1 × 109 M⊙ subhalo that ends up with more than
the cosmic baryon fraction in stars. The mass evolution is
divided into categories based on whether the particles were
twins of the dark matter present at the maximum mass.
While most of the stars formed from gas that was a twin of
this dark matter, almost 10% of the stars formed from gas
that were twins of dark matter that were not members of
this halo at its time of maximum mass, or any of the outputs
immediately before and after the time of maximum mass.

Figure 18 shows how this extra gas (marked as light
green) comes from a much wider region than the dark mat-
ter (marked as brown). While such accretion could be a nu-
merical artifact of over-efficient gas cooling, it could also be

Nickerson+	


(2011) 
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Figure 4. The shaded areas indicate the AMDs p(s) of the 14 disk galaxies in our sample, normalized to fdisk/fbar. For comparison we
plot p(s) of equation (11) with µ = 1.25 (normalized to unity), and which represents the median of the AMDs of ΛCDM haloes. Under
the standard assumption that baryons conserve their specific angular momentum the difference between the two distributions reflects
the AMD of the baryonic matter that is not incorporated in the disk. Note that it is preferentially the baryonic matter with both the
highest and the lowest angular momentum that is absent in the disks.

baryonic component, with mass fbarMvir, can be parame-
terized by equation (11). A comparison of this distribution
with the probability distributions p(s) of real galaxies can
be used to test this standard picture and/or provide use-
ful insights regarding the details of galaxy formation. Such
comparison is only valid if the total baryonic mass and the
disk material have the same jtot (after all s = j/jtot). The
fact that the distribution of λdisk for our sample of dwarf
galaxies is consistent with p(λ) of dark matter haloes (cf.

Figure 2) shows that this is a valid assumption to make, at
least in a statistical sense.

In Figure 4 we plot the distributions p(s), normalized
to fdisk/fbar, for all galaxies in our sample (hatched areas).
In addition we plot p(s) of equation (11) with µ = 1.25
(the median value found by B00) and normalized to unity
(solid lines). This distribution is to represent the AMD of the
total baryonic mass. Then, under the standard assumption
that baryons conserve their specific angular momentum, the
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Figure 4. The shaded areas indicate the AMDs p(s) of the 14 disk galaxies in our sample, normalized to fdisk/fbar. For comparison we
plot p(s) of equation (11) with µ = 1.25 (normalized to unity), and which represents the median of the AMDs of ΛCDM haloes. Under
the standard assumption that baryons conserve their specific angular momentum the difference between the two distributions reflects
the AMD of the baryonic matter that is not incorporated in the disk. Note that it is preferentially the baryonic matter with both the
highest and the lowest angular momentum that is absent in the disks.
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