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ABSTRACT

We study the angular momentum profiles both for dark matter and for gas within virialized halos using a
statistical sample of halos drawn from cosmological hydrodynamics simulations. Three simulations have
been analyzed: one is the nonradiative simulation and the other two have radiative cooling. We find that the
gas component, on average, has a larger spin and contains a smaller fraction of mass with negative angular
momentum than its dark matter counterpart in the nonradiative model. As to the cooling models, the gas
component shares approximately the same spin parameter as its dark matter counterpart, but the hot gas has
a higher spin and is more aligned in angular momentum than dark matter, while the opposite holds for the
cold gas. After the mass of negative angular momentum is excluded, the angular momentum profile of the
hot gas component approximately follows the universal function originally proposed by Bullock et al. for
dark matter, though the shape parameter x is much larger for hot gas and is comfortably in the range required
by observations of disk galaxies. Since disk formation is related to the distribution of hot gas that will cool,
our study may explain the fact that the disk component of observed galaxies contains a smaller fraction of
low angular momentum material than dark matter in halos.

Subject headings: cosmology: theory — dark matter — galaxies: formation — galaxies: halos —
galaxies: spiral — galaxies: structure

1. INTRODUCTION

Angular momentum is one of the most important quanti-
ties that determine the structure of disk galaxies. In the pop-
ular hierarchical structure formation framework (White &
Rees 1978), dark matter halos grow by means of gravita-
tional instability and acquire angular momentum from tidal
torques, and galaxies form through cooling of baryons
within dark matter halos. In order to derive a density profile
of the cooled gas, one needs three assumptions: (1) the spe-
cific angular momentum of gas is conserved during the col-
lapse, (2) gas has the same initial angular momentum
distribution as dark matter in a halo, and (3) either the disk
density profile is assumed to be exponential as observed, or
the angular momentum profile of dark matter halos is
assumed. (Fall & Efstathiou 1980; Blumenthal et al. 1986;
Dalcanton, Spergel, & Summers 1997; Jimenez et al. 1997;
Mo, Mao, & White 1998; van den Bosch 1998; Avila-Reese
& Firmani 2000).

The angular momentum of a halo is often parameterized
by the dimensionless spin parameter
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where G is the gravitational constant, and J, E, and M are
the total angular momentum, energy, and mass of the halo,
respectively (Peebles 1969). With the first two assumptions,
it is clear that the disk scale length R; o< ARy;;. The angular
momentum of a halo is presumably acquired through tidal
interactions with neighboring objects (Doroshkevich 1970;
White & Rees 1984; Catelan & Theuns 1996; Lee & Pen

35

2000; Porciani, Dekel, & Hoffman 2002). In particular, with
help of N-body simulations, the distribution of the halo spin
parameter is found to be approximately lognormal with a
median value of A ~ 0.05 (Barnes & Efstathiou 1987). The
implied distribution of disk scale length agrees reasonably
well with observations (Mo, Mao, & White 1998; Cole et al.
2000; de Jong & Lacey 2000; van den Bosch et al. 2002; Shen
etal. 2003).

Recently, Bullock et al. (2001, hereafter B2001) have
determined the angular momentum distribution for individ-
ual dark matter halos in a concordance cold dark matter
model. Their results imply that the dark halos have too
much low angular momentum material to account for the
observed typical exponential profiles of disk galaxies
(B2001; van den Bosch 2001; van den Bosch, Burkert, &
Swaters 2001), if the gas follows dark matter in the angular
momentum distribution. It had been expected that warm
dark matter assumption may resolve this problem, but
recent studies (Chen & Jing 2002; Bullock, Kravtsov, &
Colin 2002; Knebe et al. 2002) have not found any signifi-
cant difference in the angular momentum profile between
the two types of dark matter models. Chen & Jing (2002)
and van den Bosch et al. (2002) also demonstrated that
angular momentum of dark matter within a halo does not
align well, and a significant fraction of dark matter is in
counterrotation relative to the global spin of the halo. This
implies that one should be cautious when the angular
momentum of disk galaxies is compared with the angular
momentum profile of Bullock et al. (2001) for dark matter
halos. After the matter of negative angular momentum j is
excluded (j is the angular momentum projected on the halo
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spin axis), Chen & Jing (2002) showed that the angular
momentum distribution is reasonably described by the
universal profile suggested by B2001,

M(<j) =M >0 )
Jo+J

where M(j > 0) is the total mass of positive angular
momentum in the halo (the virial mass was in the original
formula of B2001), jo = (¢ — 1)jmax, and jmax is the maxi-
mum specific angular momentum. The parameter x indi-
cates the shape of the profile, and a smaller x means there is
more mass of low angular momentum. Unless the material
of low positive angular momentum is consumed in combi-
nation with that of negative angular momentum to form a
bulge component as van den Bosch et al. (2002) suggested, it
appears difficult to reconcile the exponential disk of spiral
galaxies with CDM models.

Considering the above angular momentum problem, the
first and second assumptions, which are essential ingre-
dients of the standard paradigm for disk galaxy formation
appear to be questionable. Van den Bosch et al. (2002)
studied the angular momentum distribution of the gas in
galactic dark halos at z = 3 in a nonradiative cosmological
hydrodynamics simulation. They found that, on average,
the gas and dark matter have the same distribution of the
spin parameter and that their detailed angular momentum
distributions in individual halos are very similar. Because
the simulation box is only 10 #~! comoving Mpc on each
side, they cannot evolve the simulation to the redshift z = 0.

Because of its utmost importance, we analyze here the
angular momentum distribution of halos in a set of three
cosmological hydrodynamics simulations performed with a
particle-particle-particle mesh smoothed particle hydrody-
namics (P MSPH) code (Yoshikawa et al. 2001). One simu-
lation is nonradiative (or adiabatic), and the other two
adopt different metallicities for gas and allow the gas to cool
radiatively. From the two radiative cooling models, we can
get information about the distribution of angular momen-
tum in gas components with different temperatures. Since
the disk formation is related to the distribution of hot gas
before cooling, our division of gas into two components
(hot and cold gas) becomes increasingly essential. The simu-
lations were performed in a box of 75 h~! Mpc, so most
halos analyzed here are of mass of rich groups. Fortunately,
it is generally believed that the angular momentum profile
and spin parameter of halos depend on the halo mass very
weakly (as dark matter simulations have shown; Lemson &
Kauffmann 1999), so most results obtained here would also
be applicable to galactic halos and disk formation. Our
study here differs from that of van den Bosch et al. (2002) in
several important aspects. First of all, in addition to one
nonradiative simulation, we have two simulations with radi-
ative cooling that enable us to do analysis for hot gas and
cold gas separately. We do analysis for halos at redshift
z = 0 and at group mass, and our simulations are generated
with an independent code.

As will be seen, we find that the spin parameter of the hot
gas component is nearly 20% larger than that of dark matter
counterpart in all the three models, including the nonradia-
tive model. The hot gas component has much less mass with
negative angular momentum j than dark matter component,
that is, the angular momentum of the hot gas is significantly
more aligned than that of dark matter. Since disk formation

Vol. 597

is related to the distribution of hot gas that will cool, these
results will have interesting implications for galactic disk
formation.

We present our methods for computing the angular
momentum in § 2. In § 3, the results of our analysis are
presented. We give our conclusions and discussion in § 4.

2. METHOD
2.1. Numerical Simulations

The cosmological simulations were generated with a
P3M SPH code. A description of the code is presented in
Yoshikawa, Jing, & Suto (2000). All the present runs
employ Npy = 1283 dark matter particles and the same
number of gas particles. The model is derived from a spa-
tially flat low-density cold dark matter universe with the
cosmological density parameter 0y = 0.3, the cosmological
constant \o = 0.7, and the Hubble constant, in units of 100
km s~! Mpc~!, 7 = 0.7. The power-law index of the primor-
dial density fluctuation is set to n = 1. The baryon density
parameter is €, = 0.015 42 and the amplitude og (the rms
top hat density fluctuation of radius 8 4#~! Mpc at the
present time) of the linear density power spectrum is 1.0.
The simulation box is 75 A~! Mpc wide, the initial condition
is created at redshift z = 36, and the simulations are evolved
to z = 0. The gas component is treated as an ideal gas with
an adiabatic index v =5/3 and is either nonradiative or
allowed to cool radiatively. The nonradiative simulation is
also called adiabatic simulation according to conventions in
the literature. For the two cooling runs, the cooling rate of
Sutherland & Dopita (1993) is adopted with the metallicity
[Fe/H]= —0.5 and —1.5, respectively. The cooling run with
[Fe/H]= —0.5 is used by Yoshikawa et al. (2001) to study
the clustering properties of galaxies.

In Figure 1, we give the histogram for the percentage of
cold gas (i.e., gas with temperature below 10° K) within
halos as a function of the halo gas mass. Here we use the
number of gas particles Ny, to denote the gas mass. The
upper panel is for the [Fe/H]= —1.5 model, while the lower
panel is for the [Fe/H]= —0.5 model. The higher metallicity
means a higher cooling rate; thus, more cold gas particles,
as the figure shows. For halos of 3000 particles, there are
nearly 60% of their gas particles cooled in the [Fe/H]= —1.5
model, and this percentage becomes 70% in the metal-richer
[Fe/H]= —0.5 model. For halos of 10* particles, there are
approximately 55% and 45% of gas particles cooled in the
[Fe/H]= —0.5 and —1.5 models, respectively. For the most
massive halos (about 2 x 10* particles), these percentages
become 39% and 23%, respectively. Because the hot gas per-
centages are different in the two cooling models, we will test
if our conclusions with regard to the angular momentum
distribution are sensitive to the cooling rate (or the fraction
of hot gas).

2.2. Identification of Dark Halos

The halos are identified from the simulations using the
potential minimum method as described in Jing & Suto
(2002). The method uses the spherical overdensity criterion
to define a halo; thus, the halos have an overdensity A.(z)
according to Kitayama & Suto (1996) and Bryan & Norman
(1998). For the cosmological model in this paper,
A.(z) =10latz =0.
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FiG. 1.—Percentage of cold gas as a function of halo gas mass in units
of the gas particle mass. Upper panel: [Fe/H] = —1.5 model. Lower panel:
[Fe/H]= —0.5 model.

In order to study the angular momentum distribution
accurately, we select halos that at least have 3000 gas par-
ticles and 3000 dark matter particles. There are 48, 47, and
46 halos in the nonradiative model, [Fe/H]= —0.5 model
and [Fe/H]= —1.5 model, respectively. The halos are
ordered according to their dark matter mass. Since the ini-
tial density perturbation is the same in the three simulations,
we can find the correspondence among the halos in different
simulations. The ordering number of the same halo may
vary slightly in the three models, because the cooling proc-
ess can affect the distribution of dark matter. We compare
the angular momentum distribution for the corresponding
halos in different cooling models.

2.3. Angular Momentum

The aim of the paper is to study the angular momentum
distribution of gas and dark matter in halos. We first deter-
mine the global angular momentum J for each matter com-
ponent (e.g., dark matter, gas, or hot gas) in a halo and
define the z-axis for this matter component as pointing
to the direction of J. The global angular momenta are
measured as follows:

NgasDM

Jgas.,DM = Z mir; X v; , (3)
i=1

where r; and v; are the position and velocity of the ith gas or
dark matter particle with respect to the halo center of mass.
Following Mo, Mao, & White (1998; see also B2001), we
measure the spin parameter A for the gas and dark matter

slow global rotation. The random motion of gas particles
should be much reduced by the shocks but may not be
completely suppressed if the shocks still exist.

The cell method for measuring the angular momentum
distribution, proposed by B2001, intends to eliminate the
effect of random motion of the particles (see also Chen &
Jing 2002). They divide each halo in the spherical coordi-
nates (r, 6, ¢). Each halo is first divided into 10 shells such
that there are approximately the same number of particles
in each shell. Then each shell is divided into six azimuthal
cells of equal volume. The two cells with the same r and sin ¢
above and below the equatorial plane are merged; therefore,
there are 30 cells in each halo. We will adopt this cell divi-
sion method for our analysis and call it as 10 x 3 x 1 cell
method. The cells thus defined are not contiguous. In view
of this possible problem and in order to see whether a special
cell division of a halo can have impacts on our result, we
adopt two additional cell divisions. One is the so-called
10 x 6 x 1 method. The difference of this division from the
10 x 3 x 1 cell method is that the two cells above and below
the equatorial plane are not merged, so the cells are contigu-
ous. The other is the 5 x 6 x 1 cell method, which is the
same as the 10 x 6 x 1 method, except that the halo is
divided into only five shells in radius.

We estimate the error of the special angular momentum j
in the same way as in Chen & Jing (2002),

B rve(r)
0j = \/NC ) (6)

where N, is the particle number in the cell, and r is the mean
distance of the cell from the halo center. The error estimated
above is likely an upper limit on the scatter because the
motion of particles is not completely random.

As we mentioned earlier, van den Bosch et al. (2002) have
analyzed the angular momentum distribution for a nonra-
diative SPH/N-body simulation. Considering that the gas
particles are collisional, they computed the angular momen-
tum distribution for gas based on the velocity of individual
gas particles. To distinguish their method with the cell
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method, we will call their method as the particle method.
For a uniformly rotating sphere of gas, one would expect
that both methods yield the same angular momentum distri-
bution. But for a halo that is in continuous merger in the
hierarchical clustering, the two methods may produce differ-
ent results. For example, in the particle method, the shocks
generated during an merger may lead to a certain degree of
local misalignment of the angular momentum. Such local
misalignment may not be wanted to show up in the present
analysis, as it will probably be shocked away later. The cell
method can avoid this complication to a large extent, but
the results may depend on the way of dividing halos. It is
therefore difficult to assess which method is superior. We
adopt both methods in order to make proper comparisons
with those of B2001 and van den Bosch et al. (2002). Since
we do not add a random motion to the motion of gas par-
ticles, our results for the angular momentum distribution
should be compared with those without superscript v in van
den Bosch et al. (2002).

3. RESULTS

3.1. The Global Angular Momentum

Figure 2 and 3 shows the distribution of the angle 6
between the global angular momentum vectors of dark mat-
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ter and gas components. The first column is for our cooling
model with metallicity [Fe/H] = —0.5. Among the three
panels in the column, the lower one is for cold gas, the mid-
dle one for hot gas, and the upper one for hot and cold gas
together. The mean value of 0 is 40°5, 21°0, and 25°0 for the
three components, respectively. The middle column has the
same layout as the left one but for the [Fe/H] = —1.5
model, with the mean 22°8, 20?9, and 38?9 from top to bot-
tom. Since there is no cooling in the nonradiative model, the
right column only plots for hot gas, and the mean 0 is 23°5.
Our results can be compared with Figure 3 of van den Bosch
et al. (2002). Their mean value of 0 for the nonradiative
model is about 36°, a bit larger than ours. This is expected,
because they included all halos with more than 100 dark
matter particles in their analysis; thus, the discreteness effect
of particles is more pronounced in their sample. They
showed that the angle 0 increases with decreasing halo mass
M, and the 0 at the low end of halo mass may have been
affected by the discreteness effect. We do not find any rela-
tion between 0 and M,;; in our sample (Fig. 4) because we
include only very massive halos. However, the mean mis-
alignment angle is found to decrease with increasing spin
parameter (see Fig. 3), in agreement with van den Bosch
et al. (2002). This relation may partly be attributed to the
particle discreteness again, for the discreteness has relatively
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Fic. 2.—Distribution of angle © between the total angular momentum vectors of dark matter and the gas. Left column: [Fe/H] = —0.5 model. Middle

column: [Fe/H]= —1.5 model. Right column: Nonradiative model.
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Fi6. 3.—Misalignment 6 of the angular momentum vectors between dark matter and a gas component as a function of the spin parameter A of dark matter.
The gas component is indicated in each panel. Left column: [Fe/H]= —0.5 model. Middle column: [Fe/H]= —1.5 model. Right column: Nonradiative model.

less effect on high spin halos. Overall, our results for the
nonradiative model are in good agreement with those of van
den Bosch et al. (2002), in spite of the difference in many
aspects between the simulations used in the two studies. The
misalignment angle is affected very slightly by the cooling
process, although the hot component aligns slightly better
with dark matter in angular momentum than the cold com-
ponent. A straightforward conclusion is that the angular
momentum vector of gas or hot gas lies in an angle of 20°
with that of dark matter, and this misalignment should be
considered in interpreting observations, e.g., the alignment
correlation of disk galaxies (Lee & Pen 2001).

Figure 5 plots the histogram of the spin parameter A sepa-
rately for each matter component. The distributions are well
fitted by the lognormal function,

1 In*(\/Xo) ] dA
mgAexp{—T‘%\]T . (7)

The o) and )¢ for each component are given in the figure.
The top panels are for the nonradiative model, which can be
compared with Figure 1 of van den Bosch et al. (2002). We
get a bit smaller )\ for our dark matter component than its
nonradiative gas counterpart (i.e., 0.032 vs. 0.038). The mid-
dle row of panels is for the [Fe/H] = —0.5 model, but with a

p(N)dA =

more detailed classification for the gas components. We
note that the total gas component shares approximately the
same )\ and o as dark matter for this cooling model, while
hot gas presents a larger )¢ than both total gas and dark
matter components. Just as one would expect, cold gas has
the smallest \g. Qualitatively, the same results have been
found for the [Fe/H] = —1.5 model, as shown in the bottom
panels.

Figure 6 presents a one-to-one comparison of the spin
parameter A between gas and dark matter. The left column
is for total gas and dark matter and from top to bottom pan-
els are the nonradiative, [Fe/H] = —1.5, and [Fe/H] = —0.5
models, respectively. We could arrive at conclusion that, on
average, the gas component hosts a larger spin parameter
than its dark matter counterpart for the nonradiative model
(Fig. 5, upper panel). But this tendency becomes weaker
when the cooling enhances. For the model with the highest
cooling rate (i.e., the [Fe/H] = —0.5 model; bottom panel),
the gas and dark matter share nearly the same spin. From
the right column, however, we see that the hot gas generally
processes a higher spin than dark matter, while the cold gas
has a lower spin. On average, the spin parameter of the hot
gas component is 20% to 30% higher than that of dark mat-
ter. The difference between these two components is signifi-
cant at a confidence level of 80% = 10% in the three models,
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Fic. 4—Same as Fig. 3, except that the misalignment angle is plotted as a function of halo mass M (the sum of dark matter mass and gas mass)

as the Kolmogorov-Smirnov tests show (see Table 1). The A
distributions of dark matter and gas in the cooling models
are consistent with being drawn from the same parent
distribution (see also Fig. 5 and Table 1).

3.2. Angular Momentum Distribution

Now we measure the angular momentum distribution
based on the cell division method. Figure 7 shows the results
for six halos randomly selected from the nonradiative
model. The left two columns present the angular momen-
tum distribution for dark matter (Fig. 7, left) and gas (Fig.
7, right) using 5 x 6 x 1 cell method. While the middle two

TABLE 1

THE PROBABILITY OF TWO A\ DISTRIBUTIONS DRAWN FROM THE
SAME PARENT DISTRIBUTION

Model Components Probability
Nonradiative.........ccceeueeeene DM vs. GAS 0.2199
[Fe/H]=—=0.5. 0o DM vs. GAS 0.8117

DMvs. HG 0.3206
DM vs. CG 0.4662
[Fe/H]=—1.5 oo DM vs. GAS 0.6246
DM vs. HG 0.1229
DM vs. CG 0.6245

and the right two columns are for 10 x 6 x 1 and 10 x 3 x 1
cell divisions, respectively. The basic properties of these six
halos are listed in Table 3. Columns (7) and (8) of Table 4
list the shape parameter u for each halo, which is obtained
by fitting the data with equation (2). For a small fraction of
halos (e.g., halo 06 in Table 4), the fitted parameter x4 shows
a significant variation among different cell divisions, while
for most halos, the measured shape parameter 1 changes
only slightly when the different cell divisions are applied
(e.g., col. [7] in Table 4). Especially, relative values of the
parameter x among the halos nearly do not change with cell
divisions, indicating that the results are quite robust to the
cell divisions.

We have measured the shape parameter u for all halos in
the three simulations, using the three division methods. For
the gas, we also consider the hot and cold components sepa-
rately. Since there is a considerable amount of misalignment
in the angular momentum of cold gas (see below) and its
angular momentum profile often can not be described by
equation (2), we do not measure the 4 parameter for the cold
gas. Our measured results for the hot gas and dark matter
are presented in Figure 8. Generally speaking, either gas in
the nonradiative model or hot gas in the cooling models has
a much larger u value than their dark matter counterpart,
indicating that there is relatively less mass of low angular
momentum in hot gas than in dark matter. The median
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FiG. 5.—The A distributions of dark matter and gas components. Solid curves: Best-fit lognormal distributions of eq. (7). HG: Hot gas. CG: Cold gas.
Upper panels: Nonradiative model. Middle panels: [Fe/H]= —0.5 model. Lower panels: [Fe/H] = —1.5 model.

value of x is around 2 for hot gas in the two cooling models,
compared to 1.3 for dark matter. The difference of the angu-
lar momentum profiles between the two components is sig-
nificant according the Kolmogorov-Smirnov test (Table 2).
This conclusion does little depend on the cell divisions. We
will discuss its implications for disk galaxy formation in
next section.

In order to quantify how much mass in halos is contained
in negative j cells and to see whether there exits any relation

TABLE 2

THE PROBABILITY OF TWO y DISTRIBUTIONS DRAWN FROM THE SAME
PARENT DISTRIBUTION

between the negative j mass fraction and the spin parameter
A, we measure the fraction of negative j mass, f, as a function
of the spin parameter \. The results based on the 5 x 6 x 1
cell method are presented in the lower panel of Figure 9. It is
interesting to note that while dark matter and gas in halos
have a similar fraction of mass contained in negative j cells,
the hot gas component contains much less negative j mass.
The median value of f for the hot gas in the two cooling
models is smaller than 0.1, i.e., there is very little hot gas
that is in counterrotation in the cooling models. For the
nonradiative model, we also see a much smaller fraction of

TABLE 3
GLOBAL PARAMETERS OF HALOS IN FIGURE 7

Model Components Cell Probability
Nonradiative................ DM vs. GAS 5x6x1 9.9 x 103
10x 6 x1 6.2 x 1072

10x3x1 6.7 x 1072

[Fe/H]= —0.5.............. DM yvs. HG S5x6x1 59 %103
10x 6 x1 7.3 %108

10x3x1 5.9 %1073

[Fe/H]=—1.5....cc....... DM vs. HG Sx6x1 1.3x 1072
10 x 6 x 1 8.0 x 10~

10x3x1 2.6 x 1073

Identification Npm Nias ADM Agas cosf
1) 2) (3) “) (5) (6)

15679 13919 0.019 0.029 0.876

9031 8368 0.066 0.061 0.984

7509 6890 0.035 0.038 0.976

5502 5064 0.047 0.077 0.998

3844 3435 0.023 0.015 0.610

3844 3678 0.056 0.074 0.960
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TABLE 4

COMPARISON OF THE FRACTION OF NEGATIVE j MASS AND THE SHAPE PARAMETER 4 OF
HALOS IN FIGURE 7

Identification Som® St Cell Sfom® Seas® Hpm Has

1 2) (3) (4) Q) (6) (7N (®)

Sx6x1 0.077 0.0 1.31 1.23

06l 0.44 0.32 10x 6 x 1 0.18 0.024 1.70 1.28

10x3x1 0.12 0.024 1.97 1.29
S5x6x1 0.17 0.25 1.17 1.23
I3 i 0.40 0.32 10x6x1 0.15 0.24 1.12 1.17
10x3x1 0.13 0.13 1.11 1.16
S5x6x1 0.070 0.10 1.18 2.45

22 e 0.41 0.28 10x6x1 0.16 0.11 1.25 243
10x3x1 0.10 0.14 1.26 4.57

Sx6x1 0.19 0.0 1.11 1.22

28 0.43 0.14 10 x 6 x1 0.24 0.0 1.12 1.21
10x3x1 0.19 0.0 1.30 1.27

S5x6x1 0.18 0.39 1.15 1.08

33 e 0.44 0.44 10x6x1 0.28 0.42 1.23 1.03
10x3x1 0.17 0.19 1.14 1.12

Sx6x1 0.033 0.0 1.39 4.29

4l 0.38 0.12 10 x6x 1 0.076 0.0 1.39 4.68
10x3x1 0.055 0.0 1.66 5.26

a Using the particle method.
b Using the cell method.

43



44 CHEN, JING, & YOSHIKAW Vol. 597
ALY P ALL I SR v AR B
0.4 = g =
C 4 T A s ]
& C A T AAA?A B
02 Epu T GAS  Aas -
T R R T E LI
L “" 1 Apsd e T 4 . 1 at i
0.4 — Mge, R Y SV U U
B atad A 1 Al A 1 _
— : s T R T ‘age. T O
02 = T wtt ‘ o sarnbe
- DM T GAS . T HG M T CGat 2 a
0 WHHH L i WA [ i wRET R W RN B Pk SENTT Pl i
N ‘L‘.‘ 1 11O N B 1 R B 111 A \AHAHH‘ \:\
04 - T -k s e
e - A O V% U N ]
02 - T ar |, T . T “a, =
- DM T GAS 7%, T HG A T CA 248’
0 Cocod ol ol HHHﬂ B NI R RN RURT] B S R RRET| ML Y <WNRTD Bl
0.01 0.1 0.01 0.1 0.01 0.1 0.01 0.1
A
[T T \A\mu‘ \:\:HHH‘A T T \:\
0.4 ~ -+ -
CE I A foaslan
O ErH— bRt
R T oo S
| A 1 AN . 1 A —
S C A Aa T Y T A T a i
L Iy A‘ T B, A T . 4 T R A T
02 Epu ‘:%?..a T GAS: :‘f; THG gt TCG, Jas o
O [ T ey Tren] g SERHTR R WEE ST o ANV
0.4 = *» -+ - - o
%02: Al T u, s T LA T oA . ]
— D — 4t 4 — . — wt oa —]
=B DM AA“? N T GASapaf T H[G’M.‘ N T CG a4 . 7
Lo ! ufwm‘ Lol add Lt f‘;&m L oood f‘ﬁmfud‘ [
0.01 1 0.01 0.1 0.01 0.1 0.01 0.1
A

Fi6. 9.—Fraction of negative j mass in dark matter or in gas components as a function of the spin parameter A of dark matter. Both panels, top to bottom:
Nonradiative, [Fe/H] = —0.5, and [Fe/H] = —1.5 models, respectively. Upper panels: Particle method. Lower panels: 5 x 6 x 1 cell method.

negative j mass in the hot gas than in dark matter, though
the fraction is slightly higher than that in the cooling mod-
els. These results again are robust to the cell divisions, as
shown by Figure 10.

4. CONCLUSIONS AND DISCUSSION

We have presented a detailed study of the specific angular
momentum () profile for dark matter and for gas compo-
nents within dark halos, using a set of cosmological N-body
hydrodynamics simulations. We have used the cell division
method to measure the angular momentum profile. Three
simulations have been analyzed, one is the nonradiative sim-
ulation, and the other two have radiative cooling. We find
that the gas component, on average, has a larger spin and
contains less mass with negative angular momentum than
its dark matter counterpart in the nonradiative model. As to
the cooling models, the gas component shares approxi-
mately the same spin value as its dark matter counterpart,
but the hot gas has a higher spin parameter and is more
aligned in angular momentum than the dark matter, while
the opposite holds for the cold gas. After the mass of nega-

tive angular momentum is excluded, the angular momen-
tum profile of the hot gas component approximately follows
the universal function proposed by Bullock et al., though
the shape parameter u is around 2 for hot gas, compared to
the typical value 1.25 for dark matter. Our results are quite
robust to the variation of cell divisions. It is interesting to
note that u ~ 2 is needed to explain the observed disk expo-
nential profiles of late-type galaxies (Bullock et al. 2001; van
den Bosch 2001).

Our result has interesting implications for the formation
of galactic disks. In the framework of hierarchical cluster-
ing, halos are formed through mergers of smaller halos and
accretion of surrounding material. As Wechsler et al. (2002)
and Zhao et al. (2003) recently showed, the growth of a
galactic halo can be generally divided into two phases,
major merger phase (z > 2.5) and slow accretion phase
(z < 2.5). In the major merger phase, the halo merges are
very frequent and violent; thus, galactic disks are not
expected to form in this phase. In the slow accretion phase,
halos grow much more quietly, and disks are expected
to form in this phase if there is hot gas within the halos
that can cool down gradually. Cold gas might exist in the
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FiG. 10.—Same as Fig. 9, but using the 10 x 6 x 1 (upper panel) and 10 x 3 x 1 (lower panel) cell methods, respectively

halos before the slow accretion phase, but this cold gas
likely forms the bulge component during the major merge
phase; therefore, the galactic disk formation is related to the
distribution of hot gas that will cool during the slow accre-
tion phase. The halos studied in this work are typically in
the slow accretion phase according to Zhao et al. (2003);
thus, the hot gas may correspond to that forming galactic
disks.

If the hot gas in halos of galactic mass follows the angular
momentum profile of the hot gas of group halos in our cool-
ing models, the formed disk would look like what observed
in disk galaxies. This is demonstrated by Figure 11, which
presents the fraction p(/)d/ of the hot gas (in all gas) that has
angular momentum in / ~ [ + dI, where | = j/jior and jiot is
the mean specific angular momentum of the hot gas. The
halos are selected from the simulations randomly from the
three models. This figure can be compared with the observa-
tion of disk galaxies in van den Bosch (2002, his Fig. 1). The
distributions of hot gas in the two cooling models look
much like those of disk galaxies of van den Bosch et al.
(2002). The dotted lines denote the Bullock profile of
u =125, a typical profile for dark matter. This profile was
found to contain too much low angular momentum mass
compared with the observations of disk galaxies (Bullock
et al. 2001; van den Bosch 2001) and does not describe well
the hot gas in our cooling simulations either. The solid lines

represent the Bullock profile of x = 1.8 multiplied by the
typical hot gas fractions (of all gas) 1, 0.65, and 0.55, respec-
tively, from the top to bottom panels, respectively, and the
hot gas in our cooling models is approximately described by
these profiles. We note that the observations of disk galaxies
do require a typical 4 = 1.8 (Bullock et al. 2001; van den
Bosch 2001). Our results indicate that the global rotation
of hot gas is slightly faster than that of dark matter. This
may also have an interesting consequence on the Sunyaev-
Zel’dovich effect measurement of massive clusters (Cooray
& Chen 2002).

We realize that the mechanism for keeping hot gas in our
cooling simulations must be different from that is operating
in galactic halos in the universe. In our simulations, because
the halos are more massive than galaxy groups, around 50%
of gas naturally remains in the hot gas phase. However, for
galactic halos, because they were formed earlier and thus
have higher density, only certain feedback mechanisms can
prevent all gas from cooling down (e.g., Mo & Mao 2002).
The hot gas in the galactic halos can be either that heated
up by supernovae explosions or that (re-)accreted during
the accretion phase. The angular momentum of the hot gas
may depend on the feedback mechanisms, but it is unknown
how the feedback mechanism is operating in the universe.
Nevertheless, our results clearly indicate that the angular
momentum distribution of hot gas can be significantly
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FiG. 11.—Angular momentum distributions of hot gas of six halos (¢hin lines) in each model. Dotted thick lines: Mean profile of B2001 for dark matter,
w=1.25. Solid thick lines: Mean profile of hot gas in our cooling models, u = 1.8, multiplied by the mean hot gas fraction 1, 0.65, and 0.55 from top to bottom
panels for the right normalization. The figure can be compared to the observation of van den Bosch (2002) for disk galaxies. Upper panel: Nonradiative model.

Middle panel: [Fe/H] = —1.5 model. Lower panel: [Fe/H] = —0.5 model.

different from that of dark matter and some simple heating
mechanisms that prevent a fraction of gas from cooling
down may successfully solve the angular momentum prob-
lem of disk galaxies.

Our above results appear to be inconsistent with a recent
study of van den Bosch et al. (2002), who stress that the
angular momentum distribution of hot gas is very similar to
that of dark matter in their nonradiative simulation. As
pointed out in § 2, they used the particle method to analyze
the angular momentum distribution. In order to compare
with their results, we have also carried out the same analysis
as theirs. Examples of the angular momentum distributions
p(/) obtained in the particle method are shown in Figure 12,
and the left column can be compared with Figure 6 of van
den Bosch et al. (2002), where /is the scaled specific angular
momentum / = j/(Ryi; Vyir) as defined by van den Bosch et
al. (2002) and p(/)dl is the fraction of the particles that have
the specific angular momentum in / ~ [ + dl. From the fig-
ure, we see that p(/) of gas component extends less to nega-
tive specific angular momentum than dark matter and
embodies a sharper peak near zero. We also find a high frac-
tion of mass, between 5% and 50%, that has negative specific
momentum for all matter components, though this fraction
is the lowest for hot gas component. Compared with the

results of van den Bosch et al. (2002), we find that our results
are quantitatively in good agreement with theirs. This indi-
cates that in spite of many differences between their simula-
tion, and our simulations (simulation box, halo mass,
analysis epoch, simulation codes, etc.), the angular momen-
tum distributions are quite insensible to the simulation
details. The difference in the results between this study and
their study must stem from the methods for computing the
angular momentum profile. We adopt the cell method and
they adopt the particle method. When the cell method is
employed, the fraction of mass in counterrotation and the
fraction of small j mass are significantly reduced at least for
the hot gas. The reason might be that some local irregular-
ities in the gas motion are smoothed out when the cell
method is used. If these local irregularities, for example, cor-
respond to the local shock motions, we believe that it is
more appropriate to use the cell method to measure the
angular momentum profile, because these irregularities will
be later shocked away. But this point would certainly be
worthy of a further investigation.

We would like to thank Gerhard Borner, Houjun Mo,
Donghai Zhao, and especially Joel Primack for very helpful
discussion and an anonymous referee for a detailed report
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experienced different cooling in the different cooling models.

that clarified many important points to us. The numerical
simulations used in this paper were carried out at ADAC
(the Astronomical Data Analysis Center) of the National

Astronomical Observatory, Japan. The work is supported
in part by NKBRSF (G19990754), and by NSFC
(10043004).
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