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ABSTRACT

The near proportionality between HI and dark matter in outer galactic disks prompted us to run N-body simulations of galactic disks
in which the observed gas content is supplemented by a dark gas component representing between zero and five times the visible gas
content. While adding baryons in the disk of galaxies may solve some issues, it poses the problem of disk stability. We show that
the global stability is ensured if the ISM is multiphased, composed of two partially coupled phases, a visible warm gas phase and
a weakly collisionless cold dark phase corresponding to a fraction of the unseen baryons. The phases are subject to stellar and UV
background heating and gas cooling, and their transformation into each other is studied as a function of the coupling strength. This
new model, which still possesses a dark matter halo, fits the rotation curves as well as the classical CDM halos, but is the only one to
explain the existence of an open and contrasting spiral structure, as observed in the outer HI disks
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1. Introduction

The ACDM scenario encounters much success in reproducing
the large scale structures of the Universe traced by the Lyman-a
forest and gravitational lensing (Springel et al. 2006). However,
at galactic scale, where the baryonic physics plays a major role,
the ACDM scenario has several well known problems. The dark
matter cusp in galaxies (Blais-Ouellette et al. 2001; de Blok &
Bosma 2002; Swaters et al. 2003; Gentile et al. 2004, 2005;
Spekkens et al. 2005; de Blok 2005; de Blok et al. 2008; Spano
et al. 2008), and in particular in dwarf irregulars, the high num-
ber of small systems orbiting halos (Moore et al. 1999; Klypin
et al. 1999; Strigari et al. 2007), the low angular momentum
problem at the origin of too small disks (Navarro & Benz 1991;
Navarro & Steinmetz 1997; Kaufmann et al. 2007), as well as the
difficulty of forming bulgeless disks (Mayer et al. 2008) suggest
that some physics is missing.

A strong prediction of the ACDM scenario is that the so
called “missing baryons” reside in a warm-hot gas phase in
the over-dense cosmic filaments (Cen & Ostriker 1999, 2006).
However, there are now several theoretical and observational ar-
guments that support the fact that galactic disks may be more
massive than usually thought, containing a substantial fraction
of these “missing baryons”.

It has been pointed out by Bosma (1978, 1981) that in sam-
ples of galaxies, the ratio between the dark matter and HI sur-
face density is roughly constant well after the optical disk (see
also Carignan et al. 1990; Broeils 1992; Hoekstra et al. 2001).
This correlation may be a direct consequence of the conservation
of the specific angular momentum of the gas during the galaxy
formation process (Seiden et al. 1984). However, as shown by
van den Bosch (2001) the angular momentum conservation leads
to the formation of too concentrated stellar disks, a real prob-
lem for the low surface brightness galaxies. On the other hand,

the HI-dark matter correlation may suggest that a large fraction
of the dark matter lies in the disk of galaxies, following the HI
distribution. This physical link between HI and dark matter has
been confirmed by the baryonic Tully-Fischer relation of spiral
galaxies (Pfenniger & Revaz 2005) and more recently for ex-
tremely low mass galaxies (Begum et al. 2008).

Dark matter in the disk of galaxies is now also suggested
by dynamical arguments based on the asymmetries of galaxies,
either in the plane of the disks or transverse to it. For example,
the large spiral structure present in the very extended HI disk of
NGC 2915 is supported by a quasi self-gravitating disk (Bureau
et al. 1999; Masset & Bureau 2003). Revaz & Pfenniger (2004)
have shown that heavy disks are subject to vertical instabilities
(also called bending instabilities) and may generate all types of
observed warps: the common S-shaped but also the U-shaped
and asymmetric ones (Reshetnikov & Combes 1999; Sdnchez-
Saavedra et al. 2003). Other arguments for the origin of warps
have been proposed (Jiang & Binney 1999; Shen & Sellwood
2006; Weinberg & Blitz 2006), however none of them are able
to explain the three types of warps.

Several works have tried to study the flattening of the Milky
Way halo using potential tracers like dwarf galaxies (Johnston
et al. 2005). From theses studies, the halo potential appears to
be nearly spherical, with an ellipticity of 0.9. However, dwarf
galaxies trace the halo at distances larger than 20 kpc where it
is difficult to distinguish “classical” CDM disks with a slightly
flattened halo from a heavy disk model, containing half of the
halo mass in an extended flat disk (Revaz & Pfenniger 2007).

A more accurate method is to trace the potential near the
plane of the disk, using for example the vertical gas distribu-
tion. Kalberla (2003, 2004); Kalberla et al. (2007) have mod-
eled the HI distribution out to a galactic radius of 40 kpc. Their
self-consistent model is compatible with a self-gravitating dark
matter disk having a mass of 2-3 x 10!" M.
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The presence of dark baryons in the disk of galaxies is
reinforced by the numerous signs of recent star formation
in the far outer disk of galaxies, correlated with HI gas in
NGC 6946 (Ferguson et al. 1998), NGC 628 (Lelievre & Roy
2000), M 101 Smith et al. (2000), M 31 Cuillandre et al. (2001),
NGC 6822 (de Blok & Walter 2003), M 83 (Thilker et al. 2005).
Correlations between young stars and HI far from the center re-
veal that molecular gas, at the origin of a weak but existing star
formation rate, must be present in abundance there, despite the
lack of CO detection.

Other arguments supporting the idea that dark matter could
reside in the galactic disk in the form of cold molecular hydrogen
(Hy) have been widely discussed by Pfenniger et al. (1994).

Unfortunately, a direct detection of cold H, in the outer disk
of galaxies appears to be a very hard task (Combes & Pfenniger
1997). As the H, molecule is symmetrical, any electric dipole
moment is canceled. The molecule may be detected in emission
only by its quadrupole radiation, the lowest corresponding to a
temperature of 512 K above the fundamental state, much above
the 5-7 K expected from Pfenniger & Combes (1994). A weak
radiation of the H, ultra-fine lines is expected at kilometer wave-
lengths. However, since it is 10 orders of magnitude smaller than
the HI line for the same density, its detection will not be possible
in the near future. The absorption lines may be the best way to
detect H,. But this method requires large statistics, as the filling
factor of the gas is expected to be very low (<1%).

The best tracers of cold H, may be the pure rotational lines
of H, (at 28, 17, 12 and 9 microns), which could be emitted
by a few percent of the molecular gas, excited by intermittent
turbulence (see for example Boulanger et al. 2008).

Indirect detection by tracers may be prone to error. For ex-
ample, CO traces the H, but only for enriched gas and fails at
large distances from galaxy centers. Moreover, it is impossible
to detect CO emission from a cloud at a temperature close to the
background temperature. The cold dust component detected by
COBE/IRAS (Reach et al. 1995) is known to trace the cold Hy.
But as for the CO, it is limited to small galactic radii where the
cold gas is still mixed with some dust. Spitzer mid-infrared ob-
servations have recently revealed that large quantities of molec-
ular hydrogen are not associated with star formation (Appleton
et al. 2006; Ogle et al. 2007). An unexpectedly large amount
of 10'° M, of H, is revealed only by its strong H, emission
lines in the galaxy Zwicky 3146 (Egami et al. 2006). Grenier
et al. (2005) showed that much gas in the solar neighborhood
is revealed only by y-rays. Other indirect detections could be
possible using micro-lensing events (Draine 1998; Fux 2005).
However, this method has not been exploited up to now.

As direct and indirect observational detection of cold gas
is difficult, it is necessary to test the effect a cold gas compo-
nent would have on the global evolution of galactic disks. In
this paper, we present new N-body simulations of galactic disks,
where the observed gas content has been multiplied by a factor
between 3 and 5. In addition to this extra dark baryonic compo-
nent, a non-baryonic, spheroidal pressure-supported dark halo
containing most of the large-scale dark mass is conserved.

An important issue that our model aims to answer is the sta-
bility question of heavy disks (Elmegreen 1997). Our model as-
sumes that the additional baryons lie in a very cold and clumpy
phase (Pfenniger & Combes 1994), partially dynamically decou-
pled from the visible dissipative phase. We show that this phase
can thus be less dissipative than the visible ISM and has larger
velocity dispersions, so that the global disk stability is preserved.
A new numerical implementation of the cycling acting between
these two phases is proposed.
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The secular evolution shows that the models with additional
baryons are globally stable and share on average the same obser-
vational properties as the “classical” CDM disks. However, they
give a natural explanation for the presence of contrasting spiral
structures in the outskirts of HI disks which is difficult to ex-
plain when taking into account the self-gravity of the HI alone.
In a forthcoming paper, we will show that this model also repro-
duces the puzzling dark matter content present in debris from
galaxies (Bournaud et al. 2007).

Our model is different from previous multiphase models
(Semelin & Combes 2002; Harfst et al. 2006; Merlin & Chiosi
2007) in the sense that it does not compute a cycling between a
cold-warm dissipative and hot medium, but between a very cold
weakly collisional phase and the visible dissipative phase.

The paper is organized as follows. Details of the multiphase
model is given in Sect. 2. In Sect. 3 we briefly discuss the pa-
rameters used, and Sect. 4 is devoted to the galaxy model de-
scription. Section 5 compares the evolution of galaxy models
with and without additional baryons and a short discussion. A
summary is given in Sect. 6.

2. The multiphase model
2.1. The straightforward approach

The straightforward approach when modelling the galactic ISM
is to assume that gas behaves like an ideal, inviscid gas. The
evolution of the specific energy u of the gas may be obtained by
inserting the continuity equation into the first law of thermody-
namics:
%:ﬁ@_'_—r(p) A(p,T)' (D
dt  p?dt o

The first right hand side term corresponds to the adiabatic be-
havior of the gas, while the second is responsible for the en-
tropy variation. This latter reflects the non-adiabatic processes
included through the heating and cooling function I'(p) and
A(p,T). At low temperature ISM (T < 10*K), the heating is
dominated by the cosmic ray heating (Goldsmith et al. 1969)
and by the photo-electric UV heating on grains (Watson 1972;
Draine 1978). As soon as the gas is enriched with metals, the
cooling function is dominated by the CII, Sill, OI, Fell line emis-
sions (Maio et al. 2007). Since the cooling function depends on
the square of the gas density, the gas temperature is sensitive
to 1t.

However, the ISM is known to be strongly non homoge-
neous down to very small scales, reaching densities higher than
10% atoms cm™ where the cooling time is very short, leading
to equilibrium temperatures below 10 K. Such over-densities are
unfortunately far from being resolved by galactic scale simula-
tions and numerical simulations miss the associated low temper-
atures. While being physically correct, Eq. (1) will then strongly
bias the equilibrium temperature of the gas, because the esti-
mated average density p poorly reflects the actual physics.

2.2. Statistical approach

Instead of following the thermal specific energy of particles us-
ing the biased Eq. (1), we propose a new statistical approach
avoiding the problem of the density and temperature evaluation.
The multiphase ISM is assumed to be a two level system (see
Fig. 1) with probabilities of transition depending only on the lo-
cal excitation energy flux, that we call for short “UV flux”, which
is assumed to be the dominant heating process.
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Fig. 1. Schematic representation of the ISM two levels system. The visi-
ble gas is labeled VG, the dark gas DG and the stars ST. The probability
of transition between the visible and the dark gas depends on the UV
flux generated by young stars (y) and from extragalactic sources (yex)
setting the characteristic transition times Tyg_qy and Tgg_ye. Stars are
formed out of the visible gas only.

The top level is populated by the well known observed dis-
sipative gas detected by its CO, H, or HI emission. This phase
will be called the visible gas. The bottom level is populated by
undetected very clumpy and cold gas as proposed by Pfenniger
& Combes (1994), having temperature below the CO detection
limit, at temperature equilibrium with the cosmic background
radiation. This gas results from the strong cooling that occurs in
overdense regions. As this gas is missed by all tracers, we will
call it the dark gas.

According to the astrophysical literature, we have used here
the word “gas”. However, it is well known that the cold inter-
stellar medium shows fractal properties which have been ob-
served up to the instrumental capabilities, down to a few hun-
dred AU (Heithausen 2004). Such heterogeneous fluids clearly
do not have the viscosity or other mean properties of smooth
flows. In other fields, it would be called granular flows, for ex-
ample. We are aware of the degree of simplification of our model
compared to the complexity of the ISM. A more complex model
should include the dark component, the CO-undetected metal-
poor warmer H, gas that may exist in the outskirts of galactic
disks (Papadopoulos et al. 2002), and possible effects related to
phase transition and separation in the He-H, mixture at very cold
temperature (Safa & Pfenniger 2008).

The transition times between visible and dark gas is only
dependent on the local UV flux y, which is the main heating
process in the ISM. For the transition times, we have chosen the
following simple relations:

Tvg—dg = X+ﬁT7

where 8 and 7 are two free parameters. T gives the time scale of
the transition, independently of the outer flux. 8 sets the flux de-
pendency. For 8 = 0, the transition does not depend on the outer
flux. At equilibrium, these equations provide simple relations for
the ratio between the visible gas density ny,, the dark gas density
nge and the total gas density ny, as a function of the normalized
local UV flux y only':

x*

f’l[g - 1+X2ﬁ =7

Nyg

3)

! The solution is the one of a two level transition system with proba-
bilities pwe ~ 1/Tye and pey ~ 1/7cw-
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Ndg

—_— = — = 1 -, 4
ntg 1 +X2'B Y ( )
nq _

— =, (5)
Nyg

where in these latter equations, we have defined y as nyy/ng.
The interpretation of these equations is the following. When the
gas is subject to a strong UV field, the heating dominates and
the probability of transition between the dark and the visible gas
is high. The gas is then dominated by the visible phase. On the
contrary, when the UV field is very low (as the case in the outer
regions of the galactic disk), the cooling dominates and the prob-
ability of a transition between the dark and the visible gas is low.
The gas is then dominated by the dark phase.

2.3. Visible and dark gas dynamics

The visible phase is assumed to be dissipative, because it is
more diffuse and collisional than the cold phase. Instead of us-
ing the classical SPH approach, which makes the gas strongly
collisional, we have preferred to use the sticky particle scheme
(Brahic 1977; Schwarz 1981; Combes & Gerin 1985) which bet-
ter simulates the clumpy ISM. In the following simulations, we
have used 3; = 0.8 and 5; = 1 in order to strictly conserve angu-
lar momentum?. The frequency of collisions between particles is
set to be proportional to the local visible gas density.

Also, as the very cold and clumpy dark gas does not radiate,
it is expected to be weakly collisional. Its relaxation time being
much longer than the dynamical time, we neglect here the effect
of collisions.

2.4. Star formation

Stars that are assumed to be the main source of UV flux in the
inner part of the galaxy may be formed out of the visible gas
only. We have used a classical star formation recipe (Katz et al.
1996) that reproduces well the Schmidt law.

2.5. UV flux

The normalized UV energy flux y is decomposed into two parts.
A stellar radiation flux y, and an extragalactic background
energy flux yex:-

2.5.1. Stellar UV flux

The stellar normalized radiation flux is computed by summing
the contribution of each star, assuming an appropriate (L/M)
ratio.

1 Z mi(L/M);

 4rcU, ri2 +e’

X * (6)

where m; is the particle of mass i and r; its distance to the point
where the flux is estimated. € is the gravitational softening, c the
speed of light and U, is the Habing UV energy density equal
to 5.4 x 10"* erg/cm? (Habing 1968). The ratio (L/M) is set to
1.58x103! erg/s/My. This value is constant for all particles (inde-
pendently of the mass and type of star particles). The summation
in Eq. (6) is performed over all star particles and may be very
time consuming in a large N-body system. We have computed it

2 See Bournaud & Combes (2002) for details on the meaning of 3,
and .
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Table 1. Multiphase model parameters.

B (L/M) Uex T
erg/s/Mo]  [10" Mo]  [Gyr]
I 158x107 18x10™ 10

by taking advantage of its similarity to the summation of grav-
itational forces which is computed using the treecode method.
The time overhead for the computation of y, is then negligible.

2.5.2. Extragalactic UV flux

The extragalactic UV background normalized radiation flux is
assumed to be constant.

Uexl
xt = 5 7
Xext Us (7
where the extragalactic UV background density is set to 2 X
107 erg/cm?.

3. Parameters

Our multiphase model is based on 4 parameters. The external
energy density flux Ue, the UV light to mass ratio (L/M), the
coefficient parameter 5 and the time scale of transition 7. In this
paper, we have fixed the 4 parameters to constant values given in
Table 1. The parameter 8 is set to 1 for simplicity. The parame-
ter (L/M) is chosen such that the normalized stellar UV flux y
is unity near 15 kpc when the stellar distribution at the origin of
the UV flux corresponds to a realistic exponential disk, as will
be presented in Sect. 4. According to Eq. (5), these values corre-
spond to the radius where the dark component surface density is
equivalent to the visible surface density. U is chosen such that,
in the absence of a stellar UV field (at a distance R = oo from
the galaxy center), the ratio nyg/nyg = v Where yo, has been set
to 1/10. From Eq. (3) and setting y. = 0 we get:

=

Uext = UO(

The time scale of the transition 7 is set to about 10 dynamical
times so that the cycling between visible and dark gas is slow.
Figure 2 shows the total normalized flux y as well as the visi-
ble over total gas mass ratio y obtained with the parameters of
Table 1 and the stellar distribution of Sect. 4. As an illustration,
the flux is applied on a purely exponential baryonic gaseous disk.
The resulting surface densities for the visible and dark gaseous
disk are displayed in the bottom of the figure. The exponential
disk generates a strong UV flux at the center. Consequently, the
visible gas dominates there. On the contrary, in the outer part, the
UV flux is dominated by the constant weak extragalactic flux,
making the dark gas dominant.

4. Galaxy models

We have used our multiphase model to simulate the evolution
of Milky Way-like spiral galaxies. In order to understand the ef-
fect of the multiphase model, we have compared two models,
including additional dark baryons, with a reference “classical”
model. In addition, we have build a fourth simulation including
the perturbation of ACDM substructures. In the following sec-
tions, we first present our reference model (also called N = 1

Y. Revaz et al.: Simulations of galactic disks including a dark baryonic component
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Fig. 2. Normalized UV flux y, visible to total gas density ratio y and
surface density of the gas, as a function of the galactic radius R. In the
bottom graph, the red dashed line corresponds to the visible gas, the
blue dotted line to the dark gas and the dark plain line to the total gas.

model), where no additional dark baryons have been added. In
the next section (Sect. 4.1.2) we present how it is possible to add
dark baryons in the reference model, in a way consistent with the
rules proposed in Chapter 2 and by conserving the same obser-
vational properties of the reference model. The model including
ACDM substructures will be presented in Sect. 4.1.3. Section 4.2
will discuss how initial velocities have been set in order to make
the disk stable.

4.1. Mass distribution
4.1.1. The reference model

Our reference model is designed to fit typical properties of giant
Sbc galaxies with a flat extended rotation curve. It is initially
composed of a bulge, an exponential stellar disk, a gas disk and
a dark matter halo.

1. The bulge density profile is a simple Plummer model:

}"2 -5/2
P°(R,2) (1 + —2) : ©)
rb

with a characteristic radius r, = 1.4 kpc.
2. The exponential stellar disk takes the usual form:

pd(R, 7) e_R/HR e—\zI/Hz’ (10)
where the radial and vertical scale length are respectively
Hy =4 and H, = 0.3 kpc.

3. The dark matter is distributed in a Plummer model:

(1)

with a characteristic radius rg, = 30kpc, ensuring a flat ro-
tation curve up to 40 kpc. The model is truncated at 3 rgp
(90kpc). In order to avoid any perturbation of the halo on
the disk due to imperfect equilibrium, we have set it as a
rigid potential. We have checked that a live halo will not in-
fluence our results.

4. The choice of the visible gas distribution follows the ob-
servations of Hoekstra et al. (2001), where the dark matter

h MN
P (R, 2) & P s
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Table 2. Parameters for the reference giant Sbc model.

Component  Model Parameters Mass
(kpc] (10" Mo]
bulge Plummer =14 0.28
disk exponential Hrp=4,H,=03 0.69
halo Plummer Tam = 30 5.17
gas Miyamoto-Nagai  a =30,b =0.3 0.21
350 } — total
r halo
[ - - - bulge
300 - disk ]
3 —— visible gas
=250 |- .
£ 200 | ]
2 r
z 150 [~ ]
5100 F o .
50 | T .
ok /ﬂw 1
' - . . oy ]
0 10 20 30 40 50
Radius [kpc]

Fig. 3. Rotation curve of the reference model with the contribution of
each component, the bulge, the exponential disk, the visible gas and the
dark matter halo.

contribution to the rotation curve is a multiple of the contri-
bution of the gas. This is achieved by distributing the gas in
a Miyamoto-Nagai model (Miyamoto & Nagai 1975):
PER.2) o< Pl - (12)
The proportionality between the Plummer halo (being in fact
a subclass of a Miyamoto-Nagai model) and the disk is en-
sured if the disk scale length is similar to the one of the halo:
hg = ram (see Appendix A). The vertical scale height £, is
fixed to 0.3 kpc. We also have included a flaring of the visible
gas disk by multiplying the z coordinates of the particles by:

R
exp &)

where the transition radius Ry is set to 40 kpc.

13)

Mass and parameters of the model are summarised in Table 2
and the corresponding rotation curve is displayed in Fig. 3.

4.1.2. Adding dark baryons in the disk

Here, we present a method that allows us to build new galaxy
models containing additional dark baryons, but presenting sim-
ilar observational properties as the reference model. The new
models are build by following three rules:

1. the total rotation curve remains nearly unchanged with
respect to the reference model;

2. the surface density of the visible gas remains nearly un-
changed with respect to the reference model,;

3. no dynamically significant dark matter is added in the central
regions.
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In addition to these rules, the model, must also respect the ratio
between the visible and additional dark gas that follows from the
multiphase model proposed in Sect. 2.

The third rule is derived from the luminosity Milky-Way
model (Bissantz & Gerhard 2002) combined with MACHO
micro-lensing observations (see Gerhard 2006, and references
therein for more details). We thus assume 1) no dark gas exists
at the center of galaxies, and 2) the density of the total gas (tg)
is equal to that of the visible gas (vg):
pE = p'e, in the central regions. (14)
This equation also ensures the second rule at the center.

In the outer part, the total gas mass distribution is constrained
by the first rule. We can easily transfer mass from the halo to the
disk without changing the rotation curve, using the equivalence
in term of density of Eq. (A.5) (via the Poisson equation). In that
case, the density of the halo plus the total gas (htg) (including
visible and dark gas) may be written as:

htg

Phi, = (15)

MN
FPUereran + U= PP 0.y
where the first left side term corresponds to the total gas density:

pM[g,oul = fp(Mhlg hz,Fam)? (16)

and the second left side term corresponds to the halo density:

ho
Pty = (1= DIty 0. a7
In this equation, the mass of each component is given as an in-

dex. My, is the sum of the halo and gas mass of the reference

model. Mg = f My, is the total gas mass and My, = (1 — f) My

is the halo mass. It is convenient to define f as:

f=No (18)
- Mhlg ’

where N gives the ratio between the total gas and the gas of the
reference model. Its value is restricted to the range [0, My /M].
When N = 1, Egs. (16) and (17) give the densities corresponding
to the reference model.

We can derive the total gas density all along the disk by com-
bining Egs. (14) and (16):

a(R) pE(R) + (1 — a(R)) p(R)
a(R) p"*(R) + (1 = a(R)) [ piope. sy B,

PER) 19)

(20)

where we have introduced a new function a(R) taking values of 1
at the center and 0 in the outer part of the disk.

We now introduce the multiphase model of Sect. 2 that
places constraints on the ratio between visible and dark gas.
Applying Eq. (4) to the total gas density p,; we can derive the
density of the visible gas:

XZB

YR)p*(R) where y(R)= T

P8(R) = (21)
and where y(R) (see Eq. (4)) follows from the stellar mass dis-
tribution, the (L/M) ratio and the UV background. Combining
Egs. (20) and (21) allows us to determine the value of @(R) which

completely defines the total gas distribution:

1 (R) fp(Mmg h, rdm)(R) - Pvg(R)
Y(R) fp(Mmg h. »rdm)(R) - pVg(R)

a(R) = (22)
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Table 3. Parameters for the reference giant Sbc model.

N M, My, My, My, M/ My
[10" My]  [10" Mo]  [10' Mol [10' M) %
1 0.21 0.00 1.18 6.36 18
3 0.12 0.42 1.52 6.27 24
5 0.16 0.66 1.80 6.12 29
T I
- - - N=1:visible gas
- =+ N=1:total baryons
. —— N = 3: visible gas
10? N =3:dark g:;
—— N =3 total baryons

—
[e=}
=
T

Surface Density [Ms/pc?]

100 F

E
0 10 20 30 40 50
Radius [kpc]

Fig.4. Comparison of the surface density of baryons between model
N =1 and model N = 3. The total baryons (including stars) are traced
in black. The red line represents the visible gas while the blue line (only
present for the N = 3 model) falling towards the center corresponds to
the dark gas.

In this equation, we force values of « to stay in the range [0, 1].
As we will see later, this restriction breaks the second rule in the
outer part of the disk. Finally, the same flaring as for the visible
gas (Eq. (13)) is applied to the total gas.

Following this scheme, we have constructed two different
models, with respectively N = 3 and N = 5. Applying the mul-
tiphase model with parameters listed in Table 1, we can now
determine the mass properties of the different components (vis-
ible gas, dark gas, total baryons and dark halo) in these models,
including the reference model (N = 1), given in Table 3.

A larger value of N increases the dark mass and inversely
decreases the dark halo mass (the total mass remaining constant).
The baryon fraction (Mp/M;) is then an increasing function of
N and grows from the universal baryonic fraction up to 30%
for model N = 5. The total visible mass is not strictly identical
between the three models. Its variation is mainly due to the the
outer part where its surface density decreases with respect to the
reference model. However, the visible gas lying below 20 kpc is
similar for the 3 models (Mg = 5.4 x 10° My).

The gas and total baryon surface density is displayed in
Figs. 4 and 5. The outer regions (R > 20kpc) of models N = 3
and N = 5 are characterised by the presence of the dark gas
which dominates the surface density of the baryons. In the far
outer parts, the baryons are multiplied by N, with respect to the
reference model. On the contrary, due to the drop in the dark
gas surface density, the visible gas surface density of the inner
regions is left unchanged with respect to the reference model
(second rule). The presence of dark gas is only marginal inside
10 kpc.

Figures 6 and 7 compare the contribution of all components
to the rotation curve. In the models with additional baryons, the
decreasing contribution of the dark halo mass in the outer part
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Fig. 6. Comparison of the rotation curves of model N = 1 and model
N = 3 and the contribution of each component.

is compensated by the dark gas, ensuring a flat rotation curve up
to 50 kpc. The bump in this component, appearing below 25 kpc,
is due to the fact that, as no dark gas resides in the central re-
gions, the square velocity of this component alone is negative.
As in Figs. 6 and 7 we have plotted the absolute value of the
velocity, the imaginary part appears as positive. Except around
the transition radius of 20 kpc, the total rotation curve of models
N =3 and N = 5 remains nearly unchanged with respect to the
reference model (first rule).

4.1.3. ACDM substructures

In addition to the three previous models, we have built a fourth
model called the N = 1 + s model based on the N = 1 models
but taking into account a sample of dark matter satellites pre-
dicted by the ACDM cosmology, orbiting around the disk and
interacting with it.

The purpose of this model is to study the effect of ACDM
satellites on the spiral structure of the disk, and to compare it
with the effect of the additional baryons taken into account in
models N =3 and N = 5.
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Fig.8. Model N = 1 + s: 100 ACDM satellites around the gaseous disk
of the N = 1 model. The images have been take after t = 2.2 Gyr of
evolution. The box size is 400 x 400 kpc.

The ACDM satellites have been added following the tech-
nique described by Gauthier et al. (2006) based on the distri-
bution function of Gao et al. (2004), in agreement with recent
ACDM simulations. 100 satellites extending up to 250 kpc, with
masses between 1.5 x 107* and 0.02 mass of the galaxy of the
reference model (6.36x10'! M), have been added, representing
10% of the total galactic mass. Contrary to Gauthier et al. (2006),
in our simulations, the substructures are Plummer masses with a
softening fixed to 0.25 kpc. Figure 8 shows the surface density
of model N = 1+ s including the ACDM satellites. The darkness
of the satellites scales as a function of the mass.

4.2. Velocity distribution

The velocity distributions are computed following the method
proposed by Hernquist (1993). For the spherical distribution, the
bulge, the velocity dispersion is assumed to be isotropic and is
derived from the second moment of the Jeans equation (Binney
& Tremaine 1987) which is then:

1 00
oi(r) = —— f dr’ pu(r') 8, D). (23)
Ph(r) r

For the axisymmetric components (stellar disk and gas disk),
we first compute the vertical velocity dispersion o, by
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satisfying the Jeans equation in cylindrical coordinates (Binney
& Tremaine 1987) separately for each component i:

1 (ee]
o= — f dz’ pi(2) 0 D). 24)
pi(Z) z
For the stellar disk and for the bulge, the radial velocity disper-
sion o is fixed by imposing the value of the Safronov-Toomre

parameter Q to 1, ensuring the horizontal stability of the disk. O
is defined by:

KOR

0= 33660, + %)

(25)
where « is the radial epicyclic frequency. For the gas, according
the the HI observations, o is fixed to a value of 10 kms™'. The
tangential velocity o is derived from the epicycle approxima-
tion (Binney & Tremaine 1987, p.125):

o2 2 RP0R(R0p0)
= = (26)
4R (9pD).—

2T 102
5 4Q
where the rotation frequency Q is determined from the poten-
tial R-derivatives as indicated in Eq. (26). Finally, the mean
azimuthal velocity is deduced from the second moment of the
Jeans equation:

R
(V3) = RORD(R,2) + 0% — 07 + EaR (oics) - (27)

where we have assumed that the term (vgvg) = 0.

4.2.1. Velocity distribution for the visible and dark gas

The radial velocity dispersions of the visible gas is set to be con-
stant at 10 kms~! as observed:

ORvg = 10kms™. (28)

On the contrary, in order to ensure stability, the radial veloc-
ity dispersions of the dark gas is set by imposing the Savronov-
Toomre parameter to be 1:

336G (54 +2,) O

ORdg =
g P >

with Q=1. (29)
The velocity dispersions and the mean azimuthal velocity are
then used to distribute the model particles in the velocity space.

5. Model evolution

The multiphase model has been implemented on the parallel
Tree code Gadget2 (Springel 2005). The models N = 1, N =
1+s, N =3and N =5 contain respectively 319315, 319415,
535769 and 731 129 particles. The mass of the gas particles is
constant between the three models. The softening length is set
to 250 pc. All simulations have been run between 0 and 4.5 Gyr.
For simplicity, the feedback from supernovae has been turned
off.

5.1. Global properties

Despite their different dark matter content, after 4.5 Gyr, the
three models (N = 1, N = 3 and N = 5) still share similar
global properties.

In Fig. 9 we compare the total velocity curve of the three
models, after 4.5 Gyr of evolution. In the central part, they all
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Fig. 9. Comparison of the rotation curve of the 3 models at = 4.5 Gyr.

Fig. 10. Surface density map of the stellar disk of the 3 models (N =1,
N =3 and N =5, from left to right) at t = 4.5 Gyr. The box size of each
image is 60 x 60 kpc.

show a bump corresponding to the presence of a bar. In the
outer part, all curves converge to the same values. The main
differences occur around the transition radius (~10-20kpc),
where models with additional baryons have slightly lower val-
ues. However, these differences are simply a relic of the dif-
ferences existing in the initial conditions (see Figs. 6 and 7).
The similarity of the rotation curves means that the three models
share the same radial potential dependency, having similar hor-
izontal epicyclic frequencies (k and Q). The pattern speed, the
shape and the extension of the bar is also identical (see Fig. 10).

The surface density of the three models is compared in
Fig. 11. For radius smaller than 30kpc, the curves corre-
sponding to the visible gas surface density are superimposed.
Differentiating these three curves is only possible in the far outer
part, as was the case for the initial conditions (see Figs. 4 and 5).
It is thus important to notice that the rotation curve and the az-
imuthal averaged surface density are not sufficient to easily dis-
tinguish between these three models, even after 4.5 Gyr of evo-
lution.

In Fig. 12 we compare the scale height of the disk of the four
models at # = 0.9 and at r = 4.1 Gyr. The continuous lines cor-
respond to the visible gas while the dotted ones to the dark gas.
At t = 0.9 Gyr, no difference exists between the four models.
After 4 Gyr of evolution the visible gasinthe N =1+ s, N =3
and N = 5 models has been slightly heated and presents higher
scale heights. In the case of model N = 1 + s, the increase of the
scale height is attributed to the perturbation of the ACDM satel-
lites (Font et al. 2001; Dubinski et al. 2008), while for models
N =3 and N =5 it is due to the coupling with the collisionless
dark gas that has a higher scale height (dotted lines). From an
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Fig. 12. Disk scale height as a function of the radius, for the four models
att = 0.9 and ¢ = 4.1 Gyr. The lines corresponds to the visible gas while
the dotted lines correspond to the dark gas.

observational point of view, models N = 1+s, N =3and N =5
will be very similar.

5.2. Disk stability and spiral structures

The main differences between the models with additional dark
baryons and the “classical model” appear when comparing the
spiral structure of the visible gas. The surface density evolution
of the three models plus the one with the ACDM satellites is dis-
played in Figs. 13—16. In the two latter plots, in addition to the
visible gas surface density, the dark gas surface density is also
displayed. These plots emphasize two important points. First,
despite the presence of larger amount of baryons in the outer
parts, the disks of models N = 3 and N = 5 are globally sta-
ble over the 4.5 simulated Gyrs. Secondly, spiral structures have
very different patterns and may be used to distinguish between
models with and without additional baryons.

At all times during the evolution, the surface density of the
dark gas decreases at the center, preserving a hole. This hole
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0.0 Gyr

Fig. 13. Evolution of model N = 1 between 0 and 4.5 Gyr. Each image
represents the surface density of the visible gas. The box size is 200 X

200 kpc.

Fig. 14. Evolution of model N = 1 including 100 ACDM substruc-
tures. Each image represents the surface density of the visible gas.

The box size is 200 x 200 kpc.
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Fig. 15. Evolution of model N = 3 between 0 and 4.5 Gyr. The first and third columns represent the visible gas surface density while the second
and fourth represent the dark gas surface density. The box size is 200 x 200 kpc.

simply means that no additional dark matter is expected at the
center, even after 4.5 Gyr of evolution.

5.2.1. Disk stability

The stability of models N = 3 and N = 5 is ensured by the
presence of the two partially dynamically decoupled phases. The
dark phase has higher velocity dispersions than the visible gas.

The radial velocity dispersions of model N = 3 are displayed in
Fig. 17. Because the dark gas is quasi non-collisional, its radial
velocity dispersion is much larger than the one of the visible gas
of the reference model (values dropping to 10 kms~! in the outer
part.). These higher values ensure the stability of the total bary-
onic disk. However, our multiphase model fails to reproduce the
low velocity dispersions expected in the visible gas. While be-
ing clearly decoupled from the dark component, the gas velocity
dispersion of model N = 3 is higher than the one of the reference
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Fig. 16. Evolution of model N = 5 between 0 and 4.5 Gyr. The first and third columns represent the visible gas surface density while the second
and fourth represent the dark gas surface density. The box size is 200 x 200 kpc.

model, especially in the outer part. This is the result of the weak
coupling due to the cycling between the dark and the visible gas.
The model could be improved in the future, by simply increasing
the stickiness of particles in the outer part.

As discussed in Appendix B, if one assumes that the dark gas
is as dissipative as the visible gas, the resulting velocity disper-
sions of the total gas is no longer large enough to ensure the disk
stability. In that case, the disk breaks and forms small clumps
(Fig. B.1).

Since our disk model is made of three dynamically decou-
pled components (the stellar disk, the visible disk and the dark
disk) having distinct velocity dispersions, a precise study of its
stability would require to use a multi-component stability crite-
rion. The stability of multi-component galactic disks has been
discussed by Jog & Solomon (1984b,a) and the equivalent of
the Savronov-Toomre parameter may be computed (Jog 1996).
While this criterion is theoretically valid for an n-components
system the computational procedure described by Jog (1996) is
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Fig. 17. Radial velocity dispersion at r = 4.5 Gyr of the visible (red)
and dark (blue) gas components of model N = 3. The dotted line cor-
responds to the radial velocity dispersion of the visible gas of mode
N =1

only valid for a two-components system (see also Wang & Silk
1994; and Elmegreen 1995). We have instead used a Savronov-
Toomre (Q;-.) assuming a single component. Formally, this
Q). is defined by:

K OR disk
3.36 G Zgisk

where Xgisk and o gisk are computed over the visible gas, dark
gas and stars particles, while « results from the total potential (in-
cluding halo dark matter and disk dark baryons). The left panels
of Fig. 18 shows the parameter Q;_. for the four models at differ-
ent times. It is clear that Q;_. is always larger than 1, explaining
the stability observed in Figs. 15 and 16.

Q1-(R) = (30)

5.3. Spiral structure and swing amplification

While being larger than 1, the two models with additional
baryons are characterized by a nearly constant Q;_. from 10 to
50 kpc, with values between 2 and 3 for model N = 3 and around
2 for model N = 5. With these rather low values, the disks are
only quasi-stable. Contrasting and open spiral structures are con-
tinuously generated up to the end of the dark gas disk at 100 kpc.
These spirals are thus naturally present in the visible gas up
to its end, where its surface density drops, in agreement with
most HI observed disks. See for example the impressive case of
NGC 6946 (Boomsma et al. 2008).

On the contrary, model N = 1 has a higher Q;_., increas-
ing well above 3 for R > 30 kpc. Consequently, the outer disk is
more stable, preventing the formation of spirals, as observed in
Fig. 13. This difference is the key point that allow us to distin-
guish between models with and without additional baryons.

In order to improve our understanding of the spiral structure,
we have computed polar maps ((R — ¢)-plot) of the visible gas
surface density (from R = 0 to R = 50kpc) at different times
(Fig. 19). These maps can be, for example, compared to the HI
observation in M 83 (Fig. 12 of Crosthwaite et al. 2002). We
then performed a Fourier decomposition of those maps, for each
radius. The spiral structure can be represented by each domi-
nant azimuthal modes for a given radius, i.e. the mode with the
largest amplitude, excluding the m = 0 mode. Figure 20 displays
the amplitude of the dominant azimuthal modes found for each
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Fig. 18. Stability of models N = 1, N = 3 and N =5 at different times
(0, 0.9, 1.8, 2.3, 3.2 and 4.1 Gyr). The left column show the Toomre
parameter (Eq. (30)). The right column shows the mode corresponding
to the swing amplification parameter X = 3. Modes higher than the
latter may be amplified while lower modes are stable. In both columns,
the dotted lines correspond to the values computed without taking into
account the dark gas. The corresponding color code for all times are
given in the upper right panel.

plot of Fig. 19. For a direct comparison between the models, in
all plots, the signal amplitude is coded with the same colors. In
polar plots, a regular spiral structure of mode m appears as 2m
inclined parallel lines®, where the inclination (that may vary with
radius) gives the pitch angle i of the arm (i = 7/2 — arctan(p),
where p is the slope of the lines). Such regular features are
present for the N = 3 and N = 5 models, indicating the pres-
ence of rather open spiral arms (large i) that may be followed
up to 50kpc at nearly all times. The number of arms is not
constant and oscillates between 3 and 8 (model N = 3) and 3
and 6 (model N = 5), usually increasing with increasing ra-
dius (Bottema 2003). Such large features are not observed for
the N = 1 model. The spiral arms disappear around R = 25 kpc.

Spiral arms in a disk may be the result of “swing amplifica-
tion” (Goldreich & Lynden-Bell 1965; Julian & Toomre 1966;
Toomre 1981), a mechanism that locally enhances the self-
gravity and leads to the amplification of a small perturbation in
a differentially rotating structure. The amplification results from
the resonance between the epicyclic motions of stars (or gas)
and the rate of change of the pitch angle of a density wave, dur-
ing its conversion from leading to trailing (Binney & Tremaine
1987). The swing amplification mechanism may be quantified
by the parameter X, the ratio of the perturbation wavelength and
a critical wavelength:

_47°Gx

X =2/, where Ae 5 (31)

K

3 Here, a line is either a maximum or a minimum.
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Fig. 19. Evolution of the spiral structure in a (R — ¢)-plot of the four
models. Each image represents the surface density of the visible gas.
The abcissa corresponds to the radius R (from 0 to 50 kpc) while the
ordinate to the azimuthal angle (from O to 2r).

Since the wavelength A of a spiral pattern of mode m in a disk is
27 R/m, X becomes:

R«

XR)= ————-
(R) 2nGEm

(32)

Similarly to the Q;_. computation, we have computed the swing
amplification parameter X, taking into account only the surface
density of the disk (X = Zgis). As it is too dynamically hot, at
first order, the dark matter is not sensitive to the density pertur-
bation and its effect is not included in the computation of X. If
we assume that the swing amplification is efficient for X < 3
(Toomre 1981; Athanassoula 1984, Fig. 7)*, we can reverse
Eq. 32 and compute the value of the critical mode m(X = 3):

R«?

X=3)2 ——— .
m( ) 6 1 G Zgisk

(33)
The meaning of the critical mode is the following: modes higher
than m(X = 3) may be amplified by the swing amplification
mechanism. On the contrary, the ones above m(X = 3) are stable
and thus no spiral pattern with m < m(X = 3) is observed.

The right panels of Fig. 18 displays the critical modes at dif-
ferent times. For the N = 1 model, m(X = 3) increases very
quickly, being above 6 for R > 20 kpc. At larger radii, only large
m modes, corresponding to noise, may be amplified by the self-
gravity of the disk. No spiral pattern is expected, in agreement
with Figs. 20 and 13.

When increasing Xgisx by including additional baryons, self-
gravity in increased and lower modes may be amplified at larger
radius. For example, m = 6 modes may still be amplified up
to R = 35kpc in model N = 3 and up to R = 50 kpc in model
N = 5. This explains the patterns present in Fig. 20 and the spiral
structure of Figs. 15 and 16.

The dotted lines of Fig. 18 (both in the left and right panels)
correspond to the Q;_. and m(X = 3) values as would be de-
duced by an observer ignoring the presence of the dark gas and
taking into account only the visible gas and stars in Egs. (30)
and (33). Clearly, Q) is well above 4 for a radius larger than
20 kpc, indicating that the disk should be stable. The m(X = 3)
parameter implies that modes with low perturbation should be
prohibited by the swing amplification theory, in contradiction to
the observed spiral structure. This point may explain why spiral
structures are present in galaxies where the Q;_. (or X) param-
eter deduced from the visible component is well above 5 (resp.
3), as is the case, for example, for the galaxy NGC 2915 (Bureau
et al. 1999).

5.3.1. The effect of the ACDM satellites

We can now ask if the perturbations generated by the ACDM
satellites are able to reproduce the large scale spiral patterns of
galaxies, comparable with the ones obtained when including ad-
ditional baryons.

The effect of the satellites may be seen by comparing the
surface density of the visible gas disk of model N = 1 (Fig. 13)
and model N = 1 + s (Fig. 14). Perturbations in the far outer
part of the disk are visible between 2.3 and 4.1 Gyr and appear
as asymmetric and winding spiral arms. These perturbations are
better traced in Fig. 20, where the same Fourier analysis has been
performed for model N = 1 + s. There, the effect of the satellite
is already perceptible at + = 1.4 Gyr and R ~ 30kpc. Between
t =14 andt = 2.3 Gyran m = 2 mode develops and disappears
afterwards. The large slope of the modes indicates a very small
pitch angle. Another m = 2 mode appears briefly between ¢ =
2.3 and t = 2.7 Gyr (R > 40kpc). In this plot, no clear dominant
mode is seen afterwards, between 25 and 50 kpc. However, as

4 In fact the exact critical value may vary, depending on the parameter

Q- and on the exact velocity curve through the shear parameter ' =

~ o -
-5 3,Q which in our case is nearly equal to 1.
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Fig. 20. Evolution of the spiral structure in a (R — ¢)-plot of the four
models. Each image represent the dominant mode of Fig. 19.

the Fourier decomposition was performed within R = 50kpc,
we are missing the spirals observed at larger radii in Fig. 14 at
t =3.6kpc.
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The comparison between the spirals resulting from the self-
gravity of the disk or the ones formed by satellites perturbations
reveals two important differences:

1. As it does not result from a gravity wave, a spiral arm gen-
erated by the perturbation due to a satellite is affected by the
differential rotation of the disk. Consequently the arm winds
quickly (the pitch angle is small) and disappears in a dy-
namical time (winding problem, see for example Binney &
Tremaine 1987).

2. Spiral patterns generated by the swing amplification are
globally continuous along the disk. We have seen for ex-
ample that the dominant modes slowly decrease outwards.
As they result from a local perturbation, asymmetries and
strong discontinuities exist in the pattern of spirals induced
by satellites. An example is seen in Fig. 20 at ¢ = 2.7 Gyr.
No dominant mode exists between 25 and 40 kpc while an
m = 2 mode is present at larger radius, disconnected from
the rest of the disk.

In conclusion, the ACDM satellites are able to perturb a disk and
induce spiral arms. However, these arms wind up and disapear
quickly. Even if they are periodically induced by satellites, they
are unable to reproduce a regular and extended spiral patterns.

According to the theory of spiral structure formation, the fact
that ACDM induces only localised and decorrelated perturba-
tions is not surprising. Indeed, if satellites act as triggers for
disk instabilities, the subsequent amplification of the instabili-
ties leading to the formation of a large scale pattern is deter-
mined by the property of the disk itself: its self-gravity (surface
density), its velocity curve and its velocity dispersions, the three
quantities involved in the Q_. and X computation. Without the
interplay of these essential ingredients, only discontinuous local
structures, resulting from the random impact of the satellites on
the disk, will be observed.

6. Discussion and conclusion

Using a new self-consistent N-body multiphase model, we have
shown that the hypothesis where galaxies are assumed to have
an additional dark baryonic component is in agreement with spi-
ral galaxy properties. The key element of the model is to assume
that the ISM is composed out of two partially dynamically de-
coupled phases, the observed dissipative gas phase and a dark,
very cold, clumpy and weakly collisional phase. Motivations for
invoking a similar component made of cold invisible gas, like
the disk-halo conspiracy, the HI-dark matter proportionality,
extreme scattering and microlensing events, the hydrostatic
equilibrium of the Galaxy or the survival of small molecular
structures without shielding, have been given many times in the
literature (e.g., Pfenniger & Combes 1994; Henriksen & Widrow
1995; Gerhard & Silk 1996; Walker & Wardle 1998; Kalberla &
Kerp 1998; Kerins et al. 2002; Heithausen 2002, 2004).

An original scheme, designed to overcome numerical lim-
itations, has been proposed to compute the cycling between
these two phases when subject to heating and cooling. From
this scheme, we have shown that realistic self-consistent N-body
models of spiral galaxies containing an additional baryonic dark
matter content may be constructed. These models share similar
observational properties with classical CDM disks, like the rota-
tion curve and visible gas surface density and in that sense, are
observationally similar.

The main result of this work is that, despite having more
mass in the disk, these systems are globally stable, the stability
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being ensured by the larger velocity dispersion of the dark gas
that dominates the gravity in the outer part of the disk. In addi-
tion, the enhanced self-gravity of these disks, due to the presence
of the dark clumpy gas, makes them more prone to form spirals
extending up to 100 kpc in the dark gas. The spiral structure is
revealed by the HI that acts as a tracer of the dark gas, up to the
radius where its surface density becomes so small that the hydro-
gen is fully ionized and hardly observable. This gives a natural
solution of the numerous observations of HI unstable disks that
are difficult to explain by the self-gravity of the HI disk alone
(see for example Bureau et al. 1999; Masset & Bureau 2003).

Depending on the theory of spiral structure (the local sta-
bility of differentially rotating disks and the swing amplifi-
cation mechanism) our results depend on the three quantities
involved in the Toomre parameters: the disk self-gravity by its
surface density, its rotation curve and its radial velocity disper-
sion. Consequently, these results will not be affected by a differ-
ent parametrisation of the stellar disk or the dark halo, as long as
a similar rotation curve is reproduced.

We have seen that in our models the velocity dispersion
of the collisionless or weakly collisional components increases
with time, similarly to what stars are known to do in the
Milky Way in the so-called Wielen’s diffusion. This is fully ex-
pected from our general understanding of the evolution of self-
gravitating disks of collisionless particles, where the effects of
spiral arms and especially a bar are sufficient to cause such a ra-
dial heating. A more detailed discussion and references are given
in Sellwood & Binney (2002).

While the cold gas phase is probably weakly collisional, we
have treated it as strictly collisionless. How will the spiral mor-
phology then be modified by introducing a weak dissipation in
this component? In Appendix B we present the case where the
dark component is as dissipative as the observed gas. In this ex-
treme case, the disk is strongly unstable and fragments as a con-
sequence of the Jeans instability. At some point, decreasing the
dissipation of the dark gas strengthens the global stability, while
reinforcing the spiral arm contrast. The dynamical coupling of
the two phases through the cycling is as important as the dissi-
pation. A very short transition timescale 7 leads to a strong cou-
pling. Additional simulations show that in that case, the velocity
dispersions of the two components are nearly similar, the one
of the observed gas being higher. Consequently, the spiral struc-
tures are less contrasting. On the contrary, if the two phases are
decoupled, the observed gas velocity dispersion is smaller, and
the arm contrast higher. In both cases however, the large scale
spiral pattern remains similar.

Additional simulations have investigated the effect of
ACDM substructures on the outer HI disk. Satellites only gen-
erate local, winding and short-lived arms. Because the HI disk
is not sufficiently self-gravitating, its response is too small to
amplify the perturbations. In that sense, we confirm the results
of Dubinski et al. (2008). The tidal effects of the satellites are
generally small and so are not responsible for large scale spiral
patterns.

If models of galactic disks with additional dark baryons are
in agreement with observations, we must ask whether they are
in agreement with the ACDM scenario. From the cosmic baryon
budget (Fukugita & Peebles 2004), we know that nearly 60% of
the baryons predicted from primordial nucleosynthesis are not
observed. Multiplying the galactic baryon content (about 8%) by
a factor of 2, as it is assumed in our most massive N = 5 model,
will still be in agreement with the baryon budget. From a galactic
point of view, multiplying the baryon content by a factor 2 is well
inside the observed uncertainties. For a circular velocity curve
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of about 250 kms~! typical of our models, the baryon content
varies by more than a factor of 5 (see Fig. 1 of Mayer & Moore
2004). Assuming a corresponding virial mass of 10'> M the
cosmic baryon fraction may vary around 10 and 50%. With a
baryonic fraction of 29%, our N = 5 model corresponds to a
large but realistic value.

Numerical simulations of the formation of large scale struc-
tures predict that the “missing baryons” reside in a warm-hot gas
phase in the over-dense cosmic filaments (Cen & Ostriker 1999,
2006). However, there are now also signs of accretion of cold
gas during the build up of galactic disks (Keres et al. 2005). As
discussed in Sect. 2, a low density resolution leads to an under-
estimate of the gas cooling, missing over-dense regions present
in an inhomogeneous ISM, where the cooling time of the gas is
very short. Since the assumed amount of dark baryons is not in
contradiction with the cosmic baryon budget, we need to wait
for future works to see if the correct treatment of inhomoge-
neous ISM, including shocks, is able to cool 10% of the “miss-
ing baryons” during the hierarchical structure formation, making
the present model consistent with the ACDM scenario.

In a companion paper, we have shown that our model also
explains the puzzling presence of dark matter in the collisional
debris from galaxies (Bournaud et al. 2007).

The remaining questions are obviously why the cold dark
phase is invisible and what the physics ruling it might consist of.
Since star formation is also a poorly understood process, but we
know that stars do form from the coldest observable molecular
gas, the question of why stars are not supposed to form in the
coldest form of our invoked dark gas remains open. Suggestions
of why star formation may not always start in cold gas have been
given in Pfenniger & Combes (1994). Essentially, if molecular
gas fragmentation goes down to sub-stellar mass clumps stay-
ing cold, these clumps are unable to free nuclear energy and be-
come stars. Since they are close to the 3 K background, they al-
most do not radiate. Because of their negative specific capacity,
such self-gravitating clumps do not increase their temperature
when subject to external heating, but stay cold while evaporat-
ing, a sometimes overlooked feature of self-gravity. Many ear-
lier works have discussed these issues, for example how cold
molecular hydrogem may clump in dense structures of solar
system size but stay undetected (Combes & Pfenniger 1997;
Pfenniger & Combes 1994; Pfenniger 2004). However, much
more work remains to understand the precise physics of very
cold gas (T < 10K) in low excitation regions, like the outer
galactic disks, but also in planetary nebulae and star forming re-
gions where observed dense cold gas clumps self-shield from
outer radiation and reach sub-10 K temperatures. It is generally
known that H, condenses in solid form even at interstellar pres-
sures at temperatures close to the 3 K cosmic background. A
phase transition means that a richer physics must be expected.
But since H; is usually mixed with about 10% of helium in
mass, it was for many years not clear how to describe the equa-
tion of state of this mixture in such conditions. Recently, Safa &
Pfenniger (2008) succeeded in describing this mixture for astro-
physically interesting conditions with chemo-physical methods,
reproducing its main characteristics like the critical point and the
condensation curve, as well as predicting the conditions of He-
H, separation. Work is in progress to apply these results to the
cold interstellar gas.
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Appendix A: The Miyamoto-Nagai potential:
another parametrization

The Miyamoto-Nagai potential (Miyamoto & Nagai 1975) in
cylindrical coordinates is usually written as:

GM
\/R2 +(a+ V7 + b2)2’

where M is the total mass and a and b are two parameters. It is
useful to parametrize the Miyamoto-Nagai potential, introducing
the horizontal scale length sz and the vertical scale length £,
defined by:

OMNR,7) = - (A.1)

hg=a+b and h,=0>b. (A2)
The potential then becomes:

GM
DY (R 2) = = (A3)

2
\/R2 N (hR —ho+ 2+ hg)

Using this parametrization, the circular velocity curve is written
as:

0 GMR?
2= R—O"WN(R,0) =
Ve 3R (R,0) [

3/2°
2
R+ 1]

which is independent of the vertical scale length /.. This means
that any Miyamoto-Nagai model with mass M and horizontal
scale length /iy will fit the same rotation curve. One may also rec-
ognize in Eq. (A.4) the familiar velocity curve of the Plummer
model, the latter being a subclass of the Miyamoto-Nagai model,
with a = 0 and b = hp.

A corollary of Eq. (A.4) is that the rotation curve of any
Miyamoto-Nagai model can be reproduced by a linear combi-
nation of two or more Miyamoto-Nagai models, having different
scale heights and appropriate masses. For example, the potential
@’,(R, z) defined by

D)y (R, 2) = fOU (R 2) + (1 = HOUY, (R, 2),

where f € [0, 1] and A} # h;, will have the same velocity curve
as (D?z/{},]hz,hk)(R’ 2).

(A4)

(A.5)

Appendix B: Evolution of model N = 3’

In this appendix we present the evolution of model N = 3’,
where all the gas (visible and dark) is assumed to be dissipa-
tive, computed with the sticky particle scheme (see Sect. 2.3).
The sticky parameters used are similar to the ones used for the
visible gas in model N = 3 and N = 5. The evolution shows that
at the beginning (+ = 0 — # = 0.8 Gyr) the strongest dissipation
reinforces the spiral constant in the central part of the galaxy.
But after 1 Gyr the inner disk, which is dynamically very cold,
becomes strongly unstable. The spirals break into several dense
clumps and the disk does not look like a real galaxy. This effect
is even stronger for an N = 5 model, which is not displayed here.
This test shows that the dark matter in the disk cannot be as dis-
sipative as the visible disk. Otherwise, the disk is unstable and
fragments in less than a dynamical time.

Y. Revaz et al.: Simulations of galactic disks including a dark baryonic component

0.0 Gyr

2.3 Gyr

Fig. B.1. Evolution of model N = 3’ where the all the gas (visible and
dark) is assumed to be dissipative. Each image represents the surface
density of the visible gas. The box size is 200 x 200 kpc.
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