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ABSTRACT

We compute the angular momentum, the spin parameter andl#iied distribution function for Dark Matter
halos hosting a spiral galaxy. We base on scaling laws, riedeirom observations, that link the properties
of the galaxy to those of the host halo; we further assumettieDark Matter has the same total specific
angular momentum of the baryons. Our main results are: (ifimgethat the gas component of the disk
significantly contributes to the total angular momentumhef system; (ii) by adopting for the Dark Matter
the observationally supported Burkert profile, we comphgetbtal angular momentum of the disk and its
correlation with the rotation velocity; (iii) we find thatehdistribution function of the spin parametepeaks
at a value of about.03, consistent with a no-major-merger scenario for thedatdution of spiral galaxies.

Subject headings: galaxies: halos - galaxies: spiral - galaxies: formatioalagies: kinematics and dynamics

1. INTRODUCTION Correspondingly, given a halo with mad$dy we deter-

The mechanism of galaxy formation, as currently under- Mine its radius as = (3Mu /4 pe 2y Alﬂ)l/si here p; =
stood, involves the cooling and condensation of baryons in-2.8 x 101*h?*Mg Mpc2 is the critical density2%, = Qu (1+
side the gravitational potential well provided by the Dar&tM  2)3/[(1 - Qw) + Qm (1 +2)%] is the evolved matter density pa-
ter (DM); in spirals, a rotationally supported disk is fortpe  rameter at redshitt, andAy = 1872 +82 (2% -1)-39 (%, -
whose structure is governed by angular momentum acquiredy)? js the density contrast at virialization, that takes on the

through tidal interactions during the precollapse phase. valueAy ~ 100 atz= 0.
Under the assumption of specific angular momentum con-
servation, that holds when the baryons and the DM are ini- 2. THE ANGULAR MOMENTUM

tially well mixed, the dynamics of the dark halo is directly =~ The fundamental parameters of the stellar disk and halo

related to the disk scale length (see Fall & Efstathiou 1980) mass distributions can be obtained straightforwardly by

This tight connection between halo dynamics and disk geom-means of three observational scaling relations, linking th

etry is quantified by the spin paramefe(Peebles 1969). disk mass to the halo mass, to the halo central density, and
The general procedure for the computation of the angularto the disk scale length.

momentum has been described in detail by Mo, Mao & White  The total mass of the stellar disko that resides in a halo of

(1998); it relies on 3 basic assumptions: (i) the mass of thegiven massMl is given by the relation (Shankar et al. 2005,

galactic disk is a universal fraction of the halo’s; (i) ttee see their Fig. 3):

tal angular momentum of the disk is also a fixed fraction of (My /3 104 M)3t

the halo’s; (iii) the disk is thin, centrifugally supportead Mp ~ 2.3 x 10 M, H o (1)

stable, with an exponential surface density profile. The the 1+(Mu/3 10 Mg)?*

ory is applied to a Navarro, Frenk & White (1997; NFW) DM this holds for halo masses between'i@nd about 3«

potential. 10'2M,,, wide enough to include most of the spiral popula-
In the present work, we propose to determine the angulartion, except dwarfs.

momentum and the spin parameter of disk galaxies by mak- We model the stellar disk with a thin, exponential surface

ing use of the observed matter distribution in spirals, ahd o density profile of the form

observed scaling relations between halo and disk progertie Mo i mo

To this purpose, we adopt a modified set of assumptions: we 2o() =5 = ere. (2)

relax (i), and use instead an empirical relation that lirffies t . T .

disk mass to that of its DM halo (Shankar et al. 2005); we The characteristic scale-leng® is estimated through the re-

retain (i) and suppose total specific angular momentum con-/ation

servation during the disk formation, i.dy/Mp = Jy /My in Ro _ Mp Mp 2
terms of the disk and halo mas3ds, My and of the related lOQk_pC =0.633+0.379 Iogloll Mo +0.069{ log 101Mg )
total .ang.ular momentdp, J4; as to (i), we still assume that (3)

the disk is centrifugally supported, stable, and distebldc-  inferred from dynamical mass determinations by Persic,

cording to an exponential surface density profile, but we als  sajucci & Stel (1996); these scale lengths are consistetht wi

take into account the gaseous (HI+He) component. Finally,the data by Simard et al. (1999).

we perform the computation for a Burkert (1995) halo. For the DM, we adopt a Burkert distributiopy(r) =
Throughoqt this work we adopt a flat cosmology with o Rg/(r+R0)(r2+R§), with Ry the core radius angy the

matter density parametédy ~ 0.27 and Hubble constant constant core density. Correspondingly, the total halosmas

h = Hp/100 km §* Mpc™ = 0.71 (Spergel et al. 2003). inside the radius is given by

2
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FiG. 1.— Left panel: the specific angular momentum of the diskfasetion of the rotation velocity at.2Rp. Solid line is the result from this work, adopting
the Burkert profile;dashed line is the best-fit relation from the data collected by Nava& Steinmetz (2000), see their Figure 3. Right panel: thityTrisher
relation. Solid line represents the result from this work adfashed line illustrates the fit to the data by Giovanelli et al. (1297

with Mg = 1.6p0R3 being the mass of the core. The core herex=r/Ry andMp = 27 %RZ. Note thatlp depends lin-
densitypg is determined from the disk mass through the re- early both on the mass and on the radial extension of the disk,
lation obtained from the Universal Rotation Curve (Burl&rt  while the DM distribution enters the computation through th
Salucci 2000): integrated velocity profile, encased into the shape fafipr
031 the latter slowly varies (by a factor.3 at most) throughout
log pPo__ _ —23.515—0.964( Mo ) ) our range of halo masses. B

gcnr® 10'1Mg In Figure 1 (left) we show the specific angular momen-
tum of the disk as a function of the total circular velocity
atr = 2.2Rp, computed agp = Jp/Mp from Eq. [8). Plot-
ted for comparison is also the best-fit relation by Navarro
log (Ro/kpc) ~ 0.65+0.56 log My /10" M) (6) & Steinmetz (2000) from their collection of data; note that
these authors adopted a flat rotation curve, sofihat2 and

The core radius is set by requiringviy (< Ry) = My; we
find that the approximate relation

holds within a few percents.

i i ' ' jp =2Rp V4.
The total circular velocity of the disk system is We derive the halo angular momentum by assuming the
V2(r) =V2(r)+VA(r) . (7) conservation of the total specific angular momentum between

DM and baryons, aansatz widely supported/adopted in the

literature (Mestel 1963; Mo et al. 1998; van den Bosch et al.
2001, 2002; Burkert & D’ Onghia 2004; Peirani, Mohayaee
& de Freitas Pacheco 2004). The conservation law is written

For a thin, centrifugally supported disk the circular vétpcs
given byVZ(r) = (GMp/2Rp) x?B(x/2); herex =r/Rp and
the quantityB = IgKo —1; Ky is a combination of the mod-
ified Bessel functions that accounts for the disk aspheric-
ity (Freeman 1970). Moreover, the halo circular velocity _ . My
is simply Vi3(r) = GMy(< r)/r, and it is useful to define I ‘JDM_D : (10)
Vi = /GMy /Ry. Given the relationd]1)[A3)[1(5) andl (6)
linking the basic quantities of the system, the shape and am
plitude of the velocity profile depend only on the halo mass.
In order to check our mass model and empirical scal-
ing relations, we compute the I-band Tully-Fisher relation
atr = 3Rp. We obtain the B-band luminosity from the
stellar disk mass through the relation lbg{Ls) ~ 1.33+
0.83logMp/Mg) by Shankar et al. (2005), then convert the
related magnitude in I-band through the mean colul ~ 2 L 081 L -04
( B ) [1—0.18( B ) ]

Note that small variations adp are magnified by a factor
Mu /Mp in the value ofdy, i.e., the latter is rather sensitive
to the radial extension of the baryons.

We now consider, along with the stars, the gaseous compo-
nent that envelops the disk of spiral galaxies. We derive the
total mass of the gas component from the disk luminosity (see
above) through the relation

(Fukugita, Shimasaku & Ichikawa 1995). In Figure 1 (right) Mgas=2.13x 10°M,,

we compare the result with the data by Giovanelli et al. 10PLe 1L
(1997), finding an excellent agreement. (11)
We compute the angular momentum of the disk as by Persic & Salucci (1999), where we have included a factor
0o 1.33 to account for the He abundance. Since the gas mass is
J = zﬁ/ Yo(r)rVe(r)rdr = Mp Rp Vi fr (8) on average much less than the halo mass (for increasing halo
0 mass the baryons to DM ratio raises, while the gas to baryon
with ratio lowers), both the total mass and the rotation curveaiem

faz [ xte VORO) 4 . (@  Virually unaltered{gas~ \/Myas/Read by the presence of the
R 0 VH ' gaseous component.



Spin of Spiral

However, the gas is much more diffuse than the stars, reach
ing out several disk scale lengths (see Corbelli & Salucci
2000; Dame 1993); since most of the angular momentum
comes from material at large galactocentric distancesdean

Bosch et al. 2001), we expect that the gas can add a signifi-

cant contribution to the total angular momentum (see[Hg, [8]
especially in small spirals where the gas to baryon fradson
close to 50%.

The detailed density profile of the gas in spirals is still un-

der debate in the literature. However, we are confident that

the main factors entering the computation of the gas angula
momentumlgas are just the gas total mabk.sand the radial
extension of its distribution; in other words, we expect tha
details of the gas profile do not significantly affect the tessu
In order to check this statement, we considered 3 different
gas models: (i) a disk-like distribution (DL), with charact
istic scale lengtlRp; (ii) a uniform distribution (U) outto a
radiusgRp; and (iii) anM33-like gaussian distribution (M33;
Corbelli et al. 2000). These read

soLr = Mo

2r a?Rg
Mgas
R
M as
(= Mo
7 (2k2 +k2) R}

As fiducial values of the parameters, we adapt 3 in the
first expressiong = 6 in the second one (Dame 1993), and
ki ~11.9,k, ~ 5.87 in the last one (Corbelli & Salucci 2000).
Each profile has been normalized to the total gas riggsas
computed from Eq[{11).

In parallel with Eq.[[B), the gas component of the angular
momentum will be

Jyas= 2 / Ygadr) rVe(r)rdr =MgasRo Vi fgas,  (13)
0

where the shape parametiggs encodes the specific gas dis-

tribution. On comparing its values for the 3 models we find
differences of less than 15%, and so confidently choose th
gaussian profile as a baseline.

e—r/aRD

Sgadl) =

0(r-Ro) (12)

™

EMSS

M3 g (/kiRo)=(r /keRo)?

We then compute the halo angular momentum as a function

of the total baryonic one as

My

JH=Dpt+tdgad —— .
H ( D gag MD+Mgas

The gas is dynamically affecting the system mainly through
its different spatial distribution with respect to that bétstars,

(14)

r

&
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2 [drr? pu(r)VZ after the virial theorem, and having sup-

posed that all the DM particles orbit on circular tracks.
Bullock et al. (2001) proposed the alternative definition

JH _ JH +JD+Jgas
V2MuRy Vi V2(My +Mp +Mgad RV

where the second equality holds after Eql (14).

While the values of\ and )\’ are virtually equivalent in
the case of NFW halos (Bullock et al. 2001), we find that
for Burkert halos they differ appreciably, with the ratig)\’
going from~ 1.5 to ~ 1.2 whenMy ranges from 18 to
3 x 10"?Mg. In Figure 2 (top panels) we plot both and
M as a function of the halo mass. We highlight the difference
in the value of the spin parameter when the gas component is
included, especially in low mass halos.

To compute the probability distributiori®(\) andP(\') of
the spin parameters, we make use of the galactic halo mass
function, i.e., the number density of halos with m&ks con-
taining a single baryonic core, as derived by Shankar et al.
(2005). A good fit is provided by the Schechter function

(M) = To (%)

with parametersy = -1.84, M = 1.12 x 10'3M,, and ¥ =
3.1x 10“MZ! Mpc3; note that within our range of halo
masses, this is mostly contributed by spirals. For the caaipu
tion of P(\) or P(\'), we randomly picked up a large sample
of masses distributed according to Hg(17), then compute
or \ for each using Eqs[{15) and{16), and eventually build
up the statistical distributions. Furthermore, during thio-
cedure we have convolved the relatiofd (15) 4ndl (16) with a
gaussian scatter of 16 dex that takes into account the statisti-
cal uncertainties in the empirical scaling laws we adopsénh
are mostly due to the determinationRy through Eq.[[B), for
which we have determined the scatter by using the disk mass
estimates of individual spirals reported in Persic & Sailucc
(1990).

As shown in Figure 2 (bottom panels), we find a distribution
eaked around a value of abou®8 for A and about @2 for

’, when the gas is considered. We stress that this value of
M is close to the result of the simulations by D’Onghia &
Burkert (2004), who on average find = 0.023 for spirals
quietly evolving (i.e., experiencing no major mergersxsin
z= 3, see Figure 4 of their paper. In addition, Burkert &
D’Onghia (2005) argue that this value &f provides a very
good fit to the observed relation between the disk scaleengt
and the maximum rotation velocity (see their Figure 1). We
also stress that our most probable valueXds in agreement

N =

(16)

MM

17)

adding an angular momentum component that is significant at i, the results by Gardner (2001), Vitvitska et al. (2002 a

large radii compared tBp.

3. THE SPIN PARAMETER

As already mentioned, the spin parameter is a powerful tool
to investigate galaxy formation, as it is strictly relatedbth
the dynamics and the geometry of the system. In this § we
compute its values and distribution function basing on the r
sults of § 2.

The spin parameter is defined as follows:

‘]H |EH |l/2
A= M2
i
where G is the gravitational constant, ariey is the to-
tal energy of the halo. The latter is computed |Bs| =

(15)

Peirani et al. (2004), who find a peak value of the distributio
function at around @3 for halos that evolved mainly through
smooth accretion. On the other hand, auandP()\) differs
from that inferred by van den Bosch et al. (2001) for dwarf
galaxies, likely because these authors estimate valuBp of
higher than ours by factors up to 3 fisl around 18M,.

4. DISCUSSION AND CONCLUSIONS

In this Letter we have computed the angular momentum,
the spin parameter and the related distribution functian fo
DM halos hosting a spiral galaxy. We have relied on observed
scaling relations linking the properties of the baryonstuse
of their host halos, and have assumed the same total specific
angular momentum for the DM and the baryons.
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FIG. 2.— The spin parameter and its distribution functidop panels:\’ (Ieft) andX (right) as a function of the halo mass, when the gas component iglied|
in the systemgolid line) and when it is notdashed line). Bottom panels: the distribution function of (left) andX (right), again with gas and without gas.

Our main findings are: (i) we show that including the gas our observational result.
component beside the stars has a remarkable impact on the Moreover, Gardner (2001) and Peirani et al. (2004) showed
total angular momentum; (ii) by adopting for the DM the ob- that the spin parameter undergoes different evolutions in
servationally supported Burkert profile, we compute thaltot halos that have evolved mainly through major mergers or
angular momentum of the disk and its relationship with the smooth accretion: in the former cas¢akes on values around
rotation velocity; (iii) we obtain\’ ~ 0.02 and\ ~ 0.03 as 0.044, while in the latter casehas lower values aroundds,
most-probable values of the spin parameters. well in agreement with our result. Thus our findings point

Simulations based on theCDM framework, performed by  towards a scenario in which the late evolution of spiral gala
various authors (Bullock 2001; D’Onghia & Burkert 2004), ies may be characterized by a relatively poor history of majo

have shown that the distribution of the spin paramateior
the whole halo catalogue peaks at arour@B8, significantly

higher than our empirical value. However, D’Onghia & Burk-

ert (2004) highlight that if one restricts one’s attentiorhia-

los that hosts spirals and have not experienced major ngerger We warmly thank L. Danese, G. Gentile, and G. Granato for

during the late stages of their evolutiong 3), the average
spin parametek’ turns out to be around.023, very close to

merging events.

illuminating suggestions and critical reading. Work suped
by grants from ASI, INAF and MIUR.
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