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ABSTRACT

We use simulations to study the growth of a pseudobulge in an isolated thin exponential stellar disc embedded in a static
spherical halo. We observe a transition from later to earlier morphological types and an increase in bar prominence
for higher disc-to-halo mass ratios, for lower disc-to-halo size ratios, and for lower halo concentrations. We compute
bulge-to-total stellar mass ratios B/T by fitting a two-component Sérsic-exponential surface-density distribution. The
final B/T is strongly related to the disc’s fractional contribution f4 to the total gravitational acceleration at the
optical radius. The formula B/T = 0.5f; " fits the simulations to an accuracy of 30%, is consistent with observational
measurements of B/T and fa as a function of luminosity, and reproduces the observed relation between B /T and stellar
mass when incorporated into the GALICS 2.0 semi-analytic model of galaxy formation.



UTto OygeT npoBEPEHO U yNy4YLLEHO?
Kputepum yCcton4mBoCTU 3BE3OHbLIX
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Efstathiou, Lake, & Negroponte (1982, ELN) extended
the analysis by Combes & Sanders (1981) to the more re-
alistic case of an exponential disc and found a condition
for the circular velocity V. at 2.2 exponential scale-lengths,
where the rotation curve of a self-gravitating exponential
disc peaks (Freeman 1970). A thin exponential stellar disc
embedded in a static spherical DM halo becomes unstable
and develops a bar if

where My is the disc mass, g is the exponential scale-
length and ¢ = 1.1. Christodoulou et al. (1995) used an-
alytic arguments to conclude that a similar criterion with
€ = 0.9 should apply to gaseous discs.



HadanbHble ycrnoBua

We assume that the disc is exponential and isothermal
in the vertical direction (for example, Villumsen 1985; Ef-
stathiou 2000). These assumptions give the density distri-
bution:

1 5 {2\ Mg _r
p(r, z) = ﬁsuc:h (E) Q?rr?]e Ta (3)

where h is disc’s vertical scale-length (all quantities in Eq. 3
are adimensional). As our goal is to study the stability of
thin discs (discussion in Section 4), we run all our simu-
lations for h/rq = 0.044. This value is small but not un-

Fig. 1. Initial conditions and refinement regions. The black,
blue, violet, green, yellow, and red curves show the isodensity
contours that contain 90%, 80%, 70 %, 60%, 50%, and 40% of the
disc mass at t = 0, respectively. The black, blue, violet, green,
yellow, and red dashed lines show the cylinders within which the
cell size equals 1/8, 1/16, 1/32, 1/64, 1/128, and 1/256 of the
disc exponential scale length, respectively.

TOHRUM 3KCNOHEHUMaNbHbINA

Stars have velocity dispersion:
—QE d (6)

determined from Eq. (3) through the requirement that our
initial condition should be in equilibrium (albeit unstable).
Hence, their velocities:

V= Vot + AV (7)

will be the sum of an ordered rotational component (ori-
ented as &) and a random deviate from a Maxwellian dis-
tribution with velocity dispersion o. The assumption of an
imt:mpi(' velocity dit;p{*rt;im] is motivated by simplicity, but
it 18 not unreasonable, since the radial and vertical velocity
dispersions in the Solar Neighbourhood are (35 +5)kms =4
and (25 £5)kms™
hard 2016).

1: respectively (Bland-Hawthorn & Ger-
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Ewe:

Cdepunyeckoe cTtaTtudeckoe TeMHOE raro
2% No macce rasa
3onnpoBaHHas ranaktuka

CB0OOOHbIE NAapaMETPbI MOAENN: Macca
amcka m, (OTHOCUTENbHO Macchl rasno),

pagunyc gucka r, (= A /2, OTHOCUTENBLHO
BUPUaANbHOro paguyca) U KOHUEeHTpauus
TEMHOro rarno c.

PesynbTtat pacyeta: B/T gna ncesgobangxa!
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g 2. Face-on view of the simulated galaxies at the first time ¢ when B/T has stopped growing (2Gyr < ¢ < 3Gyr). The
aAZe .ljl'llg]ﬂ.lll‘.\i.\i 15 proport jonal to the ]:Jg dthm of stellar surface de .\i'l1y. This ﬁglltt' show the simmlations with ¢ = 5, sorted hy
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ig. 3. Same as Fig. 2 with ¢ = 10 instead of ¢ = 5. To avoid overcrowding the figure, we have not shown the simulations with
A A e d % e Y O
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A= 0.011 A =0.025 A =0.05

g = 0.005

ry=0.0061

iy = 0.01

ry=0.0033

B/T=0.32

mg = 0.02

rp=00103

BiT=0.44

my = 0.04

4. Same as Fig. 2 with ¢ = 15 instead of ¢ = 5. The column A = 0.1 is now missing becanse we know that simulations
0.1 will not form any (pseudo)bulge.




[Tpnumep — B1uA cOboky: boxy bulge

Fig. 5. Galaxy in the simulation with ¢ = 10, maqa = 0.04,
A= 0.025, viewed edge-on. An X-shaped pseudobulge is clearly
visible. This galaxy has been chosen as an example and is by
no means atypical. The face-on image (Fig. 3) shows that this
galaxy has a bar, but not a prominent one.
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Fig. 6. Stellar surface-density for two of our simulated galaxies (black symbols). Galaxy a has been fitted with the sum of an
exponential profile (blue line) and a Sérsic profile, with n = 1 in this particular case (red line). Its bulge-to-total mass ratio is
B/T = 0.22. The black curve shows the sum of the two components. Galaxy b is consistent with a single exponential profile (blue
line).



Pe3ynbTat B QoopmMynax:

The qualitative findings above have a simple interpre-
tation, which will become apparent once we have examined
the ELN criterion in greater detail.

For an exponential disc:

va(2.2rq) = 0.62, I"';ﬂ =
d

where mqa(2.2rq) = 0.65mq is the disc mass within 2.2r4
(Freeman 1970). The first equality in Eq.(12) implies that
Eq. (1) can be rewritten as:

mal(2.2rq)
2 . 2?‘(] ?

1.3 (12)

U (2 . 2?'[-1 :1 0.62

ve(2.2rq) - € (13)

By introducing the new parameter o = 0.31/¢, Eq. (13) can
be written in the alternative form:
(2] (2 i 2?‘(-] :l

> 2y, 14
ve(2.2rq) o (1)

where a = 0.28 for e = 1.1 SELN) and o = 0.26 for ¢ = 1.2
(Christodoulou et al. 1995)°.

The second equality in Eq. (12) shows that Eq. (14)
is equivalent to a criterion on the disc fraction within
2.2rq because v2(2.2rq)/(2.2rq) is the total gravitational
acceleration at r = 2.2rq In dimensionless units and
1-'3(2.2?‘(]) /(2.2rq) is the disc’s contribution. Therefore,

Ve(2.2r9) (15)

fa(22rq) = {
is the disc’s fractional contribution to the gravitational ac-
celeration at r = 2.2r4 and is related to disc’s mass fraction

<rit — (20)% ~ 0.31 (17)

for o ~ 0.28.

The qualitative picture is the same at r = 2.2ry and
r=32rq. At f1 € fjm, all galaxies are pure discs (the
galaxies with B/T = 0.0l in Fig. 7 are bulgeless galaxies;
we have assigned them B/T = (.01 merely to be able to
show them on a logarithmic plot). At fq > (Tm= all galax-
ies develop a pseudobulge and display a tight correlation
between B/T and f4. At intermediate f4, galaxies with
B/T = 0 and B/T > 0 coexist. Therefore, the ELN crite-
rion may fail to discriminate between stable and unstable
discs (Athanassoula 2008; Fujii et al. 2018). Nevertheless,
the notion of a critical f4 that separates the two popula-
tions remains fundamentally valid.
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Fig. 7. Relation between bulge-to-total mass ratio B/T and initial disc fraction fa(r) for r = 2.2ra (left) and » = 3.2rq (right).
Triangles pointing up, circles, and triangles pointing down correspond to simulations with ¢ = 5, ¢ = 10, and ¢ = 15, respectively.
The colours correspond to different disc-to-virial mass ratios: ma = 0.005 (green), ma = 0.01 (black), ma = 0.02 (blue), and
ma = 0.04 (red). Symbols with B/T = 0.01 correspond to bulgeless galaxies. They have been assigned B/T = 0.01 merely to be
able to show them on a logarithmic diagram. The thick solid black lines are log-log linear least-squares fits to the symbols with
B/T > 0.01. They correspond to Egs. (18) and (19). The vertical blue lines show the critical fa that corresponds to the e« = 0.28
(equivalent to assuming e = 1.1 in Eq. 1) The coloured curves compare our results to previous models (Cole et al. 2000; Hatton
et al. 2003; Shen et al. 2003; Cacciato et al. 2012).

If we restrict our attention to galaxies with B/T > 0
and apply a linear least-squares fit to the relation between
log(B/T) and log fq, we find:

B .
s 0.47731(2.2rq) (18)

and

B 2
== 0.50£,1%(3.2rq) (19)

(thick black solid lines in Figs. 7a and b, respectively).

Eq. (18) implies B/T = 0.04 for fq = f$* = 0.31. With
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Fig. 8. (B/T) versus I-band magnitude M;. The black curve
shows our prediction. The black circles are from Mathewson
et al. (1992) when we assign to each Hubble type the (B/T)
from Graham & Worley (2008; the uncertainty of estimating
B/T determines the size of the error bars). The red squares
are from Simard et al. (2011) after removing all galaxies with
B/T > 0.7. The up-pointing filled blue triangles and the down-
pointing empty blue triangles are from Salo et al. (2015, S*G)
when we assign the bar to the bulge and the disc, respectively.



M TyT nsa-3a Kycrta gocraroT
SAM=Semi-Analytical Models...

Mergers only Mergers and disc instabillities
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Fig. 10. B/T versus M, for all galaxies (black), spiral galaxies (B/T < 0.7, blue), and elliptical galaxies (B/T > 0.7, red). The
curves are medians in bins of stellar mass. They refer to GalICS 2.0 without (left) and with (right) disc instabilities. The data
points are the observations by Mendel et al. (2014). The width of the shaded areas around the curves shows the standard error on
the median.
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Table 1. Simulations with relaxed initial conditions: parame-
ter values and difference in B/T with respect to the unrelaxed
simulations.

A my c A % (%)
0.025 0.01 5 -7
0.025 0.04 5 —-17
0.050  0.02 H +2
0.025 0.01 15 —12
0.025 0.04 15 +7
0.050 0.02 15 —8

Table 2. Simulations with a live halo: parameter values and
difference in B/T with respect to those with a static halo.

A md c AZ(%)
0.025 0.01 D +9
0.1 004 5 +14
0.025 0.01 10 +7

0.1 004 10 +18




