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We use the Newtonian limit of a general scalar-tensor theory around a background field to study astrophysical effects. The gravitational
theory modifies the standard Newtonian potential by adding a Yukawa term to it, which is quantified by two theoretical parantaters:
lenghtscale of the gravitational interaction and its strengthithin this formalism we firstly present a numerical study on the formation

of bars in isolated galaxies. We have found for positivéhat the modified gravity destabilizes the galactic discs and leads to rapid bar
formation in isolated galaxies. Values &fin the rangex~ 8 — 14 kpc produce strongest bars in isolated models. Then, we extent this work

by considering tidal effects due to interacting galaxies. We send two spirals to collide and study the bar properties of the remnant. We
characterize the bar kinematical properties in terms of our paramaters (

Keywords:Bar formation; galaxy interaction; scalar-tensor theory.

Usamos elimite newtoniano de una tdarescalar-tensorial general alrededor de un campo del fondo para estudiar efectisicastrafa

teoiia gravitacional modifica el potencial newtoniancaestar, agregandole uartmino de Yukawa, el cual se cuantifica por dosapaetros
tedricos: )\, la escala de longitud de la intera@eigravitacional yo, su intensidad. Dentro de este formalismo primero presentamos un
estudio nurdrico de la formadin de barras en galaxias aisladas. Encontramos quenpaoaitiva la gravedad modificada desestabiliza a
los discos gdicticos y lleva a unaapida formadn de la barra en galaxias aisladas. Valores\ @ el rango de= 8 — 14 kpc producen
barras nas pronunciadas en los modelos de galaxias aisladas. &sspuiendemos este trabajo al considerar efectos de marea debido a
galaxias que interaccionan. Enviamos dos galaxias espirales a colisionar para estudiar lasstiassctierla barra del remanente formado.
Caracterizamos las propiedades ciadéinas de la barra eetminos de nuestros anetros 4, «).

Descriptores:Formacon de la barra; interadmn de galaxias; tea escalar-tensorial.

PACS: 04.50.+h, 04.25.Nx; 98.10.+z; 98.62.Gq; 98.62.Js

1. Introduction more recently we have considered the Newtonian limit of
In recent years there have been some attempts to explain o§:rT and apply it to astrophysical phenomena. We have com-

served gravitational effects that imply the existence of darlPUtEd potential-density pairs for various halo density pro-

matter (DM) and dark energy (DE). These effects go fromfiles [19] and axisymmetric systems [20]. It was found that

galactic to cosmological scales and we still do not know théotation curves and parameters of the SF. On the other hand,
nature of DM and DE, or if they are related to each othern Ref. 21 we have computed the effect of SF on the transfer

or even if DM is unique or there is a set of dark multi- of angular momentum between protogalaxies. In the present

components. One possibility is that scalar fields (SF) pla))Nork' we pursue to study bars in spiral galaxies. Observa-

a role in the modified dynamics. Particularly, SF are oftentions of spiral galaxies indicate that the presence of a bar is

applied in cosmology to accomplish the Universe’s acceler® €0mMmon feature [22]. Instab|_I|t|es in isolated gtellar and
ated expansion, inferred from Supernovae la redshifts, cmiaseous discs lead to bar formation; see [23] for pioneer stud-

Doppler peaks measurements, large-scale structure surve and [24]25& fora modgrn l\/ieW. The bar r:‘ormalltign i|r|1 iso-
and cosmological simulations [1-8]. For a review of all theseated mode s has been widely ,St,Ud'ed t_)Ot ana ytically and
topics see for instance [9]. numerically [26-33, e.g.,] and it is studied using the above

. . L STT formalism in the first part of this paper. In the second
The way in which SF couple to gravity is also unknown,

. ) ; art, we consider in dynamical effects of non-isolated sys-
simply because there is a lack of a unique fundamental theo

h lains the intri lationship of qi ms which are found in clusters of galaxies. In this sense,
that explains the intricate relationship of matter and its gravsy; pas peen suggested that the observed bar in many spirals is

|tat|on§1I .background. .One possibility IS that S,F are cpupleclhe result of the gravitational interaction between two or more
non-m|n|mally_ to grawt_y, ata Lagrang|_a_n footing, as it haP' nearby galaxies. For instance, [34] has found that during the
pens when string theories are compactified to four space-timg,jision of two galaxies and between the first and the second
dimensions [10]. The resulting effective theory is a scalar,sest approaches, the disc takes a transient bar shape. The

tensor theory (STT) of gravitation, that can generically begravitational interaction between the two galaxies gives rise

desc.ribed by arbitrary scalar functions, apart frpm the 9€0¢, perturbations in the orbits of the stars that results in the
metrical part [11, 12]. In the past we have studied d|fferentf0rm<,m0n of the bar.

effects of this type of theories in cosmology [13-18], and
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Bar formation in stellar discs depends upon various sibackground field ig¢) = G ' (1 + «), which is non-trivial,
multaneous effects. In the case of collisions, the 2D-and this changes some constant terms in the equations. Ac-
simulations have shown that these factors are [35]: rotatioordingly, we obtain Egs. (A.16) and (A.22):

curve shape, disc-halo mass ratio, perturbation force and ge-
. . . . 1 2 G’N 1 27
ometry. Additionally, simulations suffer from numerical ef- §V hoo = Tra dmp — §V o, (4)
fects such as low spatial and temporal resolution, too few - -
particles representing the system, and an approximate force V2p — m?p = —8map, (5)

model. . These effects were stuq!ed by us in Refs._ [25, 36]\’/vherep is matter density of DM or stars stemming from the
where it was shown that specific parameter choices ma

change bar properties. Once numerical effects are Contm"egnergy—momentum tensdr,y is the Newtonian gravitational
9 brop ‘ _Constant andv = 1/(3 4+ 2w) is a constant, in whiclw

we may investigate all the other model parameters, which "s the Brans—Dicke parameter [11], here defined in theories
our case are\, ).

In the present paer we studv the formation of bars athat include scalar potentials. Equations (4) and (5) represent
P paper wi Y . The Newtonian limit of a set of STT with arbitrary potentials
a product of both .|nstab|I|t|es of |solfated galaxies and as ?V(QS)) and functions.(¢) that are Taylor expanded around
result .Of the coII|S|on_ of two sp|ralls. in framework of STT' some value. The resulting equations are thus distinguished
In particular, we consider a non-minimally coupled SF in theby the constants andm
_Ne\_/vtonian "mit (Sec. 2) F.’md use the result_ing modified 9raV= " 11 the above expansion we have set the cosmological con-
itation force in our 3D-simulations. In this way, all CO"". stant equal to zero since within galactic scales its influence is

tsézgl:]aslsfc?riglc'll?hserr?li:/ljaailr?\l/clagfr;ltcet i\’ggg ttgg rg?;)g'eesd (g;acv'énegligible. This is because the average density in a galaxy is
' ’ 9 9 ' %uch larger than a cosmological constant that is compatible

;ned pﬁi‘fgg}ggsagg t%fgl?;lfo:ngcézg Eggcdlsf) ga\lll\{;glgsa?lg%th observations. Thus, we only consider the influence of
draw some conclusions (Sec. 5) o luminous and dark matter. These matter components gravi-
e tate in accordance with the modified—Newtonian theory de-
termined by Egs. (4) and (5). The latter is a Klein-Gordon
2. Scalar-tensor theory and its Newtonian equation which contains an effective massterm, whose
limit Compton wavelength\(= h/mc) implies a length scale for
the modified dynamics. We shall assume this scale to be of
A typical STT is given by the following Lagrangian [11,12]: the order of tens of kilo-parsecs, which corresponds to a very
small massy ~ 10726 eV.

/;:7\16*9 {—¢R+w(¢)(8¢)2—v(¢)} +La(g), (1) Note that Eq. (4) can be cast as a Poisson equation for
™ ¢ ¥ = (1/2)(hoo + ¢/()),
from which we get the gravity and SF equations. Hgrgeis V2 = 4nGy p/(1 4 Q) , (6)

the metric,Lxs (g, ) is the matter Lagrangian and¢) and

V(¢) are arbitrary functions of the SF. Thus the gravitationaIThUS’ the modified Newtonian potential is now given by

equation is 1 1 ¢
q ¢N55h00:¢—§%~ (7)
1 1 1 w
R, — 59’“’R =3 [87rTW + §Vg,“, + ga,ﬂb 0,9 Particular solutions, the so-called potential-density
pairs [40], were recently found for the NFW'’s and Dehnen'’s
lw 2 density profiles [19] and for axisymmetric systems [20].
2 ¢(a“¢) G + Gy = g @) (2) For point masses (of non-SF nature) the solution is well
) ) ) ] known [39,41] and here is adapted to our definition of the
The SF part is described by the following equation background field{¢) = ijl(l ta):
’r_ 4 —
06+ oV 2V _ 1 [87TT - w’(8¢)2] , (3) ¢ =2auy, Pn=-u-—oauy, (8)
3+ 2w 342w
where
where a prime () denotes the derivative with respect to Gn My 9
SF (). | | o S e DM rra § ©
In accordance with the Newtonian approximation, gravity 8
and SF are weak. Then, we expect to have small deviations of T Gn Z Ms__ —lr=r,/ (10)
the SF around the background field. Assuming also that the A (1+a) ~ |r—r4 ’

velocities of stars and DM particles are non-relativistic, we . . ..
b with m, being a source mass. The potentidk the Newto-

perform the expansion of the field equations around tl'_1e baCI(ﬁian part and: is the SF modification which is of Yukawa
ground quantitieg) ands,,,.. Even though the expansion of type. The total gravitational force on a particle of massis
the above equations to first order is well known [37-39], we ype. 9 P a5

explicitly show it in the appendix since our definition of the F=-mVoy =m,a. (11)
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Thus, gravitating particles, that in our simulations are stargontribution of the scalar fields as given in the preceding sec-
or DM patrticles, will feel the influence of Newtonian gravity tion. The forces were computed with a tolerance parameter

(u) plus a SF force due to the term. 0 = 0.75, and including the quadruple term. We use Barnes’s
The gravitational potential of a single particle arising model parameters and system of units [24]. The mass, length
from the above formalism is: and time scales are set 22 x 10'' My = 1.40kpc = 1
G N /A f'inq 250 Mye 1, _respectively. In th_ese units, thg grav-
Py = m(l +ae”"7), (12)  jtational constant is3y = 1. The discs scale height is

zo = 0.007 and the half mass radius of the galaxy is located
For local scales; < )\, deviations from the Newtonian the- atRy 5 ~ 11 kpc.
ory are exponentially suppressed, andfor> A the New- All isolated runs were performed wita = 0.015
tonian constant diminishes (augments)de; /(1 + «) for (= 0.6 kpc) andAt = 1/128 for N = 40960, and= = 0.008
positive (negative}y. This means that _equation_ (_12) fulfills gngAr = 1/128 for N = 163840, respectively. Galaxies
all local tests of the Newtonian dynamics, and it is only con-\yare evolved up t¢ = 12 (3 Gyrs). Results of some of

strained by experiments or tests on scales larger than -or @fig ryns are summarized in Table I, where columns are: the
the order of-\, WhICh. in our case is of the order of galactic ,5del label (1), the number of particles (2), the SF strength
scales. By contrast, if one defings) = 1/Gv, thenthe ef- 3y ang SF length scalk (4). As a result of simulations

fective Newtonian constant is modified at scales A, and  he following control parameters are displayed: the relative
stringent, local constraints applies, demandintp be less  cpange of components of the disc velocity dispersions, mea-
than10~'° [41]. This latter approach will not be considered ¢ e at time 0.5 and 3 Gyrs (5-7) [36], the disc angular mo-
here. mentum loss (8), the Toomre's Q parameter (9), the Toomre’s

Recently, the effect of STT has been investigated in dif-y 4rameter (10). The expressions for the last two parame-
ferent cosmological scenarios in which variations of the NeWsg can be found in Ref. 40.

tonian constant are constrained from a phenomenological
point of view. For instance, [42] studied the influence of
varying Gy on the Doppler peaks of the CMBR, and con-
cluded that their parametef & G/Gy) can be in the in- 030
terval 0.75 < ¢ < 1.74 to be within the error bars of the

CMBR measurements. In our notation this translates into 0,25
—0.43 < o < 0.33. However, this range fotx has to be

taken as a rough estimation, since these authors have only _ 020
considered a variation of/y, and not a full perturbation < r
study within STT. The latter has been done by Ref. 43, who 0.15
found some allowed deviations from the Newtonian dynam- I
ics, that translated into our parameterdis= 0.04; how- G40
ever, a comparison with observations in not made. On the 0
other hand, a structure formation analysis has been done in
Ref. 44, in which deviations of the matter power spectrum 000 Lt ‘ . . . . .
are studied by adding a Yukawa potential to the Newtonian. ' 0 1 2 3
They found some allowed dynamics, that turns out to con- . “me'_G‘”s

strain our parameter to be withinl.0 < « < 0.5; but again

a self-consistent perturbation study in general STT is miss-
ing. Thus, the above three estimates can be taken as order-of-
magnitude constraints for our models. Note that even when
it is not theoretically justified to take negative values &or
phenomenology admits them. In this work, however, we only
consider positive values af.

0,05

A,

3. Isolated galaxy simulations

We use the standard procedure to construct a galaxy model
with a Newtonian potential described in Refs. 25 and 36.
The galaxy consists of a disc, halo, and bulge and its ini- ‘ ) )
tial condition is constructed using the Hernquist halo model 0 T 2 3

(a Dehnen’s family member withhy = 1, see Ref. 19). Sl s

To perform the 3D-simulations we used tigbsphcode  Ficure 1. Evolution of| A2| for models SFBOO-SFB04 (top panel)
(www.astro.inin.mx/mar/nagbodlymodified to include the and for models SFC01-SFCO04 (bottom panel).
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TABLE |. Numerical parameters of galaxy evolution runs.

1) 2 3) (4) (5) (6) (7 (8) 9) (10)
Model N a A Yr Yo Vs ﬁjg x 100 Q X
SFA00 40960 0.0 - 0.724 0.734 1.037 4.1 25 2.2
SFAO1 » 0.3 1.0 1.096 0.933 1.404 6.1 3.0 2.0
SFA02 , 0.3 0.4 1.051 0.936 1.262 45 2.8 2.0
SFA03 » 0.3 0.2 2.049 1.576 1.608 8.4 3.0 1.5
SFA04 » 0.3 0.1 1.673 1.345 1.114 7.7 2.9 1.0
SFB0O 163840 0.0 - 0.579 0.447 0.494 1.1 2.0 3.0
SFBO1 » 0.1 1.0 0.898 0.687 0.636 2.7 2.5 3.0
SFB02 , 0.1 0.4 1.176 0.798 0.662 3.3 2.4 2.6
SFB03 " 0.1 0.2 1.058 0.805 0.617 2.9 2.3 25
SFB04 » 0.1 0.1 0.916 0.749 0.624 2.3 2.2 2.7
SFCOo1 , 0.3 1.0 0.889 0.653 0.593 4.4 25 25
SFC02 " 0.3 0.4 1.023 0.785 0.572 5.6 2.6 25
SFC03 » 0.3 0.2 1.779 1.325 0.764 8.8 3.0 1.7
SFC04 , 0.3 0.1 1.279 1.015 0.613 7.7 2.6 1.2

Table | shows,

as in previous results [36], that experi-

ments made withV = 163840 is less collisional than with
smaller number of particles (compare columns 5-7). Runs
series SFB are computed with SF strengtk 0.1 and series
SFC witha = 0.3 and we observed that the heating of the
disc is also higher for a higher SF strength.

In Fig. 1 we show the time evolution of the amplitude of ° - ¢
the second harmoni¢As|, which tells us about the appear- o 03 o o7 o 03 os o7
ance of the bar at approximately 1.5 Gyr. The bar is stronger
for « = 0.3 thana = 0.1, meanwhile in run SFBOO (New-
tonian) a bar appears only at~ 4 Gyrs. Also, the disc in
presence of SF heats stronger than in Newtonian case. This .
is due to a bar that appears in all simulations with SF.

07

As it can be seen, a stronger SF produce stronger bars for
intermediate\, reaching|Az| ~ 0.3 for models SFC02 and i
SFCO03. We think that the enhanced heating and transfer of
the disc angular momentum in runs SFB02 and SFCO03 is due A=L0
to a stronger and larger bar which in turn depends on SF pa-
rameters. The bar angular velocities neither depeni wor
a and have initially the valu€,, ~ 6, which after~ 1 Gyrs
decrease t6l, ~ 5.7 in code units.

)
-

7o il
\J. {
\//
A\

N

From Fig. 1 it is seen that SF withh = 0.3 and\ = 0.2
produces the strongest bar. This is probably due to some res-
onance of disc particle orbits with the selectedwhich is
roughly equal to the bar's length. The same result can begure 2. Projected disc density contourstat 3Gyrs for mod-
seen in Fig. 2, where the final density contours of discs arels SFB00, SFC01-SFCO04. Thick lines indicate zero level density
plotted. contours in logarithmic scale.
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sl 1 osf SFLO4Pd ]

AT ] 0.4} g
= 02l 1<

' 02l ]

%L : : ; —  00p ]

8 SELDTP o6l SFLioPd ]

0.4l 1 ol 1
< 02l 1<

: 02l -
%o, : : : —  oop ]
1 1 1 1 1
06l SFLoz2Pd | 0 1 2 3 4
time, Gyrs

0.4l ]
<

02l 1

0.0} ]

1 1 1 1 1
0 1 2 3 4
time, Gyrs

FIGURE 3. Evolution of| A2 | for models SFNPO-SFL10PO. Dotted lines correspond to the first galaxy (retrograde orbit) whereas solid lines
correspond to the second galaxy (prograde orbit).

4. Interacting galaxies simulations is retrograde, moves to the left and for off-axis collisions is
placed above, whereas the second galaxy is prograde, moves

In this section we describe 3D-simulations of collisions ofto the right and is located below the first one.

two identical galaxies, each of which are the same as the

used in study of isolated galaxies in the preceding section

In a recent paper [36] we have shown how the numeri,g g |1. parameters of collisions with fixed = 0.1

cal parameters influence the bar properties. In accordance

with this study we choose for the total number of particles Run A p Wiggle ? Wiggle ?

N = 163840, the softening parameter = 0.008 and the

. . . Disc 1 Disc 2
time-stepAt¢ = 1/128. This choice of parameters prevents
from an early bar formation, hence, it permits to study the SF-01P0 0.1 0 no no
tidal effects on the bar formation. SFLO1P1 - 0.4 yes no
We study the effect of the SF on tidal bar formation and  SFLO1P2 - 0.8 yes yes
its properties, such as its amplitude and rotational velocity. SFL02PO 0.2 0 no no
We compare the bar_ amplitude and its pattern speed for fixed sg|g2p1 . 0.4 yes no
a, varying A and th_e mpact parame_tqr)( _ . SFLO2P2 i 08 yes yes
In_ order to malntaln the same _|mpact velocity and Per-""gr yapo 04 0 o o
centric separation we have studied head-on and off-axis
impacts of galaxies launched with the initial velocites —SF-04P1 - 04 yes no
v = |v,| = 200 km/s and the impact parametgr whose SFL04P2 - 0.8 yes yes
values are listed in Table I. The galaxies were relaxed up to SFL10PO 1.0 0 no no
t =025 Gyrs before placed on the <_Jr_bits_with the initial  gFL10P1 . 0.4 yes no
separation? = 64 kpc. The whole collision is followed up SFL10P2 i 08 no yes
tot = 4 Gyrs. We consider prograde-retrograde and planar
collisions which allow us to investigate two possible direc- ~ SFNPO o0 0 no no
tions of rotation and to check whether the bars emerge in ret- SFNP1 - 0.4 yes yes
rograde discs during the violent collision. The first galaxy =~ SFNP2 - 0.8 no yes
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The performed collision simulations are summarized inpresence of SF are unstable and a short and strong enough
Table Il, where we have variedl for a fixed value of the perturbation is sufficient to produce a bar. As in Newtonian
Yukawa strengthe = 0.1. We use the following labeling case, the retrograde bars are slightly faster than the prograde
in model names: SF - for the scalar field, L(xx) - for the ones, indicating their similarity with isolated bars. In general,
lambda value multiplied by ten, and P(y) - for the pericentricthe pattern velocities of the prograde and retrograde bars for
parameter expressed in number of disc radii. For the Newtomodels with SF are smaller than for the Newtonian model,
nian simulations the SFN label is used. In all runs the totakee Fig. 6.
energy and the total angular momentum conserve better than concerning encounters with = 32 kpc, the curves in

1%. Movies of some collision simulations are available atrigs 7 and 8 are similar for each case and show no much dif-
www.astro.inin.mx/ruslan/stt. ference. The only remarkable feature is the higher peaks in

_For all numerical experiments, we have plotted the evoympjitudes of the prograde discs with SF in comparison with
lution of the amplitude of the second harmorjid |, which  {he Newtonian case.

indicates the presence of a bar and corresponding pattern ve-
locity, Q2. We first consider head-on collisions. The graphics itation f | \ In Ref. 36 h
of | A and2 shown in Figs. 3 and 4, respectively, are all sim- gravitation force on scales > A. In Rel. we have seen

ilar and comparable to the Newtonian case, except for smaﬂ1at larger values affor the Plummer softening produce bars

oscillations at the end of the run. These oscillations in_earher. Thus, it is possible that the reduction of gravity either

crease with increasing and are also present in plots of bar 4U€ 0 Smalk or large\ is responsible for early formation

pattern speed. of Iong bars. With negativer we expect to have a contrary
Next, we discuss simulations with an impact parametetresu“"'e" smaller bars that form later.

equal to the disc’s radiug, = 16 kpc. A striking difference In addition, we have looked for morphological differ-

between the run SFNP1 and runs SFLO1P1-SFL10P1 is th@nces in spiral arms, such as thiggle effect, which is the

for SF models the bars in both discs have roughly the sameeriodic change of the direction of short arms at the end of

amplitude, independently of, whereas in Newtonian case the bar from leading to trailing [36]. We visually search for

their amplitudes differ by roughly twice, see Fig. 5. The factthe presence of the wiggle in both discs, and the results are

that the retrograde discs form bars indicate that the discs ilisted in Table I1.

In general, the presence of SF with positiveeduces the

6} [SENP] |

4 6l [SFL04Pg

6 SFLO1PO

a
2t . 4r 1
c
0 ' : ' : : ' : 2r ]
6r ]
% 1 2 3 4
4r 1 time, Gyrs
a

0 L 1 1 1
0 1 2 3 4

time, Gyrs

FIGURE 4. Evolution of 2 for models SFNPO-SFL10PO0. The correspondence of curves is the same as in Fig. 3.
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06} SFNP1| |

04l 1 sl SFLO4P1 ]
<

0.2} E 04+ E

R g“
0.0 E 02 .
06} SFLO1P1 |
00 B

0.4r 1 06} SFL10P1] |
<

02t 4 04t .

<
OO i 1 1 ] Il Il i 02 [ ]
061 SFLO2P1
00+ E
0 1 2 3 4

04} .
— time, Gyrs
<

0.2} g

0.0} B

0 1 3 4
time, Gyrs

FIGURE 5. Evolution of| A2| for models SFNP1-SFL10P1. The correspondence of curves is the same as in Fig. 3.

sl i SFNP1| |
Wt el e sl [SFLO4P1
a
4L 4
2r 1 a
2L 4
| SFLO1P1
0 : | : | : | :
sl SFL10P1
41 i
a
41 i
2r 1 a
2L i
0 | : | : ! : ' :
sl .. ) SFLO2P1
K o " 0 I I I I
o g 0 1 2 3 4
time, Gyrs
4L i
a
2L 4
0 L 1 L 1
0 1 2 3 4

time, Gvrs

FIGURE 6. Evolution of Q2 for models SFNP1-SFL10P1. The correspondence of curves is the same as in Fig. 3.
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06| SENP2 |
06} SFLO4P2 |
0.4} -
< 04} -
02} 1
<
02} ~
0.0} . . .
06l [SFLopd 1 ool ¥ ]
06} SFL10PY ]
0.4} -
< 04l ]
02} 1
<
02} -
00} - e
o6l [SFLozpd | oof Y 7T T T ]
0 1 2 3 4
04l ] time, Gyrs
<
02} -
0.0 -
0 1 2 3 4
time, Gyrs

FIGURE 7. Evolution of| Az| for models SFNP2-SFL10P2. The correspondence of curves is the same as in Fig. 3.
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0 . : . : . : . I
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1 I I I L I I I 2F )
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A 0 L ! 1 1
0 1 2 3 4
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G
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FIGURE 8. Evolution of 2 for models SFNP2-SFL10P2. The correspondence of curves is the same as in Fig. 3.
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Then, from large-scale experiments we set arange of possibja  The Newtonian limit of STT

variations of the parameters of the modified gravitational the-

ory, parametrized by), ). The general gravitational effect We start with the field equations are given bye Egs. (2)
is that the interaction with the SF becomes weaker{( 0) and (3) and compute the Newtonian limit of the scalar-tensor
by a factor1/(1 + «) for » > X in comparison with the theory to first order. Accordingly, we assume that the poten-
Newtonian case. Using the resulting modified dynamics, wéial oscillates around the background field

have studied isolated spirals and the collision of two equal B

spiral galaxies. From our simulations with different we ¢ =(¢) + ¢, (¢) = const, (A1)
have found that the inclusion of the SF changes the dynam-

ical properties of galaxies such as the bar morphology an@nd we expand the field quantities aroufd) and the
pattern velocity. Minkowski metric (., = 7., + hy,) to first order, be-

. . . ing ¢ < (¢) andh,, < n,,. We assume that the field
| Frp;n(;?fe perfgrmed S|mulat|orTs OL'SOISE?Q galafxy mOd'is quasi-stationary, such that all time derivatives can be ig-
els with different, we can see that the addition of a non- . .. Op — —V24. Additionally, one has thatc? > p,

minimally coupled SF slightly modifies the equilibrium of andT = Ty = p.

Newtonian model, acting as a perturbation, and diminishes With these assumptions we can expand all terms of field

the total p."“?r?“a' energy, since the effectwe gr"_’w'tat'onalc—:-quations (2-3) and use Taylor series for the unknown func-
constant diminishes. This effect destabilizes the disc to for

a bar in all models withV = 163 840. Fora = 0.1, the SF ”ﬂons(u(qﬁ) andV'(¢) interms of the small quantity. Let us

int i e — 16 K d ; b hil first consider Eq. (2). The terms on the l.h.s., after inserting
Interaction scaier = pC produces a strongest bar, While y,q perturbed metric and assuming the linearized harmonic
for « = 0.3, a strong bar forms foh = 8 kpc. Also, for

. . auge, can be written as:
these scales bars appear earlier. This suggests that there ex%ts 9

some kind of resonance between stellar orbits and SF interac- 1 1 1 A
tion scale. The results we have found with positive values of R, — §g,wR =5 (h,w n,tuh)
« imply that most of the spiral galaxies should be barred, but

this does not exactly correspond with the observational facfheret, — 1. The first term on the r.h.s. is the usual general

that aroundr0% of isolated galaxies are barred [45]. HOW- rgativity term. The second term can be written as follows:
ever, the bar found might be the result of the algorithm to

construct the initial models. Therefore, a next step is to con- 1 1
struct a stable self-consistent model in accordance with the §ng, B 5‘/ My + o) (A-3)
modified grawty._ On the other hand, one could also study th%’he third and fourth terms vanish because these are second
effects for negative values af where the force augments for order terms in the expansion:

distances bigger thak. A wide range of parameters should P '
be investigated and higher resolution have to be used in sim- 0.60.6 =8 0.5 A4
ulations in order to make predictions for particular models. k®0v$ = 0u$0y- A4

In the study of isolated galaxies was shown that the presthe last two terms can be written as
ence of the SF destabilizes the disc of isolated galaxies and B B
favors the bar formation. For collisions of two galaxies we G — 900 = Gy + 0 V>, (A.5)
observe the same trend. In the off-axis collisions with the
impact parameter equal to the disc radius, the bars in botAnd
prograde and retrograde discs have the same amplitude, in- - - _ s =
dependently of\. However, the wiggle does not appear in Do = (¢7u);y = — Lo (A.6)
Lheenze;r??ﬁ edggsa?;x?zé)s,hvsmzr:r,];:lt)ri I(l)tﬁ‘ él rt:::rs]g’pg;ﬁi:'ii:_eSubstituting the above expansions into Eq. (2) we may write:
strained from observations that eventually will discriminate

A
among the different values of the parameters of the theory. % (hw—;n,wh) = [«;_«;24
A

. (A.2)

)

A

The results presented are only preliminary, and we de-

scribe the overall differences without giving a full interpreta- 1% -

tion. A broad range of parameters should be investigated and x [SWT‘“’_Q (vt Py ) + P

higher resolution have to be used in simulations in order to -

make comparisons with the observed interacting galaxies. + (M +hpu) V ¢] (A7)
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If we multiply the Eqg. (A.7) byn*” and take the trace, the
l.h.s. can be written as
A

1 1 ’
- py _ kv
2 (77 = 51 "””h) A
1 A 1.2
and ther.h.s. as
1 1 -
~ |y~ Td
l<¢> ()
Vv 27 27
X |8wp — 5(4+h) —V+ A4+ h)Vp|. (A9)
In the last equation we used the relation
¢, " =V, (A.10)

)

valid to first order. Now, let us rewrite the Eq. (A.2) as fol-

lows:
Ly L g B LI A.11
5 \ M = 5w AN Tt X ) (A.11)

)

in which we insert A.9 instead of the terﬂqh’fA and using
Eq. (A.7) we obtain

1, 1 3

5 M 5w

1
(#)

1
(9)°

X [8@ — %(4 +h) 4+ hV2¢ + 3v2¢‘s]

1 1 -
R I
+ s + (v + hy) V2] . (A.12)

Let x = v = 0. Then, the above equation becomes to first

order

LY
3o = -V*®

1 v Vv Vh 1_,-
=— {@] [47rp+ 5~ gho+ - §V2¢
i W] amp+ g, (A13)

where® is modified Newtonian potential. Here we used the
fact that

1

A1 o 1 i
5 (hoo) 5 = 5 (hoo)” = 5 (hoo)”;

1 ;1
=3 (hoo)"; = §v2h00. (A.14)

31

Finally, expanding the potential

(A.15)

)

and discarding terms higher than first order we reach the the
expression

(¢)

Accordingly, particles in our galactic models experience a
force given byF = —V®,. Now, consider Eqg. (3). The
terms that depend afncan be expanded to the first order:

%V2<I>N = [47rp — ;v%‘s} . (A.16)

1 ’
342w 342w ()
+ 9 o+ (A.17)
0¢ \ 3+ 2w '
(#)
w (¢) = w;@ + w,</¢>q5 +-- (A.18)
Let us make the following notation:
ov /
V((#) = Vigy, 25l = Vig) (A.19)
(#)
= i (5|, =
— =gy, o |l o =y (A.20)
342w | (4 ¢ \3+2w /| 4

Substituting Egs. (A.15), (A.17-A.20) into Eqg. (3) and keep-
ing only the terms up to the first order, we obtain:

1"

~ V%6 + a2, {Oz@i <<¢>V<¢> - V</¢>>
o ((9)

—2wig)
= gy [T+ 2V — BV,

/

Vigy = 2Vig)

) + 167r,0w/<¢>} 0]

The constant in the second term of the l.h.s. represents an -
squared- effective mass term of the theory that we will denote
asm?. Last two terms in the r.h.s. represent a cosmological
constant that we will set to zero, since the mean density of
the galaxy is much greater than this term. Accordingly, we
finally have:

/

p (A.21)

~V%p+m?¢p = 8T gy p - (A.22)
This equation together with Eq. (A.16) represent the Newto-
nian limit of general STT that can be expanded around the
background quantitie§) ands,,,,.
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