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19
20 ABSTRACT
21 We performed 3D magnetohydrodynamic (MHD) simulations of disc galaxies subject
22 to ram pressure stripping (RPS), with different disc inclinations to study the evolution
23 of the magnetic field (MF) and its impact on the gas stripping. When the intracluster
24 medium (ICM) wind hits a galaxy, the gas in the disc is compressed, leading to an
25 enhancement of the MF intensity in the disc. In models with low disc inclinations
2% the gas is swept in ring-like structures that are distorted by the wind producing a
filamentary and broad tail, dragging the MF with it. Models with high disc inclinations
27 develope narrower tails instead, where the MF lines emerge outside of the galactic plane
28 and wrap around the disc in the downstream side. Also, the field lines are compressed
29 in the interaction zone and on the opposite side are stretched when pushed by the wind.
30 A model with an intermediate inclination presents an evolution that is a combination
31 of the cases with low and high inclinations: magnetized gas is removed in rings first, the
32 gas tail develops filaments although it becomes narrower like the high inclined models.
33 The ICM is magnetized from 0.2 to 0.7uG, where low inclined discs contribute the
34 most. We also obtained maps of the synchrotron emission and polarization vectors.
35 The synchrotron emission presents an asymmetric distribution that is truncated in
36 the disc, similar to some Virgo galaxies, while the polarization vectors trace very
37 accurately the MF distribution of the simulations.
38 Key words: MHD - galaxies: evolution — galaxies: magnetic fields — galaxies: ISM —
39 galaxies: interactions
40
41
42
43 1 INTRODUCTION or turbulent component that has been amplified and tan-
44 Magnetic fields (MFs) have been observed in galaxies gled by turbulent gas flows changing its direction within
. o . ; the telescope beam (small-scale) and its orientation can be
45 from polarized emission in optical (Scarrott et al. 1987; isotropic or anisotropic (Beck 2005a, Beck & Wielebinski
46 Fendt et al. 1998; Fosalba et al. 2002), infrared (Jones P . pie | L .
47 2000), submillimeter (Greaves et al. 2000), and radio wave 2013 and references therein). The anisotropic turbulent field
’ ) ’ i be originated fi isotropic field that has b f-
48 lengths (Vollmer et al. 2004, 2010, 2013). In optical wave- can be originatet wom an 1SoLropic e ab ias been a
. . ; . fected by compression or shearing of gas. In spirals, the
49 lengths, the starlight is polarized by elongated dust grains . .
. . . .o . . : average total field strength is ~ 9uG (Niklas 1995) and
50 with their major axis aligned with the magnetic field lines the regular field strength is 1 — 5 uG (Beck & Wielebinski
51 perpendicular to the line-ofsight (LOS), while the dust 2013). In radio-faint galaxies like M31 and M33 the to-
52 grains emit their own linearly polarized waves at far infrared tal ﬁ(;ld s 60 (Gief%iibel 2012; Tabatabaei et al. 2008)
53 and submillimeter, without contributions by polarized scat- in eas rich suiral alaxios the ‘;otal feld is 20 N 30 d
tered light (Vallée 1997). Combining information obtained & p g . . H
>4 with different techniques like Faraday rotation, Zeeman ef- (Fletcher et al. 2011; Frick et al. 2016), for bright galaxies
55 . . Lo e ~ 17 uG (Fletcher 2010), in blue compact dwarf galaxies
fect, and polarized radio synchrotron emission, it is pos- 10— 20 4G (Klein et al. 1991), and the strongest total fields
56 sible to develop a model for the 3D structure of MFs in pe ) ’ . 8
57 galactic discs. It is known that MFs in spirals have an or- are found in starburst and barred galaxies with 50 —100 G-
: Adebahr et al. 2013; Chyzy & Beck 2004; Beck et al. 2005).
58 dered component, i.e. with a constant and coherent direc- (Adebahr et al. 2013; Chyzy & Bec . 004; Beck et al. 2005)
59 tion within the telescope beam (large-scale), and a random In our Galaxy, the regular field is ~ 2uG (Han et al.
W . ]

2006; Orlando & Strong 2013) and the random component
60 has a mean strength of 4 — 6 uG (Rand & Kulkarni 1989;
Ohno & Shibata 1993; Han et al. 2004).
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The MFs in other galaxies have been mainly studied
in radio frequencies through synchrotron emission. This ra-
dio emission is produced when relativistic particles (elec-
trons or cosmic rays, CR) with density ne gyrate around
the MF lines: € nchf'H)/Q, where B, is the MF com-
ponent perpendicular to the LOS, p is the spectral index of
the distribution of cosmic ray electrons, and ¢ is the emis-
sivity of the synchrotron emission. The linearly polarized
synchrotron emission is generated from the regular compo-
nent of the MF. In observations of spiral galaxies the degree
of polarization on average is low in the spiral arms, so the
random field is assumed to be stronger there, up to five
times the intensity of the ordered field, whilst in the inter-
arm region the degree of polarization is higher, hence the
ordered field should dominate. Additionally, it has been ob-
served that the ordered MF shows a spiral pattern that is
offset from the spiral arms of gas and stars (Beck 2005a).
Given that the regular field has a large-scale, interactions
with the environment would have an impact in the polar-
ized synchrotron emission.

Since the MF is frozen into the gas, any interaction in
the ISM would be reflected on the MF. For example, during
ram pressure stripping, the gas of the galaxy is compressed
before it is swept, and hence the MF is also compressed
and its intensity enhanced (Otmianowska-Mazur & Vollmer
2003). Studies of the synchrotron and polarization emis-
sion of spirals have been performed in the Virgo Cluster
(Vollmer et al. 2010 and Vollmer et al. 2013), since it is the
rich cluster closest to our Galaxy and it contains undisturbed
and interacting galaxies, some of which are good candidates
to be under the effect of RPS. As is shown in Vollmer et al.
(2010), the radio continuum emission has a sharp distribu-
tion where the edges coincide with HI distribution, such that
the synchrotron traces the interaction of a galaxy with its
environment, like RPS and interacting galaxies seen edge-
on present a radio continuum emission that extends a little
farther than the HI.

From deep VLA observations at 4.86 GHz,
Vollmer et al. 2004, 2007 and Chyzy et al. 2006, 2007
showed that the distribution of polarized radio continuum
emission of 8 Virgo cluster spiral galaxies is strongly
asymmetric, with elongated ridges located in the outer
galactic disc, which is different for field galaxies where the
distribution is generally relatively symmetric and strongest
in the interarm regions (Beck 2005b).

Murphy et al. (2009) investigated the radio/FIR rela-
tion in galaxies of the Virgo Cluster, possibly affected or
with signs of RPS. Galaxies interacting with the ICM show
a radio emission deficit on the leading side of the ISM-ICM
interaction due to ram pressure. Also, galaxies from the
Virgo Cluster exhibit highly polarized radio emission on the
upstream side of the ISM-ICM interaction, e.g. NGC 4522
(Chyzy et al. 2007; Vollmer et al. 2007). Some Virgo galax-
ies (NGC 4254, NGC 4388, and NGC 4402) present highly
polarized regions that coincide with local radio continuum
enhancements and interior to the radio-deficit regions. In
the sample of Murphy et al. (2009), it is seen that while the
local radio deficit increases, the global radio flux density is
enhanced by a factor of 2 — 3 compared to isolated galax-
ies, which could be related to magnetic field compression
and CRs that are swept and reaccelerated by the ICM-wind
generating synchrotron tails. Also in Vollmer et al. (2013),
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it was found that even when active ram pressure stripping
has no influence on the spectral index, it enhances the global
radio continuum emission with respect to the FIR emission
by up to a factor of 2, while an accreting gas envelope may or
may not enhance the radio continuum emission with respect
to the FIR emission.

MFs are present in the ICM and their strength
has been observationally measured and constrained to be
of the order of uG (reviewed in Carilli & Taylor 2002;
Govoni & Feretti 2004; Kronberg 2005; Ryu et al. 2012).
Indirect evidence for the presence of cluster MFs and
their strengths comes from cluster radio halos produced
by the synchrotron radiation (Miley 1980; Giovannini et al.
1993; Feretti et al. 1999; Govoni & Feretti 2004). The in-
tegrated cluster MF can be directly measured using the
Faraday rotation measure (RM). Faraday RM shows that
ICM magnetic fields are of ~ pG strengths coherent over
scales of tens of kpc (Vallée et al. 1986, 1987; Kim et al.
1990, 1991; Taylor & Perley 1993; Taylor et al. 1994, 2001;
Clarke et al. 2001; Rudnick & Blundell 2003; Murgia et al.
2004; Govoni et al. 2010; Bonafede et al. 2010, 2011, 2013;
Vacca et al. 2012) In a phenomenon such as RPS, it is ex-
pected that the MF's are dragged with the stripped gas and
hence the tails can magnetize or maintain the magnetic fields
in the ICM.

On the theoretical side, Ruszkowski et al. (2014) pre-
sented simulations of RPS with a magnetized ICM and found
that the MF can affect the morphology of the stripped gas
tail, since they observed narrower tails than in purely hy-
drodynamic (HD) simulations. Pfrommer & Jonathan Dursi
(2010) also showed magnetohydrodynamics (MHD) simu-
lations in which the galaxies are moving in a magnetized
ICM. The galaxies in their simulations swept the field lines
where polarized radiation is generated. This is used to map
the orientation of the MF in clusters. In these cases, the
MF has been implemented only in the ICM and not in
the discs. Some examples of models with magnetized discs
are from Vollmer et al. (2006, 2007) and Soida et al. (2006),
which used the method of Otmianowska-Mazur & Vollmer
(2003) where a toroidal galactic MF is evolved via the in-
duction equation using a grid code with the velocity field
of the particles, so that the MF is advected with the gas.
Even if the effect of the MF over the gas dynamics has
not been taken into account, this method has been use-
ful to explain the polarized radiation in radio that is ob-
served in some galaxies that may be affected by the RPS,
as in the case of NGC 4522 (Vollmer et al. 2006). Addition-
ally, Tonnesen & Stone (2014) performed MHD simulations
for the RPS including galactic MF, but the ICM was not
magnetized. They found that MFs do not alter or dramat-
ically change the stripping rate of the gas disc compared
to pure HD simulations. Nevertheless, the MFs have an
impact in the mixing of gas throughout the tail. Since it
inhibits the mixing of the gas tail with the ICM, the un-
mixed gas survives at large distances from the disc. Ad-
ditionally, the RPS may help magnetize the ICM up to a
few pG. Vijayaraghavan & Sarazin (2017) presented MHD
simulations where both ICM and ISM are magnetized with
different MF orientations and with/without thermal con-
duction. From their models, the MF orientation changes the
morphology of the gas tails: for an MF parallel to the wind
motion, the stripped tails are long and narrow compared
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to case where the MF' lines are perpendicular to the ICM
motion. Also, the MFs act as a shield in the stripped tails
preventing their rapid evaporation in the ICM. Including or
not thermal conduction in their simulations represents a dif-
ference of 10 — 20% in the gas loss rate, which means that
the dominant process in removing the gas from the galaxy
is the RPS. In Ramos-Martinez et al. (2018), we presented
3D MHD simulations of RPS with galactic MFs only, where
the main effect of including a galactic MF is a flared disc
which yields to the emergence of oblique shocks when the
ICM hits the disc, leading to the funnelling of gas towards
the central regions of the galaxy before is stripped. Addi-
tionally, the MF's modify the shape and structure of the gas
tail, showing a smooth appearance whilst in a pure-hydro
run, the tail looks clumpier.

In this manuscript we analysed the structure of the
stripped tails when varying the inclination of disc galax-
ies interacting with the ICM. The evolution of the galactic
MF is studied in the scheme of RPS and how much is the
ICM magnetized depending on the inclination of a galaxy.
Synchrotron emission maps are generated from the models
as well as the infered magnetic field B-vectors.

2 MODEL

In the present study, five models were carried out to repre-
sent the RPS of disc galaxies with different inclination an-
gles with respect to the relative motion of the galaxy with
respect to the ICM: 0, 20, 45, 70 and 90°. The models were
performed in 3D with 9 levels of refinement, in a box of size
120 kpc in each direction so that the effective resolution in
the simulation is 0.23 kpc. Each galaxy is at rest and the
ICM flows as a wind to simulate the galaxy falling towards
a cluster.

2.1 Initial Conditions

To set up the initial conditions of the models, the procedure
from Ramos-Martinez et al. (2018) was used for an M33-like
galaxy with a rotation curve of ~ 110—120 km s~ ' subjected
to RPS. The galaxy consists of a gas disc that is initially
set up in rotational equilibrium with the gravitational force,
magnetic tension, centrifugal force and pressure gradient:

vi(r, z) 0P 1 {BP 7 )

o 2Pg(r, z)}

rar " p(r2)
where the total pressure P is the sum of the thermal (P, =

c2p(r, z), with ¢, ~ 8km s™* the constant sound speed) and
magnetic (Pp) pressures. The magnetic pressure is given by

PBinner = Phbo [1 —erf (E>] for R < rp, and (2)
Ty
PBO n
P outer T N 3
'B,out o+ no) (3)

where R = v/r?2+ 22, r, = b1/3, bi = 0.85kpc (see ta-
ble 1 from Ramos-Martinez et al. 2018), Pgo = 1.75 x
107 ¥ dynecm 2, n = p/(uwmu) and n. = 0.04cm 3. The
density and velocity profile are defined first in the galactic
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Figure 1. Magnetic field strength at the initial condition for all
models in a z = 0 (top) and y = 0 (bottom) cut. The box in the
bottom of the panels shows an MF line with a strength of 0.5 uG.

midplane and then the distribution at z # 0 is obtained as-
suming magnetohydrostatic equilibrium and an isothermal
equation of state,

oP 0P
e *PE- (4)

The rotation velocity at any z is given by (Gémez & Cox
2002):

vi(r, z) = vi(r, 0) — v (r,0) 4+ vi(r, 2), (5)

where v is the Alfven velocity (va = /2Ps/p).

The galactic magnetic field (MF) is initially divided in
two regimes: a random component for the central part of the
galaxy and a regular field in the disc. The random MF for
r < b1 has a distribution Binner = V X A, where A is the
vector potential with random magnitude and orientation.
For the rest of the disc, the field has a toroidal configuration
where its strength depends on the gas density according to
eq. 3. The MF strength for the initial conditions is B ~ 1 uG
at 7 < 10kpc, which is in the lower limit of the ordered
field for spiral galaxies, and B < 0.5 uG between 10kpc <
r < 20kpe (fig. 1). Although the random component of the
MF in spiral galaxies has an important contribution to the
total MF intensity, the length scale of the fluctuations in
the random field is small, e.g. 10 — 100 pc for the Milky Way
(Ohno & Shibata 1993), so the resolution achieved in these
simulations was not enough to model this component for the
rest of the disc.
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2.2 ICM conditions

The ICM is modeled as a wind while the disc is at rest, simu-
lating the falling of the galaxy towards a cluster center. The
ICM-wind has a constant density with nicm = 10 %cm™2
and a velocity profile that increases linearly in time from
300km s~! at £ = 0 to 1000km s~ ! in 700 Myr and moves
in the +z-direction. We present five models with different
galaxy inclinations with respect to the wind direction. The
model AQ represents a galaxy with its disc plane parallel to
the z = 0 plane, i.e. an inclination of 0° or a face-on inter-
action with the wind. Models A20, A45 and AT70 are discs
with inclinations of 20, 45 and 70°, respectively, and finally
A90 is a disc with an inclination of 90° with respect to the
z = 0 plane, which is a completely edge-on interaction with
the wind.

3 EVOLUTION OF THE MAGNETIC FIELD

When the ICM-wind is switched-on and hits the galactic
disc, the compression exerted by the wind enhances the MF
strength in all the models by a factor of ~ 3 in the shock
front. Depending on the geometry of the model, the shocked
layer of gas can be present at all radii, as in simulation AQ
where the compression is visible in z < 0 (left fig. 2), or
partially in the disc, as in models A20 and A45 at the region
between z < 0 and = < 0 (left figs. 3 and 4). This is more
clearly seen in models A70 and A90 at z ~ —20kpc (left
figs. 5 and 6).

Since the wind accelerates as it flows, it starts to remove
the material from the outskirts (20kpc > r > 10kpc) where
a tail of gas appears in the downstream side. At 500 Myr,
in the simulations AQ and A20, where the interaction with
the wind is (nearly) face-on, and in model A45 (medium
inclination) the gas is swept from the galaxy up to a height
of ~ 20 kpc from the galactic midplane in ring-like structures
parallel to the disc plane and also the general distribution
of the gas has a cap shape as seen in the xz-plane (middle
panels in figs. 2, 3, and 4). Also, the magnetic field is dragged
with the gas, which helps magnetize the downstream side of
the tail up to z ~ 20kpc with a strength of B ~ 0.4 —
0.7 uG, as can be seen in the bottom middle panels of figs.
2, 3, 4. At z Z 10kpc the rings start to show some slight
perturbations along the direction of the wind, away from
the disc where the stripped gas is less influenced by the
potential well of the galaxy. The disc of the galaxies show
an enhancement of the field from B(t = 0) ~ 0.8 — 1 uG to
B(t ~ 500 Myr) ~ 2.5uG in r < 10kpe, that is, a factor
of ~ 2 — 3. On the other hand, models A70 and A90 do
not present a very extended tail at ¢ > 500 Myr, as can be
observed in an edge-on view of the galaxies on the xz-plane
(middle panels in figs. 5 and 6). Instead, the gas disc shows
asymmetries compared to the initial density distribution,
spreading out to z ~ 20 — 40kpc but with a low surface
densities (X < 107%% gem™2). Additionally, in models A70
and A90, the MF intensity increases a factor of ~ 2 — 3
(B = 1.5 — 3uG) in the upstream side of the interaction
(=10kpc < z < 0) while in downstream side (z = 0—20kpc)
the strength of the field does not change significantly, at
B ~ 0.8 — 1 uG (bottom middle panels in figs. 5 and 6).

At t = 890Myr, the wind reaches velocities of ~
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1000km s™' in z = 0 and, for models A0, A20 and A45, it
moves the rings of gas above and farther away of the galaxy,
showing tails of at least 60 kpc in length (right panels in figs.
2, 3 and 4). Due to the interaction with the accelerated wind,
the rings are distorted in the vertical (z) direction giving a
filamentary structure to the tail and, since these filaments
are the densest structures (¥ ~ 107%% gcm™2), here the MF
has values ranging from B ~ 0.3 — 0.4 uG to 0.7 uG (figs 2,
3 and 4, bottom right panels). At intermediate heights in
the tails of models A0 and A20 (z = 15 — 30kpc), the field
strength drops to B < 0.2 4G since less gas is swept from
the disc and the surface density also decreases. Simulations
A70 and A90 at t = 890 Myr did not develop very prominent
or extended tails, where the displaced gas of the disc lies be-
tween z = 20—60 kpc on figs. 5 and 6 (right panels). Also the
tail is poorly magnetized with B < 0.2—0.3 uG compared to
the (nearly) face-on models A0 and A20. Model A45 shows a
behaviour that is a combination of both low and high tilted
discs: this model shows filaments of gas similar to the ones
observed in models A0 and A20 and is more extended on
the trailing side of the wind-disc interaction (z > 0) as in
model A70. Also in A45, the MF in the tail has low values
(B ~ 0.3uG) although the magnetization is more homo-
geneous at z > 20kpc. The tail in model A45 is narrower
than in simulations A0 and A20 but a bit broader than in
A70 and A90, i.e. the width of the tails in these simulations
decreases with increasing the initial inclination of the disc.
Observing the surface of the disc for all the models, that
is in the zy-plane for models A0, A20 and A45 (fig. 7) and
the yz-plane for A70 and A90 (fig. 8) and again for A45,
the gas in the remnant disc with £ > 107%% gcm™? in mod-
els A70 and A90 show more structure than in the tails, for
example spiral-like features, contrary to A0 and A20 which
show discs with a smoother gas distribution. The model A45
exhibits a weaker spiral structure in the disc compared to
AT70 and A90 (figs. 7 and 8). These type of spirals observed
mainly in simulations A70 and A90 could be related to the
fact that in these (nearly) edge-on interactions the ram pres-
sure has to compete against the circular velocity of the discs:
if the wind reaches the portion of the disc where the gas sense
of rotation has the same direction as the ram pressure, then
the gas is stripped slightly easier and displaced farther of the
galaxy; while in the side of the disc whose rotation opposes
to the motion of the wind, the rotation itself prevents the
gas of being swept and instead more material accumulates in
that part of the galaxy, generating a shape similar to spiral
arms (although our simulation does not have self gravity).
In all the models, a remnant gaseous disc of size
r < 10kpc is observed at the end of the simulation. The
(nearly) face-on cases (A0 and A20) present an enhanced
MF strength of B ~ 2 —3 uG close to the galactic midplane,
while in A70 and A90 the MF is B ~ 3 uG on the lead-
ing side of the shock, specially in the spiral structure, and
B ~ 1 — 1.5 uG throughout most of the disc, also for model
A45 the MF reaches its highest values in the disc spirals,
similarly to the (nearly) edge on cases. The enhancement
of the MF strength is a factor of ~ 3 compared to the ini-
tial condition. Observations of late-type spiral galaxies in
clusters showed that they have a radio continuum emission
enhanced by a factor up to ~ 5 compared to isolated spi-
rals (Gavazzi & Jaffe 1986; Gavazzi & Boselli 1999) and this
could be either by an increase in the star formation activity,
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Figure 2. Gas surface density (top row) and magnetic field strength and direction (bottom row) for disc A0 at ¢t = 110 Myr (left column),
t = 570 Myr (centre column) and t = 890 Myr (right column) in the zz-plane. The dashed lines in the top panels represents the initial
size of the disc: 7 = 20kpc. The box in the bottom panels shows an MF line with a strength of 0.5 uG.

producing more cosmic rays from supernovae, an enhance-
ment of the MF, or a combination of both.

To better determine in which model the ICM is mag-
netized the most, we calculate the magnetic energy in the
tails. The magnetic energy is obtained from the gas located
above a height of h > 5kpc from the galactic midplane in
all models (except A90), however, given that the tails have
different extensions and shapes depending on the initial disc
inclination, for models A0/A20/A45 it was considered the
gas within a radius of » < 25kpc, for model A70 the gas
at |z| < 15kpc and |y| < 25kpc and finally for model A90
|z] < 10kpe, |y| < 20kpc and z > 20kpc given that this
model exhibits the narrowest tail. Fig. 9 shows the magnetic
energy Enag as function of the volumetric density n for the
swept gas. In the case of low inclination discs (A0 and A20,
top panels in fig. 9), the magnetic energy is spread through
a wide range of values between 10?7 to 10° erg, reaching
close to 10°° erg in some cases. Also, since the gas of these
models is stripped in ring-like features that evolve into a fil-
amentary structure, the tails present regions of high and low
density, hence we have a high number of cells extending over
a range in densities of 107 to > 1072 cm ™~ and with higher
magnetic energy compared to models A70 and A90 (bottom
panels in fig. 9). For A70 and A90, we have less cells with
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magnetic energy Eumag ~ 1077 — 10*® erg outside of the discs
(also with low densities 107* to 107® ecm™?). However, the
higher increase of magnetic energy in these models lies in
the discs (not shown in the graphics of fig. 9) since the MF,
compressed with the disc in the upstream side of the inter-
action, increases a factor of ~ 1.2 compared to models A0
and A20. From this simulations it is observed that (nearly)
face-on disc-wind interaction tend to magnetize more the
ambient than (nearly) edge-on models.

3.1 Magnetic field lines

As mentioned above, in the (nearly) face-on models the gas
is removed in ring-like structures dragging the MF with
it. As time goes by and the wind accelerates, the rings
are perturbed by the wind and filaments appear along the
gas tail. In figs. 2 and 3 (bottom right in both images)
it can be observed, on an xz view, that the MF lines are
aligned with the filaments, similarly to the results obtained
by Ruszkowski et al. (2014). On a view over the zy-plane
from figs. 7 (bottom panels), the MF lines still keep their
initial circular configuration, such that these are distorted in
the z-axis, parallel to the wind motion. However, the model
A20 shows some asymmetries for the distribution of the MF



oNOYTULT D WN =

6 M. Ramos-Martinez € G. C.

Gomez

Page 6 of 15

-2.0

-2.5

-3.0

&
n
log I [g cm™?]

-4.0

-4.5

-5.0

60 [ e e e e
40+ 1
g 20t 1
=
N
7207 .
IEYRTRERTIATRURTREN] FRTRERTNT] RRRTRERTNE FNURTNRTN] SUNNRUNET)
BQ [T T T T T
40+ g
g 20t 1
=
N
ok ]
oo} S Bl | gl
T EYRTRTRTE FERRTETNT FRTRTNTE AR RANETL ATN IETRTETTE FRTETRTEN: AERTRTRNTE FRRRRNTE] ATRTNATRTN SRTUT) | il | | [T

B [uG]

0.1

-30 20 =10 0 10
x [kpe]

20 30 30 —20 10 0O
x [kpe]

Figure 3. Same as fig. 2 for the A20 simulation.

lines (lower right panel in fig. 7) that are probably due to
projection effects or the inclination of the disc.

In the case of the (nearly) edge-on models (A70 and
A90), when the discs are seen in the zz-plane (lower panels
in figs. 5 and 6), the MF lines resemble a water fountain:
they have a concave shape in the upstream side and wrap
around the disc at higher |z| since the wind flows parallel
or nearly to the plane of the disc and sweeps the gas above
and below the galaxy midplane more easily than gas closer
to the galactic plane. Observing these models on the yz-
plane in figs. 8 (bottom panels), the MF is compressed in
the upstream side and more extended by the wind in the
downstream side giving an ellipsoid morphology to the MF
lines. Similarly to model A20, this effect is more evident in
model A70 due to the inclination of the disc.

The model A45, as it has been mentioned, is a com-
bination of both low and high inclined discs, that is, when
observing the distribution of the MF lines over the zy (fig.
7) and yz (fig. 8) planes, the MF presents a circular config-
uration like models AQ and A20 although they are slightly
compressed on the leading side of the shock and extended
in the opposite direction as in A70 and A90.

4 SYNTHETIC SYNCHROTRON EMISSION
AND POLARIZATION

The total synchrotron emission of the models is obtained by
integrating the emissivity:

£ nchjf’+1)/2 , (6)

where ney is the cosmic ray electrons (CR) density distri-
bution, B, is the MF component perpendicular to the line
of sight (LOS), and p = 2.5 is the assumed spectral index
of the distribution of cosmic ray electrons. Here, nc, is as-
sumed constant since it is expected that the less energetic
CRs, with a gyroradius smaller than the size of the galaxy,
are dragged with the MF when the wind is sweeping the
material (additionally, the distribution of the CRs at high z
is uncertain; Ferriere 1998).

Fig. 10 shows the synchrotron emission over the gas
surface density for all the models at ¢ = 570 Myr. The dis-
tribution of the synchrotron emission is asymmetric. On the
side of the galaxy that is facing the ICM wind, the emis-
sion is compressed with sharp edges while in the opposite
side it is extended developing a synchrotron tail. However,
the distribution in models A0 and A20 (top panels in fig.
10) presents larger and broader tails than in A70 and A90
(bottom panels in fig. 10). The synchrotron tails of models
A45 and A70 have a similar morphology, i.e. is larger on the
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37
38 left side (z < 0 in fig. 10) since the gas located in the region 4.1 Polarization
39 of the discs interacts first with the wind, then both the MF . . . .
40 . L To determine the direction of the synchrotron polarization
and the gas are displaced farther form the galactic midplane L. .
. . - vectors, the emissivity parallel to the MF component in the
41 whereas on the opposite portion of the discs (z > 0), the 1 f the skv B is calculated
42 gas and the MF are compressed instead. For A90, the syn- plane ot the sky B 18 calculate
43 chrotron emission is symmetric with respect to the z = 0
44 axis, as it was mentioned in §3.1, the MF has a water foun- €|l = Etot X (1+1I) (7)
45 tain appearance, hence there is some emission on the sides of 2 ’
46 the galactic midplane (in the reference frame of the galaxy where €40 is the total emissivity from eq. 6 and II = (p +
47 is above and below the midplane). Here we shown the dis- 1)/(p + 7/3) is the degree of polarization of the emissivity.
48 tribution of the total synchrotron emission at ¢ = 570 given First, the emissivity over the y-axis is integrated in order to
that it resembles the morphology observed in some Virgo obtain the polarization vectors on the zz-plane. The parallel
49 Cluster galaxies, e.g. A0 and A20 with NGC 4522 (see fig. intensity over the y-axis is given by
50 3, 4 and 7 from Vollmer et al. 2004) or NGC 4330 (see fig.
51 4 from Vollmer et al. 2013) given that is truncated with the
52 gaseous disc and spans on the opposite direction, and mod- Lo (y + dy) = I (y) cos(a) +e(y) cos(a) dy = I (y + dy) cos(B) (8)

53 els A70 and A90 with NGC 4396, NGC 4402, and NGC 4654
54 (fig. 3, 4 and 8 from Vollmer et al. 2010).

1,2 (y + dy) = Iy (y) sin(e) + e(y) sin(@) dy = I (y + dy) sin(B) , (9)

where « is the direction of B, measured in the x-axis and

55 B is the direction of the inferred B-field,
56
57 [eysi
| sin(a) dy
= arct s T ) 10
58 B = arctan <f5\| cos(a) dy (10)

60 For the polarization vectors on the disc surface, that is, the
zy-plane, €| was integrated along the z-axis.
Fig. 11 shows the B-vectors overlaid on maps of the
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Figure 5. Same as fig. 2 for the A70 simulation.

surface density for the five runs at ¢ = 890 Myr. The B
lines have more random orientations in the tails of mod-
els A0, A20 and A45 (top panels) but still they tend to be
aligned with the gas filaments and parallel to the surface
of the remnant disc. Models A70 and A90 (bottom panels)
have evolved more pasively since they show the same distri-
bution during the simulation: on the downstream side the
B lines run parallel along the elongated disc and tail while
in the leading side they have a water fountain or concave
shape. The distribution of the field for A70 and A90 is due
to the way the discs are eroded, since the wind removes the
gas above and below the galactic midplane, then the lines
open on the leading side and wrap around the disc on the
downstream side following the wind motion (see discussion
in §3.1).

The synchrotron emission and the B-vectors were ob-
tained from other LOS in the models, e.g. along the z-axis
for A0 and A20, the z-axis for A70 and A90 and through
both LOS for A45. The different directions for the LOS were
chosen to be able to observe the entire disc surfaces. Fig.
12 (top panels) shows the synchrotron emission of models
A0, A20 and A45 when integrating the emissivity along the
z-axis, where it can be seen from the contours that the syn-
chrotron is approximately symmetric at |z| < 10kpe which
is the emission from the remnant disc while at larger radii
(Jz] > 10kpc) is the projected distribution of gas and syn-

chrotron from the filaments. In fig. 13 (top panels) the syn-
chrotron emission for model A45, A70 and A90 is sharp on
the leading side of the wind-disc interaction and extended
over the opposite side along with the wind motion. There
is also emission in filaments of the tails that resemble an
unwound spiral structure.

The B-vectors for face-on views of the models A0, A20
and A45 are shown in the fig. 12 (bottom panels). They
have a toroidal distribution with slight deviations between
r = 15 —20kpc, at the filaments location, which means that
the MF's remains circular in nearly face-on interactions but
is perturbed in the vertical direction by the wind when its
displaced with the gas. In models A70 and A90 (bottom
panels in fig. 13), although the lines are toroidal in the disc,
with 7 < 10kpc and surface density ¥ > 10735 gcm™2,
they tend to elongate along the z-axis, similar to ellipses
with its major axis parallel to the wind motion. Also, in the
two nearly edge-on models a spiral structure appears that
spreads outside the disc to the downstream side (in the +z
direction), where the B-field also lines up vertically. Given
that model A45 has an intermediate inclination, it shares
properties with both low and high inclined discs. Also shown
in fig. 13, the B-field configuration in model A45 is similar
to A70 and A90, although the field lines are less extended
along the z-axis in the disc region (r < 10kpc), they are
aligned with spiral-like structure unfolding to the tails.
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5 CONCLUSIONS

In this study, we presented MHD simulations of five tilted
galaxies undergoing RPS in order to analyze the effects of
the disc inclination in the gas removal. The inclination angle
of the discs with respect to the z = 0 plane: 0, 20, 45, 70 and
90°, which are denominated A0, A20, A45, A70 and A90,
respectively.

The morphologies and properties observed in the tails
for this simulations vary depending on the initial disc in-
clination. Once the ICM-wind starts to interact with the
galaxies, it is observed that in models with (nearly) face-on
geometry with respect to the wind motion, models A0 and
A20, the gas is removed in ring-like structures and, since the
MF and the gas are bound, the MF is also dragged by the
wind. When the wind starts to remove gas from the disc, the
rings of gas run parallel to the galactic plane up to 10—20 kpc
above the disc at t 2 500 Myr with B ~ 0.4 — 0.7 uG. When
the gas is displaced farther from the galactic plane, the rings
get distorted along the direction of the wind giving a filamen-
tary structure to the tails, where also the MF is aligned with
the filaments similarly to the results from Ruszkowski et al.
(2014). Since these filaments are the densest structures in
the tails, here the MF reaches its highest strength outside

MNRAS 000, 1-15 (2019)

the discs, from B ~ 0.3 — 0.4 uG to 0.7 uG. In this inter-
action, the MF preserves its initial toroidal configuration
during most of the time of the simulations with slight devi-
ations in the region where the filaments are. For the nearly
edge-on models, the MF lines emerge outside of the galactic
plane in a “water fountain” shape wraping around the disc
in the downstream side (at high z). Also, the MF lines have
a structure similar to ellipses in the disc, that is, the MF is
compressed in the wind-disc interaction zone and on the op-
posite side the MF is elongated and stretched when pushed
by the wind. The tails in these models are not so prominent
nor do they magnetize so much the surroundings, reaching
values of B < 0.2—0.3 uG, this means that the models with a
low initial inclination contribute more to the magnetization
of the ICM than models with a high inclined disc. Edge-on
models also develop a spiral structure as a result of the com-
bination of the ram pressure and the gas rotation, i.e. when
the wind shocks with the disc where the gas sense of rotation
has the same direction as the ram pressure, then the gas is
stripped slightly easier and displaced farther of the galaxy;
while in the side of the disc whose rotation opposes to the
motion of the wind, the rotation itself prevents the gas of
being swept and instead more material accumulates in that
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projected along the y-axis.

part of the galaxy, generating a shape similar to spiral arms
that also spreads downstream pushed by the wind, similar to
the results of Tosa (1994) where a single-arm appears in an
edge-on ram pressure stripped galaxy. The model A45, with
an intermediate inclination, is a combination of models with
low and high inclination: at ¢t ~ 500 — 600 Myr evolves sim-
ilarly to models A0 and A20, that is, the magnetized gas is
removed in rings first, then at ¢ > 800 Myr the tail of gas also
develops filaments along the z-direction although it becomes
narrower like models A70 and A90, also with B ~ 0.3 uG,
additionally, A45 presents a spiral-like morphology in the
remnant discs which is observed also in the (nearly) edge-on
cases.

Additionally, the MF strenght, at the end of the sim-
ulations (¢ = 900 Myr), reaches a maximum value of B ~
2 — 3 uG which is a factor of ~ 3 higher than the initial one.
However, in the models with low inclination, the increase
is more homogeneous throughout the remnant disc, i.e. at
all radii, whereas in the cases with inclinations > 45° this
occurs in the spiral-like structure. Observations of late-type
spiral galaxies in clusters showed that they have a radio con-
tinuum emission enhanced by a factor up to ~ 5 compared
to isolated spirals (Gavazzi & Jaffe 1986; Gavazzi & Boselli
1999) and this could be either by an increase in the star

formation activity, producing more cosmic rays from super-
novae, or an enhancement of the MF, or a combination of
both.

We also obtained synchrotron emission maps and the
B-vectors inferred from the polarization. The synchrotron
emission presents an asymmetric distribution that is trun-
cated in the disc and spreads out on the downstream side,
following the gas. The maps of the emission from these sim-
ulations obtained at ¢ = 570 Myr resemble the shape of the
synchrotron tails of some Virgo galaxies, e.g. NGC 4522
(Vollmer et al. 2004), NGC 4330 (Vollmer et al. 2013), NGC
4396, NGC 4402, and NGC 4654 (Vollmer et al. 2010), de-
spite the restrictions of the models presented in this work.
The B-vectors trace very accurately the MF of the simu-
lations: they line up with the filaments of gas observed in
face-on interactions and follow the compressed gas in the
upstream side of the disc and are more elongated in the
downstream side of the edge-on models. Since the MFs lines
in these simulations change depending on the disc inclina-
tion, the distribution of the synchrotron and the B-vectors
inferred from the polarization can have also information of
the wind direction in galaxies travelling through a cluster.
Additionally, the gas is easy to perturb in tidal interactions
or RPS, so it will still be reflected on the MFs through com-
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pression or shear motions, leaving an imprint in the syn-
chrotron and polarization emission.
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Figure 13. Total synchrotron emission distribution (top row) and the B-vectors inferred from the polarization of the synchrotron emission
(bottom row) on a gas surface density map at ¢ = 890 Myr for A45 (left column), A70 (middle column) and A90 (right column). The
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