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NGC	1365

• Spiral	arms	tend	to	host	over-densities	of	gas,	and	are	
sites	of	concentrated	star	formation.

Non-axisymmetric	features
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-There	is	an	increased	effort	to	identify	the	dominance	of	each	theory	
(see	recent	simulations	of	Sellwood,	Roca-Fabrega,	Grand,	Baba,	Kim,	Dobbs,	Pettitt).
-And	a	wealth	of	observations	that	could	support	either	theory.
(e.g.	Meidt,	Egusa,	Foyle,	Speights&Westpfahl,	Elmegreen etc.)

Steady	spirals:
• Constant	
pattern	speed

• Large	
shocks/offset

• Intearm spurs
• No/little	winding

Dynamic	spirals:
• Material	

pattern	speed
• Little	or	no	

shock/offset
• No	spurs
• Winding	on	Myr

scale

Tidal	spirals:
• Wave-like	

pattern	speed
• Small	

shocks/offset
• Weak	spurs
• Winding	on	Gyr

scale

Wave-like Material-like

Making	spiral	arms
See	Dobbs	&	Baba	2014,	Sellwood 2011,	Elmegreen 2011



• The	impact	of	
large	asymmetries
on	the	ISM.

Different	spirals	and	the	ISM

The origins of GMCs 2159

Figure 1. The gas column density is shown for the different calculations used in this paper, at a time of 200 Myr. The panels show a galaxy with a smooth
potential (top left), a spiral potential (top right), a spiral potential with a strong level of feedback (bottom left) and a flocculent galaxy with a live stellar
component (bottom right).

of 10 and 50 pc, and in both cases adopted a density criterion of
50 M⊙ pc−2. For the cell size of 10 pc, the clouds were required to
contain at least 30 particles. For the cell size of 50 pc, the clouds
naturally contained more particles, with all the clouds in the spiral
potential models containing at least 100 particles. The only disad-
vantage with taking cells of 50 pc was that there were few clouds
for some models.

For the results we present in this paper, we show the case where
we used a cell size of 10 pc. In Fig. 2 we show the cumulative
density functions of this gas at times between T0 − 50 Myr and T0

for the four different simulations. In Fig. 3 we show the fraction of
gas above different densities versus time. In Fig. 4 we study cloud
dispersal and show cumulative density functions for times T0 to
T0 + 100 Myr. Our results which used a cell size of 50 pc show
very little difference to Figs 2, 3 and 4. The only differences we
noted were that there was slightly more noise, due to there being
fewer clouds, and the lines on the panel for the flocculent galaxy
in Fig. 3 were slightly flattened. However, we do not expect the
results of our analysis to change. In this paper, we are considering
the properties of the gas that becomes especially dense. Our results
are therefore primarily dependent on how the gas is organized in
the galaxy, and thus the large-scale gas flows, rather than the details
of how the dense gas (i.e. GMCs) is selected.

2.2.2 Tracing the velocity flows

Another question that we wish to address is: how does gas come
together to form molecular clouds? Thus we consider the velocity
field of the gas. For a 2D flow field u(x, t), the resultant local
rate-of-strain tensor is

eij = 1
2

!
∂ui

∂xj

+ ∂uj

∂xi

"
. (1)

This is a symmetric tensor with two real eigenvalues λ1 and λ2

which have dimensions of inverse time. The sum of the eigenvalues
is then the divergence of the flow,

α = λ1 + λ2 = eii = ∇ · u. (2)

The continuity equation

D#

Dt
= −#∇ · u, (3)

where # is the surface density and D/Dt is the Lagrangian deriva-
tive, then implies that the time-scale on which (surface) density is
changing locally is given by 1/α. Positive α > 0 implies expansion,
and negative α < 0 implies contraction. For example, α = −0.25
corresponds to gas that contracts on a time-scale of 4 Myr. We show
in Fig. 5 contours of constant divergence (calculated in the plane of
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Eventful evolution of GMCs in dynamic spirals 251

Figure 2. (a) Face-on view of B-band map of DYN model with dust extinction in the unit of L⊙ pc−2 (logarithmic scale) at t = 2.625 Gyr. In this model, the
stellar bar developed as a result of bar instability at t ≃ 1.5 Gyr. The dust extinction for the B-band map was estimated through multiplication by a factor of
e−τB , where the optical depth τB was calculated from the absorption cross-section σB = 6 × 10−22 cm2 and the total hydrogen column density NH. (b) Same
as panel (a), but for molecular (rainbow colours) and atomic (grey colours) gas column densities in units of H cm−2 (logarithmic scale). (c) Same as panel
(b), but for a spiral arm region. The formation and evolution of the GMC enclosed by the solid square are described in Section 4.1. (d) Same as panel (c), but
for SDW model at t = 340 Myr. Spurs (i.e. the shorter features which are perpendicular to the main spiral arms) appear in leading side of arm. Solid square
encloses example of spurs.

MNRAS 464, 246–263 (2017)
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GMCs in a barred galaxy with star formation and thermal feedback 5

Figure 2. The global gas distribution in the galactic disc for the three runs: left is NoSF, middle is SFOnly, and right is SNeHeat. Images
show the gas surface density of the face-on disc at t = 200 Myr. Each image is 20 kpc across. The galactic disc rotates anticlockwise.

appears to have been funneled towards the centre. We will
return to this observation later in the cloud analysis.

Figure 3 shows 5 kpc ⇥ 5 kpc close-up images of the
face-on view of the bar end at t = 200Myr, for all three
simulations. The top row is the gas surface density, middle is
the gas volume density in the disc mid-plane, and the bottom
row is the mid-plane temperature. In the left-hand column,
the NoSF run shows the gas evolution without the influence
of star formation or feedback. There are clearly defined dense
knots of material corresponding to the clouds. These show
up as red collapsed regions in the density panels and dark
red cold gas in the temperature panels. These clouds are
undergoing tidal interactions in the denser environments,
pulling spiral filaments of structure around them. Closest to
the galaxy centre, in the bar itself, more massive clouds are
forming and dominating the local gravitational environment.
This increases the density of the tidal tails to produce a
transient population of clouds, as discussed in more detail
in Paper I. In between the densest regions of cloud material
at the beginning of the spiral arms is warm, low-density gas.

The SFOnly simulation in the middle column shows a
similar structure of dense knots, but noticeably fewer tidal
filaments. This is due to the star formation eroding the reser-
voirs of dense gas to shrink the size of the largest clouds. The
result is a less extended population of massive structures to
pull gas away from neighbouring clouds.

The e↵ect of feedback in the SNeHeat images (right-
hand column of Figure 3) has made even more significant
di↵erences. The gas surface density images have lost their
ordered clump and filament structure seen in NoSF and
SFOnly, and instead show a higher density reservoir of gas
surrounding the clouds. While the inclusion of star forma-
tion has reduced the number of massive clouds and tidal
tails, adding stellar feedback has dispersed part of the gas
in the clouds to form a new, more turbulent mix of filaments
and clumps. In the mid-plane slice of density and tempera-
ture for run SNeHeat, three circles show the early (circle A),
mid (circle B) and late (circle C) phase of a feedback site. In
the centre of circle A, we see a high density knot of gas that
has risen to high temperatures. This is where a star particle

has just injected thermal energy into the surrounding gas.
This thermal energy causes the gas to expand, leading to
a hot cavity that can be seen inside circle B. The thermal
energy is eventually radiatively lost, leading a high density
rim to the expanding cavity, as can be seen in circle C.

The e↵ect of the di↵erent stellar physics on the verti-
cal profile of the disc is shown in Figure 4. The left-hand
side of the figure shows the projected density along the disc
edge for each of the three runs, while the right-hand side is
the disc scale height. Without thermal feedback, the vertical
height of the disc is primarily controlled by cloud interac-
tions that can scatter denser material o↵ the disc plane. This
e↵ect is more marked in the NoSF run images compared to
the SFOnly for the same reasons that fewer filaments were
seen in Figure 3; the star formation results in fewer high
mass clouds that are the most e�cient at promoting cloud
interactions and tidally stripping other clouds. This di↵er-
ence results in a small change in the scale height shown in
the right-hand plot, where the disc height for SNOnly is
marginally lower than for the NoSF run.

The very densest gas in the SNeHeat run extends to
a similar height as that in NoSF and SFOnly, with a scale
height of about 400 pc. However, there is a large di↵erence
in the lower density gas above and below the disc. While the
density drops sharply beyond 500 pc in NoSF and SFOnly,
the density in the SNeHeat run is 104 times higher. Visually,
plumes of gas are being ejected from the disc by the thermal
stellar feedback to form a galactic fountain that stretches up
to several kiloparsecs above the mid-plane. The fact that the
densest gas seems largely una↵ected suggests that the ther-
mal feedback is having the strongest a↵ect on the medium
density warm ISM, in keeping with the very extended fila-
mentary structure seen in Figure 3.

Since M83 is a face-on galaxy, its scale height cannot
be measured. Our value of about 400 pc for the dense gas
compares favourably to other galaxies, e.g. 100 ⇠ 500 pc in
the Milky Way (Lockman 1984; Sanders et al. 1984), 180 pc
in LMC (Padoan et al. 2001), 200 pc in NGC 891 (Scoville
et al. 1993).

The structural di↵erences in the ISM can also be seen

c� RAS, MNRAS 000, 1–19

Dobbs	et	al.	2012:	
Flocculent	and	
density	wave	spirals	
have	generate	
different	GMC’s.

Fujimoto	et	al.	2016:	
GMC’s	differ	between	
bar	and	spiral	regions.

Baba	et	al.	2016:	Velocity	streaming	
differs	in	different	arm	models.

Shetty	&	
Ostriker
2008:
feedback	
can	wipe	
out	spirals,	
stunting	SF.



• Work	is	focused	
on	either	a	
density wave	
spiral,	or	a	
dynamic spiral	
pattern	(+bar).
• A	wealth	of
other	works
that	use	highly
flocculent	discs.

Different	spirals	and	the	ISM

A sub-parsec resolution simulation of the Milky Way 7

Figure 4. Surface density of the gas disc seen face-on, 800 Myr after initial setup. The bar and spiral arms host dense clumps, some
of which being distributed as “beads on a string”. The color table only applies to the main panel: the table has been changed in each
zoom-in view to enhance contrast.

3.2 Bar, spirals, nuclear ring and resonances

Using the angular velocity of the stellar bar at t ≈ 800 Myr,
we found a pattern speed of Ωp = 58 km s−1 kpc−1, in
agreement with values from the literature about the real
Milky Way (Ωp = 59 ± 5 km s−1 kpc−1, Debattista et al.
2002), although a rather large uncertainty exists on local
standard of rest data. The epicycle frequency κ is computed
numerically: κ(R)2 = R dΩ2/dR+4Ω2, where R represents
the distance to the galactic center, in the plane of the disc
(Binney & Tremaine 2008).

The frequency diagram on Fig. 6 shows the resonances
found in the stellar discs, from the initial conditions (t = 0)
and at t = 800 Myr. The evolution of the galaxy and the

formation of structures (the bar in particular) modifies the
frequencies in the inner ∼ 2 kpc, but the outermost regions
remain relatively unchanged, because less massive structure
forms there (e.g. spiral arms). The corotation (Ω = Ωp)
corresponds to a radius of 3.6 kpc, i.e. about 1 kpc further
than the tip of the bar. The outer Lindblad resonance (OLR,
Ω + κ/2 = Ωp) is found at 6.3 kpc, i.e. close to the “knee”
visible in several gaseous arms in Fig. 4.

As a complement, Fig. 7 shows the amplitude of the first
m-modes of the Fourier transform of the surface density of
the disc Σ in polar coordinates (R, θ)

Σ(R, θ) =
∞
!

m=0

Am(R) cos [mθ −Φm(R)], (4)

c⃝ 0000 RAS, MNRAS 000, 000–000

GMCs scaling relations 5

Figure 2. Projected maps (inclination 30�) of stellar surface density (top left block of panels), stellar UV radiation field (top right
block of panels), total gas column density (left block of panels in the middle row), radial (line-of-sight) velocity component (right block
of panels in the middle row) and CO integrated intensity (bottom block of panels) at t = 500 Myr for the following models of galaxies:
no spiral structure or model B (left map in all blocks of panels), Milky Way-like or model F (central map in all blocks of panels) and
flocculent galaxy or model H (right map in all blocks of panels). Initial parameters of the galaxy models can be found in Table 1.

stability parameter for two-component disc model account-
ing e↵ect of the finite disc thickness was adopted in the form
by Romeo & Wiegert (2011) (see Fig. 1).

Figure 2 shows the maps of the stellar surface density,
stellar UV radiation field, total gas column density and CO
integrated intensity at t = 500 Myr for the following mod-
els of galaxies inclined by i = 30�: no spiral structure or

model B, Milky Way type or model F and flocculent galaxy
or model H. Initial parameters of the models are given in
Table 1. Note that the averaged UV radiation field is signif-
icantly greater than a value of 0.1 Habing (see upper middle
row in the Fig. 2), so that our choice of the uniform back-
ground is reasonable. We have adopted an inclination angle
i = 30� as a value which is enough to get significant line-

c� 2015 RAS, MNRAS 000, 1–??

Khoperskov et	al.	2015:	
Weak	cloud	property	
dependence	on	spirals.

Renaud	et	al.	2013:	Clear	
and	even	beads	along	
spiral	arms	(0.05pc!).

Pettitt in	prep.	How	does	
the	bar-spiral	overlap	
impact	the	MW’s	ISM?Still	lots	to	do…



Lord	Rosse (1850)
from	Bailey	et	al.	(2005)	

• Tidal	spirals	are	especially	
important	as	they	are	an	easy	
way	of	generating	N=2	unbarred
spirals.
• Two-armed	spirals	are	very	
common	(up	to	50%).
• Some	early	pioneering	work	with	
N-body	discs	(e.g.	Toomre 1972,	
Elmegreen 1991,	Byrd	1992).
• However,	not	much	work
has	focussed	on	the
detailed	multi-phase	ISM	in	
such	spiral	galaxies.
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Toomre &	Toomre 1972	

Tidal	interactions



• Some	of	the	most	famous	nearby	
galaxies	are	also	thought	to	be	
shaped	by	interactions.
• E.g.	M51	companion,	M31	group,	
M81	”puncture”.

Interactions	in	the	neighbours

Dobbs	et	al.	2010 Dierickx et	al.	2014

Yun	et	al.	1994



• Simulate	galactic	interactions	using	
GASOLINE	SPH	code	(Wadsley 2003).
• Include	cooling/heating,	star	
formation,	feedback	(Stinson2006,	
Shen2010).
• Disc	is	initially	setup	with	a	Milky	Way
like	rotation	but	with	fairly low	disc	
mass	and	large	bulge	to	inhibit	
arms/bars	in	isolation	
(mg,i=1200Mo,	50pc).
• See	Pettitt et	al.	2016	for	isothermal	
parameter	sweep.

Simulations



• Disc	allowed	to	evolve	isothermally	for	x2	rotations	before	
SF/FB/cooling	is	activated.
• Results	in	a	many	dynamic-armed	disc,	with	m=3,4,5	showing	a	
high	power	(m also	a	function	or	R,	see	swing	amplification).

Isolated	disc



Perturbed	disc

• A	companion	is	then	introduced	on	a	parabolic	orbit	
(Msat=2e10Mo,	S=0.1,	d=20kpc).
• The	two-armed	structure	is	much	less	regular	than	density	
wave	driven	spirals,	with	clear	winding	but	no regeneration.



• Star	formation	rate	experiences	
huge	boost.	Has	a	sinusoidal	
oscillation	after	interaction.
• Pulls	up	and	away	from	the	
standard	KS-relation	in	the	inner	
disc.
• Companion	(DM)	strips	the	disc	
of	some	of	its	gas and	starts	its	
own	SF.
• Similar	increase	to	simulations	of	
galaxy	mergers	(e.g.	Di	Matteo07,	
Hopkins13).

Perturbed	disc



Disc	asymmetry
• SF	response	is	not	
symmetric	between	
arms	(tail	first)…

• Believe	it	is	a	
combination	of	
stripping	in	the	bridge	
and	orbit	crowding	in	
the	tail.	
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• Gas	is	expected	to	shock	
in	a	different	location	to	
spiral	(Fujimoto1968,	
Roberts1969).
• No	offset	seen	in	the	arms	
in	the	isolated	live	disc	
(see	also	Baba2015,	
Dobbs&Bonnell2008).
• In	the	perturbed	disc	
there	is	a	clear	offset,	
especially	in	the	outer	
disc.	

Arm	offsets

Isolated Perturbed



• Egusa et	al.	2016	look	at	offsets	in	
M51	(see	also	Kendall	2011,	
Schinnerer 2013)
• They	also	see	a	non-bisymmetric	
response.
• But	not	the	same	as	these	
calculations…

Arm	offsets

−60

−30

0

30

60

−60

−30

0

30

60

O
ffs

et
 (g

as
−s

ta
r) 

[d
eg

]

0 50 100 150 200 250
Radius [arcsec]

0 2 4 6 8 10
Radius [kpc]all offsets (PF)

arm1
arm2

−60

−30

0

30

60

−60

−30

0

30

60

O
ffs

et
 (g

as
−s

ta
r) 

[d
eg

]

0 50 100 150 200 250
Radius [arcsec]

0 2 4 6 8 10
Radius [kpc]all offsets (GF)

arm1
arm2

ΣH

−200 −100 0 100 200
offset from centre [arcsec]

−200

−100

0

100

200

of
fs

et
 fr

om
 c

en
tre

 [a
rc

se
c]

−200 −100 0 100 200
offset from centre [arcsec]

−200

−100

0

100

200

of
fs

et
 fr

om
 c

en
tre

 [a
rc

se
c]

arm1

arm2



M51

Isothermal	run



Summary

• Spiral	arms	come	in	a	variety	of	flavours,	and	host	
high	density	gas	and	SF.
• Tidal	spirals	behave	quite	differently	to	those	driven	
by	other	mechanisms.
• The	precise	response	of	the	ISM	is	slightly	different	
inside	of	each	different	types	of	spiral,	showing	a	few	
clear	diagnostics	compared	to	those	of	other	types.
• A	growing	need	for	more	high	resolution	data	for	
nearby	spirals	to	see	diagnostics	of	spirals:	such	as	
spurs	and	shock	positions/offsets.



Thank	you	all	for	your	time	and	attention

Any	questions?
I’m	always	open	to	uses/abuses	for	these	simulations!

Images	were	made	with	SPLASH,	pynbody,	YT	and	glnemo2.


