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

See Dobbs & Baba 2014, Sellwood 2011, Elmegreen 2011

Making spiral arms
Steady spirals:
• Constant
pattern speed
• Large
shocks/offset
• Intearm spurs
• No/little winding

Tidal spirals:
• Wave-like
pattern speed
• Small
shocks/offset
• Weak spurs
• Winding on Gyr
scale

Wave-like

Dynamic spirals:
• Material
pattern speed
• Little or no
shock/offset
• No spurs
• Winding on Myr
scale

Material-like

-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.)

Different spirals and the ISM
• The impact of
large asymmetries
on the ISM.
The origins of GMCs

Eventful evolution of GMCs in dy
Baba et al. 2016: Velocity streaming
differs in different arm models.
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Different spirals and the ISM
• Work is focused Khoperskov et al. 2015:
on either a
Weak cloud property
density wave
dependence on spirals.
spiral, or a
dynamic spiral
pattern (+bar).
Renaud et al. 2013: Clear
and even beads along
• A wealth of
spiral arms (0.05pc!).
other works
that use highly
flocculent discs. Pettitt in prep. How does
A sub-parsec resolution simulation of the Milky Way

7

the bar-spiral overlap
impact the MW’s ISM?

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.

Still lots to do…
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)

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)
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Tidal interactions

1972ApJ...178..623T

• 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.

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

Toomre & Toomre 1972

Interactions in the neighbours

Dobbs et al. 2010

Dierickx et al. 2014
Yun et al. 1994

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

Simulations
• 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.

Isolated disc

• 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).

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.

Perturbed disc
• 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).

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

Oh et al. 2008

• Believe it is a
combination of
stripping in the bridge
and orbit crowding in
the tail.

Arm offsets
• 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.
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Perturbed
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• 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…
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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.

