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State of things

• Discerning the structure of the Milky Way is hard.

• Students have probably spent entire theses on this Q.
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What I usually do
• A decent approach is make some model and compare 

it to the real thing.

• You can get a decent way to attacking this problem if 
you make some assumptions:

3920 A. R. Pettitt et al.

Figure 10. Our four best-fitting CO radiative transfer l–v emission maps with their x–y counterparts. The models from top to bottom are Bb, Bc(207 Myr),
Bc(292 Myr) and Bd. The top-down maps only show gas material that is seen in CO l–v space; that of the highest density. The cross indicates the observer’s
position (which differs between models). SCC refers to the Scutum-Centaurus-Crux arm in the four-armed paradigm of the Milky Way, also referred to in the
main text as the Inner Ridge when viewed in l–v space. Arrows indicate locations of prominent features in l–v space.

MNRAS 449, 3911–3926 (2015)
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Pettitt et al. 2015. See also papers by Fux, Baba, Li, and many others



• Getting decent results 
(but uses old bar data).

What I usually do
• But there is always more physics to add…

• Kitchen sink: 
numerical hydro, gravity, 
chemistry, cooling, 
supernova, B-fields, HII 
regions, CRs, radiative 
transfer, winds, satellite 
interactions… 
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Something simpler?
• This isn’t going to end well…

• Go analytic instead; e.g. Dobbs et al. 2012 (essentially 
how I made the arm tracks in Dario and James’ papers).

2942 C. L. Dobbs and A. Burkert

Figure 1. On the left-hand side we illustrate possible Galactic features, a two-armed spiral pattern (top), a four-armed spiral pattern (centre) and three rings
of different radii (bottom). The position of the observer is marked by the cross at 8 kpc. On the right-hand side panels we show the location of the spiral arms
in a velocity–longitude plot, from Rodriguez-Fernandez & Combes (2008) who used the data of Dame et al. (2001). The black circles and crosses indicate
terminal velocity measurements. The cyan cross shown in the top right-hand panel indicates the extremity of the outer H I arm observed by Dame & Thaddeus
(2011). The pitch angle for the spiral models is 11◦. The spiral patterns are the best-fitting patterns (with regard to the orientation of the arms) to the observed
emission within l = ±50◦. The Scutum–Centaurus arm provides a good fit to the molecular ring. The best-fitting ring has radius of 6 kpc. However, since the
spiral arm is curved in v−l space, it has a better fit to the molecular ring compared to a ring. (A color version of this figure is available in the online journal.)

C© 2012 The Authors, MNRAS 421, 2940–2946
Monthly Notices of the Royal Astronomical Society C© 2012 RAS

• Draw lines, fold in some smoothing with an assumed 
axisymmetric rotation curve.

Maybe a bit less simple than this



Orbital damping

• Wada (1994), Lindblad & 
Lindblad (1994), Pinol-
Ferrer (2014).

• Approximate gas 
response as damped 
motion in the epicyclic 
approximation.
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Figure 13. Stellar closed orbits (left) and gaseous closed orbits (right) in a weak barred potential. The radii of the inner ILR, outer
ILR, CR, and OLR are at 0.8, 2.4, 4.6, and 6.0, respectively. The gaseous closed orbits are calculated based on the damped orbit
model by Wada (1994) who added the damping term (emulating the collisional nature gas) to equations of stellar orbits in a weak bar
from Section 3.3 of Binney & Tremaine (2008). Note that Wada (1994) only showed a solution for radial direction. See the appendix of
Sakamoto et al. (1999) for a full set of the solutions. A similar introduction of a damping term was also made by Sanders & Huntley
(1976) and Lindblad & Lindblad (1994). The stellar response to forcing by a steady bar cannot form spiral arms. In contrast, the phase
delay of epicycle motion in terms of the bar perturbation naturally takes place as does in a damped oscillator affected by a periodic
external force. This phase delay determines direction of spirals (i.e. trailing or leading) around the Lindblad resonance (Wada, 1994).

Figure 14. B-band images of NGC 3953 (left), NGC 3124 (middle) and NGC 3450 (right). From The de Vaucouleurs Atlas of Galaxies

(Buta et al., 2007).

features, but transient features boosted by the bar. The
non-stationarity of spiral arms in barred galaxies is also
reported by other N -body/hydrodynamics simulations
(Fux, 1997; Baba et al., 2009). Baba et al. (2009) ar-
gued that non-stationary, winding spiral arms in a sim-
ulated barred spiral galaxy originate via swing amplifi-
cation (Section 2.1.3). In contrast, Roca-Fàbrega et al.
(2013) reported that simulated spiral arms in strongly
barred galaxies have a pattern speed almost constant in
radius. More interestingly, they reported that the spiral
pattern speed is close to disc rotation only when the
bar is weak, as obtained by Grand et al. (2012b), but
becomes almost constant when the bar has fully formed.

These results suggest that the relation between bars and
spiral arms can change during the evolutionary stages
of bars, although there is no observational evidence to
support, or contradict this picture.

2.4 Tidal interactions

2.4.1 Historical overview

Tidal encounters are frequent across all astronomy, with
interacting galaxies providing some of the clearest ex-
amples. Early attempts to categorise interacting, and
other more unusual galaxies, showed many examples of
galaxies with tidal tails, bridges and clear spiral struc-

PASA (2014)
doi:10.1017/pas.2014.xxx

E.g. Dobbs & Baba (2014)  
left: stellar orbit in bar without damping 

right: gas orbits using method of K. Wada

• Forcing directly 
influenced by pattern 
speed.



• I used this in Pettitt et 
al. (2020) to convince a 
referee of something.

Young stars in the Milky Way 2165

Figure 2. Top-down gas column densities of the six non-axisymmetric models (right) and mock stellar images of the young stellar population (left) after
300 Myr of evolution. The disc with no bar/spiral perturbation is not shown, as the disc structure is axisymmetric on large scales. Models denoted Br and SpN
include bars and spiral arms, where N is the arm number, and BrStr the slower bar.

features in the gas. The features of the four-armed mixed model,
BrSp4, is akin to what has been inferred for the Milky Way’s spiral
arms in the four-armed paradigm, with two out of the four arms
appearing stronger (Drimmel 2000; Churchwell et al. 2009).

It is worth noting that the BrSp2 model displays a four-armed
structure in gas and very young stars, but the old stellar population
(represented here by spiral and bar potentials) only trace a two-
armed morphology. This is because the stellar response to rotating
bars is not believed to drive any arm features, merely orbital families
parallel and perpendicular to the bar, but gas clearly does (Dobbs &
Baba 2014). This is could explain the apparent dichotomy between
two- and four-armed models in the literature, where a strong two-
armed arms are seen emanating from the bar in some studies,
whereas radio surveys tend to see a clearer four-armed structure
(Drimmel & Spergel 2001; Benjamin 2008; Rigby et al. 2016).

Maps of the young stellar material are shown in the left-hand
panels of Fig. 2. The stars tend to trace out the densest regions of
gas relatively well, though show less of the filamentary interarm
features. The star formation histories for each disc are shown in
Fig. 3. While our total star formation rate is somewhat higher than
observed for the Milky Way (Bland-Hawthorn & Gerhard 2016),
we are primarily interested in where stars are forming, not the
absolute rate.2 Each model has effectively the same history, with an
initial onset of star formation as the gas cools from the 1 × 104 K
initial conditions, which progresses at a near constant level for
the remainder of the simulation. The barred models show a slight

2This could easily be fine-tuned via the subgrid physics models, though we
deem this unnecessary for this work.

Figure 3. Total star formation history of each of the simulated discs. The
global star-forming history is effectively the same in all models.

increase once the bar reaches full strength, at around 170 Myr. Even
though models show a strong bar or bisymmetric spiral pattern, they
will form stars at a similar rate.

We note that specific choices of subgrid physics could potentially
impact these aforementioned features. Surprisingly little work has
focused on how such recipes specifically impact specific features
such as bars and spiral arms in the gas, with most simply comparing
results with and without feedback included. Many studies do exist
comparing feedback models in discs (Rosdahl et al. 2017; Smith,
Sijacki & Shen 2018), though they mostly focus instead on the
star-forming potential and resulting scale heights. Preliminary tests
with the feedback model of Keller et al. (2014) did show some
minor differences in gas response, with the main change being
a slight decrease (∼10 per cent) in the total star formation rate

MNRAS 491, 2162–2179 (2020)
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UV velocity plane (Dehnen 1998; Antoja et al. 2010) and orien-
tation of the stellar velocity ellipsoid (Dehnen & Binney 1998;
Smith, Whiteoak & Evans 2012). However, our gas resolution
and limitation to the young stellar population posed too strong
restrictions on number of stars in the solar neighbourhood for
reliable measurements, especially exterior to the Solar radius. Such
features will be the subject of a future study.

5 A NA LY T I C M O D E L C O M PA R I S O N

We can use simple analytic models to illustrate the effect of bars
and spiral on the ISM, as shown in this study. Such models have
been presented in Lindblad & Lindblad (1994) and Wada (1994),
where the authors use the epicyclic approximation to study orbits
of packets of gas subject some non-axisymmetric background
perturbation. The dissipative nature of the gas is included via a
damping/friction term in the equations of motion, which perturb
the motion of gas particles in the frame of the perturbation by r =
r0 + ξ and θ = θ0 + (# + #p)t + η/r0, where r0 and θ0 are the
undamped orbital solutions. While the magnitude of the damping
term (i.e. damping frequency, λ) is a somewhat free parameter, it
is often chosen to be a number close to the pattern speed. These
approaches suffer from a singularity at CR, which was addressed by
Piñol-Ferrer et al. (2012, hereafter PF2012) through the inclusion
of an additional softening factor. Such models have been used in
the past to constrain bar properties in external galaxies (Sakamoto
et al. 1999; Piñol-Ferrer et al. 2014) as well as the bar and spiral
features of the Milky Way (Sormani et al. 2015a; Sakai et al. 2015;
Honma, Nagayama & Sakai 2015).

We follow the approach of PF2012 altered to include our
specific axisymmetric potentials, bars, and spiral arm features. The
dispersion is chosen to scale with the epicycle frequency, λ = &κ ,
by a factor & = 0.1, following Wada (1994) and Sakamoto et al.
(1999), rather than in PF2012 where the authors use a seemingly
arbitrary linear scaling law or constant value throughout the disc.
The CR softening frequency, ε, is a free parameter that we take to
be κ/5 for the bars and κ/2 for the arms, values that appeared to
reproduce the structures in the simulations while avoiding orbital
crossings. The density perturbation is calculated via the continuity
equation, as in PF2012. While the quantitative results will change
for different choices of & and ε, the morphological features are
rather robust to changes in these values.

We show the orbital families and overdensities for our Sp2, Sp4,
Br, and BrStr potentials in Fig. 21. Several of the resonances are
overplotted as coloured circles. The resemblance between these
maps and the gas density in Fig. 2 is quite remarkable. Sp2 and
Sp4 have radial extent of the gas overdensity near identical to that
of the simulation, with Sp2 extending to smaller radii than Sp4.
Branches are clearly present in the Sp2 density maps, a feature
that has been in several past simulations, including Chakrabarti,
Laughlin & Shu (2003), Martos et al. (2004), and Pettitt et al.
(2014), each implementing a different spiral potential model. These
branches are faintly present in our simulations, appearing clearest
in the young stars (Figs 4 and 8). The response to the bar is similar
to what has been shown in other studies, (Wada 1994; Lindblad &
Lindblad 1994), with the steady phase shift in gas orbits between
the ILR and OLR manifesting as a kind of spiral pattern. With
the slower, stronger bar the resonances extend to larger radii, with
both bar maps showing excellent agreement with the simulated gas
density.

As a basic illustration of the time-dependent interplay between
these features, we combine the density perturbations shown in

Figure 21. A selection of orbital families (left) and the resulting density
perturbation (right) for the four different non-axisymmetric potentials
considered in this work. The green dashed circle denotes CR. Blue inner
and outer circles are the inner 2:1 and 4:1 resonances respectively, and the
red inner and outer circles are the outer 4:1 and 2:1 resonances, respectively.
The bars are orientated vertically.

Fig. 21, with the appropriate time-dependent phase offset, in Fig. 22.
Maps of the combined density perturbation are shown in the frame
of the spiral pattern. The bar rotates faster than the spiral, as seen
in the time-series in the top row. The second and third rows show
the BrSp2 and BrSp4 combinations, respectively. The impact of
the different pattern speeds is clearly seen by comparing features
between timeframes. As the bar rotates in BrSp2, it enhances either
the primary spiral pattern (as seen at 50 Myr) or enhances the
interarm branches of the two-armed spiral, creating a four-armed
morphology. This agrees with what is seen in the simulations in
this study. For BrSp4 the bar pattern creates an alternation in the
strength of a pair of the arms, also similar to what is seen in
the simulations. This is clearest in the lower left quadrant, with
the arm around (− 5, −5) kpc changing in strength as the bar
passes by.
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Figure 2. Top-down gas column densities of the six non-axisymmetric models (right) and mock stellar images of the young stellar population (left) after
300 Myr of evolution. The disc with no bar/spiral perturbation is not shown, as the disc structure is axisymmetric on large scales. Models denoted Br and SpN
include bars and spiral arms, where N is the arm number, and BrStr the slower bar.

features in the gas. The features of the four-armed mixed model,
BrSp4, is akin to what has been inferred for the Milky Way’s spiral
arms in the four-armed paradigm, with two out of the four arms
appearing stronger (Drimmel 2000; Churchwell et al. 2009).

It is worth noting that the BrSp2 model displays a four-armed
structure in gas and very young stars, but the old stellar population
(represented here by spiral and bar potentials) only trace a two-
armed morphology. This is because the stellar response to rotating
bars is not believed to drive any arm features, merely orbital families
parallel and perpendicular to the bar, but gas clearly does (Dobbs &
Baba 2014). This is could explain the apparent dichotomy between
two- and four-armed models in the literature, where a strong two-
armed arms are seen emanating from the bar in some studies,
whereas radio surveys tend to see a clearer four-armed structure
(Drimmel & Spergel 2001; Benjamin 2008; Rigby et al. 2016).

Maps of the young stellar material are shown in the left-hand
panels of Fig. 2. The stars tend to trace out the densest regions of
gas relatively well, though show less of the filamentary interarm
features. The star formation histories for each disc are shown in
Fig. 3. While our total star formation rate is somewhat higher than
observed for the Milky Way (Bland-Hawthorn & Gerhard 2016),
we are primarily interested in where stars are forming, not the
absolute rate.2 Each model has effectively the same history, with an
initial onset of star formation as the gas cools from the 1 × 104 K
initial conditions, which progresses at a near constant level for
the remainder of the simulation. The barred models show a slight

2This could easily be fine-tuned via the subgrid physics models, though we
deem this unnecessary for this work.

Figure 3. Total star formation history of each of the simulated discs. The
global star-forming history is effectively the same in all models.

increase once the bar reaches full strength, at around 170 Myr. Even
though models show a strong bar or bisymmetric spiral pattern, they
will form stars at a similar rate.

We note that specific choices of subgrid physics could potentially
impact these aforementioned features. Surprisingly little work has
focused on how such recipes specifically impact specific features
such as bars and spiral arms in the gas, with most simply comparing
results with and without feedback included. Many studies do exist
comparing feedback models in discs (Rosdahl et al. 2017; Smith,
Sijacki & Shen 2018), though they mostly focus instead on the
star-forming potential and resulting scale heights. Preliminary tests
with the feedback model of Keller et al. (2014) did show some
minor differences in gas response, with the main change being
a slight decrease (∼10 per cent) in the total star formation rate

MNRAS 491, 2162–2179 (2020)
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Simulation Analytic calculation

• Orbits are trivially 
converted into an over 
density, matched the 
simulation response 
pretty well!

• Velocities should be 
easy too…

Previous usage



How does it work?
1. Take some assumed potential.

2. Calculate orbital response under epicycle approx.

3. Calculate over-density from continuity equation.

4. Velocities can be calculated from orbits.



How does it work?

• Can then simply bin things 
up and calculate a 
synthetic gas response!

Vc

Axisymmetric model

Spread from gas spiral response

R

• Gives you the terminal 
velocity curve, and over-
densities throughout the 
entire disc.

• Plan to apply to SEDIGISM and some other surveys in a 
meta-analysis.



What’s the catch?
• Has a lot of things going for it:

Made in minutes!

Can apply to anything you can write a potential for.

Can alter strengths, pattern speeds, and predict actual velocity response.

• But some caveats:
There are two damping parameters. One is not really important, the other is 
basically a proxy for sound speed and surface density.

Can’t handle strong shocks as epicyclic approx. breaks down.
^not a huge issue if you only care about general global response

^can constrain via a small number of hydro sims?



But your title was about “numerical sims”
• Side note:  

I still do simulations :/

• BESPOKE project = Better  
Extragalactic Simulation 
Physics On Known Examples.

• Wide simulation survey tailored to well observed local 
galaxies, starting with NGC 5055, 6946, 7331.

Pettitt, Benincasa, Wadsley, Iles, Keller — coming very soon!



But your title was about “numerical sims”
• Side note:  

I still do simulations :/

• BESPOKE project = Better  
Extragalactic Simulation 
Physics On Known Examples.

• Wide simulation survey of a tailored to well observed 
galaxies, starting with NGC 5055, 6946, 7331.

Pettitt, Benincasa, Wadsley, Iles, Keller — coming very soon!

PhD student Elizabeth Iles (sub.): 
sims of NGC4303 and NGC3627



Conclusions

• Modeling the MW is hard, and not getting any easier.

• How far can we get without full sims?

• Pretty far! Plan on applying a method of damped 
orbital response to SEDIGISM and friends.

• Work is still fairly early stages, no paper draft yet to 
speak of.

• Shameless plug of continuing 

simulation efforts.

Dec 12th Group Meeting

The BESPOKE project: 
overview and status

Alex R. Pettitt


