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Star formation: from start to finish?
UNIVERSITY OF LEED

A Towards a comprehensive understanding of the formation of massiv
stars and their consequent influence requires multiple elements

A To connect a wide range of environments from 1SMtéws;

A To connect a wide range of physical size scales kpaio AU;

A To connectomplex varied, scal@ndconditiondependenphysicalprocesses.
A Observations in principle now allow us to trace the flow of material

across all these scales, probing structure, kinematics, chemistry,
magnetic fiel dse

A Numerical simulations do not yet span tlisage in one ganstead we
focus on a subset of the whole range that can beresslved.

A This project has focussed on the formation afd feedback inte
molecular clouds on the scale of 100s of pc, resolved down4pd.0

A Borne out of the Rogers and Pittard (2013,20é&ddback workin a quest for a
realisticinitial condition.



Open questions

UNIVERSITY OF LEED

A Whatroles do magnetic fields play in this whole process?

A Are they the key agents of evolution?

A Or can they just be ignored, only a minor perturbation on an otherwise
turbulent picture?

A We know that the ISM and stéorming gas clouds are strongly
magnetized and their ionization fractions are high enough to pl:
them close to the regime of ideal MHD on all but the smallest s
scales

Lenzo0s Law => the fluid
to the magnetic field lines



l nsight from observati olls
UNIVERSITY OF LEEDS

A We can us¢he Zeeman effect to measure hokesight strength of magnetic
fields in molecular clouds and the general ISM, to derive the mass to magng
flux ratio and whether a cloud msagnetically supercritical
(prone to collapsg or sub-critical (supported by the magnetic field)

A Below a volume density of 300 cm3, B is essentially independentmfabove
300 cm3, the field strength increases with increasing density ((89.

| W T ~ | Y low-densitygas is subcritical,
AT ,I,I_ il high-density gas issuper-critical.
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UNIVERSITY OF LEEDS

A Interestingly, avery similar result is seen from polarization methods
probing only planeof-sky magnetic field
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Observati onal

A There are observations in a variety of environments and growing evidence fo
bimodality in the alignment between fields afidments.
A Preferentiallyparallel at low n,, to no preferred orientation or

perpendicular at high n,,.
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Grey: Planck polarisation maps

Synthetic MHD simulations in colour:

Red: B strong compared to turbulent gas motions
Green: equal in energy

Blue: B weak compared to turbulence

(Soler et al. 2013)



Observati a l

The magnetic environment of the Muddament
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overlaid on HST imaging
(Pattle et al. 2018)



Observational al i gnmentﬁé
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R e T T )
A Magnetic field tends to be perpendicularto [ o
self-gravitating filamentsin the low density PR e '
environment surrounding the filaments BERE
=>some models predict material is accreted *°[==- L8]
onto such filaments alondieldlines. RN |
S 221 8 “\
A Observationally, this isell-supported in § e
nearby filaments e.g. Taurddusca. s .
24 G
A However3D field geometry is notyetwell " . E
characterised, significant uncertainties exist | . Orion.8or :,
and care needs to be taken to ensure 0141 boem AR
- - - I!ll,lIIlll,l,lll.l'l.l:l:litll.lll.l'
polarisation observations trace the dense S e o5
material, rather than the ledensity envelope. Right Ascension (J2000)

Magnetic field morphology in OMC1.
Hour-glass magnetic field morphology
Pattle et al. (2017)



Observati onal

al | gnmentﬁé

UNIVERSITY OF LEEDS

A Magnetic fields detected in isolate
starless cores tend to be relativel
smooth and welbrdered.

A Field strengths on the order of 10
of uG.

A Note the lack of the hotglass
morphology

=> Going beyond the ideal MHD limi

A Interferometric observations of
B field in star-forming regions
fractions of mG to a fewmG
Hull and Zhang, Front. Astron.
Space Sci., 5 March 2019
DOI:10.3389/fspas.2019.00003

JCMT/SCUPOL magnetic field vectors overlaid
on 85&m emission, in the starless core L183
(Crutcher et al 2004)



Theoretical models
UNIVERSITY OF LEED

A A senior theoretician in this field recently emphasized that any
model should havl) realistic inputs and(2) realistic outputs

A Anything that fails either (1) or (2) should be ignored by all.

A Key output 1: the secalled
CrutcherB|-} relationship

A Key output 2: turbulenceike
velocity dispersiorfalbeit with
short inertial range: ~1 decade).

If realistic outputs can be generated by multiple"”[r(}iodels and reali
Inputs are difficult to establish with any certainty, how do we truly
distinguish between inputs and models?



An exampl eé
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Numerical simulations

o

UNIVERSITY OF LEED

A Turbulent numerical results suggest that magnetic fields by
themselves are minor players in setting either the SFR or IMF

A They provide resistance to turbulent compression and pressure that

opposes gravity, directly reducing the ability of turbulence to gather ga:
Into gravitationallyunstable clumps.

A Reasonably well understood in supersosimer-Alfvénic flows

A BUT that breaks down in the tranélfvénic regime that is more likely to
characterise star formation!

Krumholz & Fedderath Front. Astron. Space Sci. 20 Feb 2019 DOI:10.3389/fspas.2019.

A Others comment that it is likely magnetic field strongly shapes the interste
gas by generating a lot of filaments and reducing the number of clumps

Hennebelle & Inutsukdront. Astron. Space S&@8 March2019D0I:10.3389/fspas.2019.0005

RECALL: Crutcher relationship => low density gas is subcritical!



Outputs: Giant Molecular Clouds (GMCs)
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Most stars are formed in GMCs, e.g. Rosette MC

Size ~ 35 pc

Mass ~ 10 My

Mean density ~1022gcms

Temperature ~ 10K -> sound speed ~ 0.2 ks

Alfvén speed ~ 2 kmst magnetic pressure dominates

Velocity dispersion ~5-10kms?! supersonic and supéifvénic?

JeandViass ~ 10 My based on velocity dispersion i ~ »

But the Rosette MC is not homogeneous: CO maps show it contains ~70 clump
Size ~ 3.51 8 pc G_resal e: HI coUQtours coO,
Mass ~ 171 2x10 My, A §
Mean density ~ 102t gcm? %

Temperature ~10K E‘i‘
Alfvén speed ~2kmst T 2

Velocity dispersion ~ 1 kmst?

JeansMass ~ 3x1CG Mg

<= Supersonic, but sublfvénic



Where did we come In?

o

UNIVERSITY OF LEED

Our Project aim is to develop a realistic initial condition following the
formation of molecular clouds to examine the importance of stellar feedback.

We started by taking arguably the minimum number of physicallyceai$istent

' ' : K &Inutsuka(2002),
Inputs for the formation of a molecular cloud: Koyama &inutsu a(2002)
4.0
A 3D HD/MHD

A Self-gravity w/ u c
A Multi -phase ISM including thermal instability R

3.0

log pressure

In future, we can include more complex inputs that introduce
arguably more realistic velocity conditions for the ISM:

20[7

A Shear angressure waves, imitating galactic evolution ™°  1og paricie density
A Largescale flows: SN shock, cloud collisignMa r ci n Krojget) | as 6 s
AAdTurbulento initial conditions appl )

but if one can produce results without recourse to extra inputs
| eX parsi moni ace



Revisiting thermal instability

UNIVERSITY OF LEED

Two stable phases exist in which heating balances caotingker 653, Fiel d

4.0

W1 warm phase (T > 5000K,< 1, P/k < 5000)
Ci cold phase (T < 160K, > 10, P/k > 1600)

U1 unstable phase w/v oo sof

In the unstable region, can form a length scss

from cooling time and sound speed ~ a few log pressure 200

Molecular cloud formation (10K) and stellat =t

1 1
2.0 0.0 2.0
log particle density

feedback (1€K) requires multistage cooling:

<10°K u: Koyama & Inutsuka (2002@007 correction)
10°K<T<10°K @ : CLOUDY 10.00 Gnat & Ferland (2012)

20.0

>10PK 0 : MEKAL - free-free bremsstrahlung.

Constant heating rate =2 B0*°  efgnslependent of , T
=> Establishes thermal equilibrium P and Th$L = r

1
-2.0

0.0k
-2.0

log temperature

1 1
0.0 2.0
log particle density

cooling length

1 1
0.0 2.0
log particle density



Simulatingthermal instability

o

UNIVERSITY OF LEED

A Koyama& Inutsuka(2004) argued that simulations of thermal instability do
not convergeunless one includes thermal conductivity and resolves the Fie
length.

A Formally, this is true for linear perturbations, but at our initial density of
n,=1.1cm3, the growth rate has a broad maximure=&.95pc, so there is no
particular wavelength that is favoured in the linear regime (Falle et al. 202C

'ga) 10242 ':ﬁ‘}_h thermal cg&cllcﬁqn - B Q)) 10242 without thermal conduction ]
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i I A The results of an MHD resolution test,
i with and without thermal conduction al
| B give very similar results.

A Thermal conduction reduces the numk
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Simulatingthermal instability

UNIVERSITY OF LEED

A Without magnetic field, we again obtain much the same results.
A Other authorsGazol& VazquezSemadinR002,Piontek& Ostriker2004,
Inoue & Omukai2015) have also found the same.

(2) 10242 with thermal conduction _ (b) 1024 without thermal conduction log(p)

a . A Properties of the thermally unstable
medium converge on large scales
because most of the mass of the co

—

y [x10pc]

o § gas created is contained in large

N clumps that are formed by the grow
T il I of largescale fluctuations.

© .. R BRSBTS . A The final distribution of large clouds
D vgan o L e 2" is insensitive to the value of thermal
. ° ' conductivity.

< ' LE*0 | () power spectra of density

1.E-1
0 ”g 2 1E2
= .
& LE-3 102421024 with thermal conduction
E 1| E-4 = 102421024 without thermal conduction
------ 512x512 with thenmal conduction
I 1LE-5 =  512x512 without thermal conduction
1 : : J & 05 MEO, 10 K 100
-1 0 x [x10pc] 1 -




Inputs: 3d initial condition
UNIVERSITY OF LEEDS

Spherical cloud, radius(1)50, (2)100p¢densityn,=1.1-thermallyunstable.
External medium density,=0.1, overpressure same as cloud. Sglavity.

RHO
1.21

Impose random 10% density perturbations
on finest initial AMR grid level (513

1,017

Quiescent cloug=0 |
Addition of mesh levels as density increas
Up to 10 levels of AMR (40960.039pg  °*|

AMR controlled to resolve initial Tl

Threaded by magnetic fiemlongthe xaxis, |
B = B,i,; B,=1.15¢G (b=1),3.63¢G (b=0.1) ||

Mass: 1.7 10M; / 1.35 10 My
Soundcrossing tlme 6.5 Myrs
Free fall time: 45.0 Myrs
Cooling time: 1.6 Myrs

Summary: our input is a quiescent overdense ISM region




The (modified) engine

A Magnetohydrodynamic version MG (Morris Garage$ with seltgravity.

A Parallelised, upwind, conservative shaapturing scheme. 1%

A Adaptive mesh refinement uses a coarse base grid (4x4x4) with 7 (or moﬂre)
of AMR to achieve a resolution up to 5(the Honda bit}.

A Why the wide range? Efficient computation of swpivity. HONDA
A Realistic heating and cooling methods
A Of key importance as it is the balance of these that establishes the initi

condition and defines the consequent evolution.

A Three field strengths considered, wiB= BO_IEX p=rkT  thermal pressure
A The hydrodynamic casér = o B%/2m  magnetic pressure
A Pressure equivalence=1- inferred to be the commonest in reality.
A Magnetically dominated regimé:=0.1




MHD simulations

UNIVERSITY OF LEED

- Regular (.7 18 M;;) and enlargedl(35 16 M) clouds under consideration
- Plasmab: 0.1 (strong field) 1.0 (plasmal/magnetic pressure pariyd.0 (weak field

(a) Plane at x = 0.2519 (b) Plane at y = 0.0 log(p
l, ¥, g 1 = R U ”,—7
/S 5 - .\' ) .

(a) x=0 plane (b) y=0 plane log(

_ rkgT
B?/2mg
thermal

pressure
magnetic
pressure

Results

Diffuse atomic cloud

1.0 0.5 0.0 0.5 1.0 -4.0 1.0 -0.5 0.0 0.5 1.0 -4.0
L [g cm?] y [gem?]

Magnetic seismology of Musca oOfi
(Tritsis & Tassis 2018, Science, vol 360, Issue 6389, pp.G3B)



, hourglasses and integrals

Wareing, Pittard & Falle 2021, MNRAS, 500, 282849 UNIVERSITY OF LEEDS

Diffuse material moves along field lines and naturally formsd®msity structure
parallel to the magnetic field. This is the naturalquesor to the higliensity
fllamentary structure that forms in the cloud, perpendlcular to the magnetlc fielc

PrOJected column densi

- Previous work (Tritsis and Tassis 2016) concludedAifNenic flows would not produce the

observed density contrasts (0.03% contrast versus >25% observed)

- However, here we produce a range of density contrast up to factor 3 (400%) at a range of alignme
- A further criticism of subAlfvénic flows has been the difficulty in which magnetically

parallel and perpendicular structure can be produced in the same simulatignmmoblem here!

The difference is in the initial condition. T&T initialised realistic B and } , but
isothermal throughout at 15K with no gravity.



, hourglasses and integrals

Wareing, Pittard & Falle 2021, MNRAS, 5@831-2849 UNIVERSITY OF LEED

That said, thetriations we observe in the simulations are in the diffuse warm ge
and hence more likely to be linked to elongated fiber structures observed at hic
Galactic latitudes in the diffuse interstellar medium.

(a) Density, log (p); slice aty =0 (b) Column density, log(c); -02<y < 0_%
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Striations, and integrals

Wareing, Pittard & Falle 2021, MNRAS, 500, 282849 UNIVERSITY OF LEED

_ _ OMG L e
Hour-glass field morphologies naturally form under collapse g crros st Az ) 18
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Striations, howglasses anci

Wareing, Pittard & Falle 2021, MNRAS, 500, 283849

A Recent worksubmitted to MNRAS
concl udeisn tt ehghdpedan N
filament in Orion is a standing wave

A We obtain apparently similar B
structure, with disconnects in the
velocity caused by the Tdriven flow i
A Not a standingfReies- SRS FEREEN |
Wavel _0‘8_-9—»a-»>-+-+—»a—% e e v s o

N
e e | EUE LR S S S S S T

an effectof B reah. -
theiniial | AEEEEEE e

Condltlon and ‘. 5 b b b :: “:F 3 .
ISM flow _ 1 -
i v -vlﬂ’e— e

A Further work AL &
. v e - - 1 - - . <_,5=’4_}
required L I : + <0
1o SRR . . L | e N | Observer : L
2.2 o}.;o 0.2 . *‘ E -
See also very recent: Liu, Stutz & Yuzwg/' :
MNRAS, 487, 1259:arxiv: 1905.0829 :
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The Crutcherelationship

Wareing, Pittard & Falle 2021, MNRAS, 500, 282849 UNIVERSITY OF LEED

(a) Model 3.1=0 Myrs
2.0

How well do we compare to the Crutcher relationship?

0.0
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Magnetic field versus density distributia
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The Crutcher relationship: comparing models

Wareing, Pittard & Falle 2021, MNRAS, 500, 282849 VERSITY OF LEEDS
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Colour plot: our data !
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A | Itis remarkable how

1 well we agree with —]
Padoan & Nordlund

| 19991 contour plot

The Crutcher line

seemswell placed as an
| upper limit in this contex|
of agreement between
our thermal instability
simulation, a turbulence
dominated simulation
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The Crutcher relationship: comparing models

Wareing, Pittard & Falle 2021, MNRAS, 500, 283849
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Agreement this time at high density betweedriventurbulence
simulation and quiescenthermal instability simulation.

Model 3 Tnitial Condition: 0,155=1.1 cmr, p,5,=0.8 cmr?, B;=1.13 4G:; Byizes=1.0
| | |

~ | Colour plot: our data

Green circles: Crutcher
datapoints

Red line: Crutcher line.

Black crosses: Li, McKe
& Klein 2015 simulation
of driven Mach 10
turbulence, with M ~1.

Black dashed line: best
fit by Li et al. to their

!
0.0 2.0 log(p). n[cm‘-‘] 4.0 6.0

simulation data.

What should we theoreticians take as the meaning of the red lide

Makes sense as

t he

oupper i mit ¢



Turbulence statistics

Wareing, Pittard & Falle 2021, MNRAS, 500, 282849 UNIVERSITY OF LEED

LEXOL (a) Velocity

1.E+00

1.E-01

e Brings us neatly onto power spectra appearanc

g A Turbulencelike spectra
gieo A Short inertial range
" 1E0s A Spectral index ~5/3
o A Developed from a stationary initial condition
1. E+HMO
RS A This is largescale laminatike flow, along the
Z field lines, with structure on smadtales
£ 120 very Larson (1981)!
- — —index -3/3 AN
1E01 _ ) A If this model can generate turbuledie
g0 | () log(Density) E}ngp

spectra, the only safe conclusion is that 1D
power spectra offer only a limited tool to
discern between models.

Energy, Ek)




Clump collapse in the MHD case

Wareing, Pittard & Falle 2021, MNRAS, 5@831-2849 UNIVERSITY OF LEED

Across the distike sheet, clumps form with deep potential wells
Sheet edgen Sheet facen

) Velocity; x=0 [u]

175

(a) Density; y=0.072 plane log(p)  (b) Pressure; y=0.072 plane  10g(P/k) (a) Magnetic field strength; x=0 10%9%2 (b
” ’ 6.1 | - 8.1 .
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(c) Temperature; y=0.072 plane  10g(T) (d) Potential; y=0.072 plane 3510 (c) Alfvénic Mach number; x=0 ;"’3 (d) Mach number; x=0 55‘54
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0.0 x [200pc] 0.02 0.88 0.0 x [200pc] 0‘0_25140 0.06 y [200pc] 0.08 0.1 0.06 ¥ [200pc] 0.08 0.2

Sheet compresses as material falls into a clump. Strong B field (100uG),
In-fall velocity ~2 km/si Mach ~ 5.5, Mach, ~ 4!



Clump collapse in the MHD case
Wareing, Pittard & Falle 2021, MNRAS, 5@831-2849 UNIVERSITY OF LEEDS

Table 2. Properties of the 33 clumps identified by the FellWalker algorithm, at t=55.6 (50.1 + 5.5) Myrs C | um pS fo rm across th e d |$ke

Snapshots of slices through the clumps are available from https://doi.org/10.5518 /897.
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Conclusions |

Wareing, Pittard & Falle 2021, MNRAS, 5@831-2849 UNIVERSITY OF LEED

1. Diffuse, subcritical thermally unstable material flows along the field lines,
eventually forming sheets.

2.  With enough mass, the sheet is supercritical and collapses acrtskitimes

Local supercritical collapse on a globally subcritical sheet can occur.

The Crutcher relationship is reproduced, with the correct turning point and

agreement with supersonic, sugdfvénic simulations.

Striations appear in the diffuse material, akin to Galditters

Integral shapes form, oscillating along the field lines abougitiie Minimum

Hour-glass field morphologies intensify the magnetic field um@strengths.

Clumps are massive (especially compared to HD case as shown next).

Power spectra are not unreasonable, but perhaps a blunt assessment too

w

©NO O A

Field length has not been fully resolved, nor have we included thermal conduc
but converged largscale results are obtained nevertheless.

Future work would need to go beyond ideal MHD and single flt



Feedback in the magnetic case

Wareing, Pittard & Falle 2017, MNRAS, 465, 273783 UNIVERSITY OF LEED

A 40 M star embedded in the sheet

A Realistic Geneva (2012) evolution
imposed via density and energy sources |

A Significant impact on a
1.7x10 M, cloud

A Large bipolar cavity evolves into a
cylindrical cavity (diameter~40pc)
through the centre of the cloud

A Cavity filled with hot, tenuous wind
material moving at up to 1000 km/s

A Magnetic field intensified by factors of
3-4 during this wind phase

A Much of the wind material flows out
of the domain along the cavity this
missing wind is simply focussed away!




The Rosette Nebula

Wareing, Pittard & Falle 2018, MNRAS, 475, 359812

A Large Hll region in the
Monoceros GMC complex.

A Shocked high velocity cloud?
(see 1980s Tenoridagle!)
Or edge of large SN remnant? §

A Central cluster is NGC 2244
with age estimates-@ Myrs.

A SouthEastern extent is
Interacting with the Rosette
Molecular Cloud.

A Candidate for triggered star
formation (controversial!)

A Centralcavity r = 6.2pc
(Celnik 1985, at 1.4kp¢r ~ 5 pc [PHAS, at 1.53kpg, D ~ 1.6 kpc +/ 250pc.

A Central cavity is too small!

IPHAS HUimage (Credit: N.Wright/IPHAS)




Simulating the Rosette Neb

Wareing, Pittard & Falle 2018, MNRAS, 475, 3539812

Magnetic field alignment, proper motion and Iocation of
possible triggered star formation all support this model.

Density isosurface (red)
Wind isosurface (blue)
Magnetic field lines

| Simulation 6: 40M0 in a thin disc
log(p) on y=0 plane, t=1.5Myrs

.

(Credit: ESA and the Planck Collaboration)
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Simulating the Rosette Nebula

Wareing, Pittard & Falle 2018, MNRAS, 475, 359612 UNIVERSITY OF LEEDS

IPHAS observation of the Rosette Nebul@ simulatedHU observation derived from
andi t 6s curi ous c ¢hesimudation¢cawtesy pf.Ahmad and
Harriesat the University of Exetgr
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Hydrodynamic case comparison

Wareing, Pittard & Falle 2019, MNRAS, 485, 468802 UNIVERSITY OF LEED

Cloud radius increased to 100p¢r;,; = 2.0), initial maximumAMR resolution
1024 (finest level 0.29pc), Mass 1.35°1M4;

(a) Plane at x = 0.2 _ ~ (b)Planeaty=0.0 v .‘IOg,(f)S L OO0 k I n g f orfr CO |

High density regions occur after
16.2 Myrs of diffuse cloud evolution

Extract central section at t=16.2 Myrs

(a) density; y=0 plane P
_ , 1.5
=1 0 X 1 Iy [-011i‘3 0.5+ '
(c) Plane at z=-0.2 (d) Projection along x Toa®)
1.65 N
N N |
ol §
Y =
O,
0.5 | l .
1t I -0.5 0 x 05 13
-0.5 i
= | NCcrease resolutic

< , - a further 28.5 Myrs (total ~44.5 Myr:
Initial cloud diameter (200pc) - resolution up to 0.039pc




Turning clouds into clumps and cores

Wareing, Pittard & Falle 2019, MNRAS, 485, 468602 UNIVERSITY OF LEEDS
Can TI, subsequently dominated (a) density: y=0 plane p . (b)pressure: y Oplfule Pfa
by graV|t)_/, Create trgly ' - I
star-forming collapsing clumps ;
with realistic properties in HD? : sl [

| - - -

. . . . 8 o |4
High-resolution simulations E - g

- b3
A Central 3000 M sphere of the \ '
HD simulation of largeloud 7 | l = l
-0.5 0 =x 05 13 -05 0 x 05 36
A Placed In_ Warm Stable (c) temperature: y=0 plane T (d) potential: y=0 plane X
surroundings tesolate effect ' —FE
0.5 {1

of the thermal instability and
self-gravity ~

A Stationary quiescent cloud 0|

A 10x higher resolution:
0.29 pc-> 0.039 pc (0.016 pc) s




Sheets, filaments and clumps

Wareing, Pittard & Falle 2019, MNRAS, 485, 468602

—2.287

Max: 1870.
Min: 0.6491

— 04 02 00 x 02
v Filament widths 0.1 to 0.3 pc!
At the limit of detectability previously.




Sheets, filaments and clumps

Wareing, Pittard & Falle 2019, MNRAS, 485, 468802 UNIVERSITY OF LEED

Creates a network of cold, dense clumps, mulgagnected by filaments!



