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Outline

* Observational phenomenology
* Challenges
 Massive clumps
 Massive cores

 Fragmentation and binarity

 Feedback and barriers to accretion
 Winds
e |onisation
* Direct radiation pressure
* |ndirect (dust-reprocessed) radiation pressure



Challenges

Why we know less about massive star formation

 Massive stars rare compared to low-mass stars, so closest sites further from
Earth — closest is Orion (400 pc), next closest regions are all > 1 kpc away

 Confusion: massive stars tend to be at dense centres of clusters, e.g., central
density of ONC is 10° pc-3 — mean interstellar distance ~5000 AU

* Obscuration: mean central density in massive star forming regions ~0.1 - 1 g
cm-2, corresponds to 5 - 50 mag at K band

* Timescales: high density and strong feedback means very fast evolution, so
we go straight from class 0 or | to main sequence; no class |l or lll phase



Class exercise: given column density, at what
wavelengths would you expect to see massive clumps
INn emission vs absorption? Does this depend on
whether they have an embedded massive star?



NIR + mm MIR + mm

Massive clumps

Sites of massive star formation

* High optical depth = massive SF sites
often seen in NIR absorption: “infrared
dark clouds” (IRDCs)

e Can be observed in emission in mm
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 Can in in absorption or emission at
MIR, depending on whether there Is
already an embedded massive star

* |n molecular lines, very high line width, 30 s _
~1 - 2 km/s ‘ ! | : mhss:m'zzo' 18° 16° 14°

Right Ascension (J2000 Right Ascension (J2000

Rathborne+ 2006
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Clump properties
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Massive cores —

Zooming In

60 Mo enclosed

e Zooming in to ~0.1 pc scales, one
sees compact dust sources with

mass ~100 My, n ~ 106 cm-3, 6 ~ 1
km/s

* Free-fall time ~50 kyr = M / ti ~
103 Mo/ yr~10-100cs3/ G

* Virial parameter = 1, supported by

combination of turbulence and
magnetic fields

18,7900 8785

Butler & Tan 2012



Fragmentation of massive cores

The first barrier

e A~100 Mo Is much more massive than any
plausible estimate of Jeans mass

 Consequently, expect it to fragment; simulations
of isothermal turbulence show that this happens

* Basic question: why would you ever get one star
of ~100 Mo rather than 100 stars of ~1 Mo ?

* Likely related to radiative feedback and magnetic
flelds, both of which suppress fragmentation

Guszejnov+ 2018



Fragmentation with and without radiation
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Myers+ 2013



Observational evidence

For the effects of heating

* Direct temperature diagnostics (e.g., NH3)
show heating around embedded protostars

* Observed heating sufficient to suppress
fragmentation out to ~1000 AU scales

* Suggests radiative feedback from accretion
onto low-mass stars helps them grow to
higher mass, if they’re in the right
environment
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Massive binaries

Where there is fragmentation

 Fragmentation governed mostly by &
= G (dM/dt) / ¢s3

* We previously showed that massive
cores should accrete at ~10 - 100 c¢s3

/G,s0&~10-100

* |mplication: massive discs should
always be unstable, fragment to form
binaries (at least)

Kratter+ 2010



Massive star feedback

General considerations

e KH time for massive stars is short: tKH
= GM?2/ RL = 0.3 Myr for M = 100 Mo,

R=10Ro, L =105 Lo

 |Implication: massive stars reach main
seguence and thus high Te#f while still
accreting, produce winds and ionising
radiation like a MS massive star

 Thus accretion must be able to
continue despite these effects

(I1I)
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Hosokawa + Omukai (2009)




Physics question: why Is tkn SO much smaller for
massive stars than for low-mass ones? (Hint: what
does Kramers opacity have to do with this question?)



Winds vs accretion

Feedback mechanism |

* O stars launch strong winds driven by radiation pressure: mass flux ~10-7
Mo / yr, speed ~ 1000 km/s (comparable to vs at stellar surface)

* Wind density given implicitly by 1i.q = 4772 poging

. . Mwin win
* Ram pressure of wind Is therefore Pi.a = pvy .4 = 4;1:2 :
] . . Minvin
* By comparison, ram pressure ot intall Is 7, = —

 |nfall mass flux =z 1000 x wind mass flux, so infall wins unless infall speed =
km/s — implausible, since this is less than turbulent speed in core

* Thus infall wins, as long as shocked wind gas escapes so P doesn’t build up



lonisation vs accretion

Feedback mechanism Il

* |onisation will heat gas near star to ~104 K, sound speed cs ~ 10 km/s
e |f cs > Vesc, gas will not escape rather than accretion, so accretion flow stops

* Jo check if this happens, consider constant accretion flow at free-fall, so
density given implicitly by v = 4702 pvg = 4702 pv/2G M

* Consider point source of ionising luminosity Q at centre of infall

 Compute radiation of ionised region by setting ionisation = recombination:

lonisation front radius —

47‘('?“ OB f6

/ MmH
Stellar radius / Mean mass per H

Recombination rate coefficient Free electrons per H



lonisation vs accretion
Part I

STGM u?m?
e Result: TiZR*eXP( a & HQ)

feOéB-]\l2
 |f factor inside exponential is = 1, ionised region is confined close to stellar
surface, while if it is » ionised region is far from surface

 ArGM p*mz S H?2

_feaB In (UQSC/&/
* Plugging in typical massive star numbers (S ~ 1049 /s, M ~ 100 Mo, Vesc ~

1000 km/s), required accretion rate is few x 10-> Mo / yr — easily satisfied in
massive star-forming regions

Stellar surface escape speed

e Condition 2GM / r)2 > csmet if M >

* Conclusion: ionisation unlikely to halt accretion as long as accretion is rapid



Direct radiation pressure

Feedback mechanism llI

» Dust destruction radius given by

L
4WT§

: UV
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* [ypical value for massive star ~100-200 AU Dust-free region I IR-dominated region

r ~ 50 -500 AU r~0.1-1pc
 Radiation absorbed at dust destruction front Absorption zone
delivers impulse L/c ~0.1 AU thick

. L
 Flow turned back unless Vuog > L/c = M > C\/Q(Z%

* Condition generally met: for typical massive
star parameters, requires 1/ > 104 M., yr!



Physics question: how could you have figured out
this answer just based on our discussion about
winds, without doing any further calculations?




Indirect radiation pressure

Feedback mechanism IV

* Even if inflow carries enough momentum to crush UV radiation, IR radiation
still exerts forces as it diffuses out

» Ratio of radiative to gravitational force is:

frada  KmRL/Amric kir L KIR L/M
— ~ 8
10 Cm2 g_l 104 L@/M@

Forav GM/r2 — 4nGMc

e Conclusion: stars with L/M =z 103 Lo/Mg cannot form by spherical accretion —
this Is all stars larger than = 20 Mg

* Obviously something is wrong...



Indirect radiation pressure
Escape hatch I: radiation RT instability

M, =000 M.

Rosen+ 2016




Anisotropic accretion
Why this works

* Key insight from simulations is that
accretion Is anisotropic: most mass
arrives in a small solid angle (e.g., via a

" M, =50.75 M M, =55.09 M M. =60.01 M
disc) ‘ ; °

* [his makes mass-averaged ram
pressure » spherically-averaged ram

pressure, so mass can flow in even as
most solid angle push outward
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Indirect radiation pressure

Escape hatch Il: outflows

l\l* — 0.00 hI .)

Rosen+ 2020




