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Gravity:
CAREFUL WITH SF THRESHOLDS AND “REAL” RESOLUTION!

Some choices set a maximum density  
where self-gravity can be resolved:

<latexit sha1_base64="X7ohUgnXAUtk6zp0i/TraMk4A4s="></latexit>

• Fixed minimum softening / AMR refinement / smoothing 

<latexit sha1_base64="7t86FMj4qD6TzuiljXNkwHZoRsQ="></latexit>

<latexit sha1_base64="BR+WTlvGfK1G1n/+6bjPf3l/K2c="></latexit>

• “Pressure Floor” or “Effective EOS”

• Always use adaptive softening for gas  (gravity = hydro)  

• “Correct” softening for collisionless undefined (but much less important)

• Best guess: ~inter-particle separation in region of interest


• Don’t use pressure floors with “sink particle” (self-gravity)-based SF
<latexit sha1_base64="cUcD+/+It/Sgqhr/m04TW/rq2l8="></latexit>
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Fine…
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Better  
(sink/self-gravity type)
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Bad!



SPH: Non-Convergent Errors Still an Issue
SPH errors in Outflows/CGM (not so much for integrated galaxy properties)

+ Agertz 07 & many others

only ~50% different Mstars

“Old”“Fancy”New Method:

PFH+ (1702.06148)



Anisotropic Conduction 
(MTI, HBI, Hall MRI)

(not SPH!)
Dehnen & Aly, Rosswog, Hopkins, Tricco & Price, Read, Zhu

Gresho vortex
(Dehnen & Aly)

“best SPH”

“normal SPH”

400
neighbors

100
neighbors

55
neighbors

• Fundamental  (sub)-0th-order errors:  
   - (1) Abandon SPH  
   - (2) “beat down” with  
              larger kernels: not efficient!  
 

• MHD & anisotropic  
   diffusion operators ill-posed

SPH: Non-Convergent Errors
CANNOT BE ELIMINATED IN SPH

<latexit sha1_base64="xDuWhSv3TzR8WqC5i7vmgMXj3pM=">AAACH3icdVDNSgMxGMz6W+tf1aOXYBHqwWVXlNpbwYsnqeDaQreWbJq2odkkJFmhLPsoXnwVLx5UxFvfxrRdQUUHAsPM9yWZiSSj2njexFlYXFpeWS2sFdc3Nre2Szu7t1okCpMACyZUK0KaMMpJYKhhpCUVQXHESDMaXUz95j1Rmgp+Y8aSdGI04LRPMTJW6paqlatuGqoYckIHw0goncFQKiGNgLkjkTIUM6Kzu9Rzz45918uOuqWy59ZmgHNSPc1JzYd2ZIYyyNHolj7CnsBJTLjBDGnd9j1pOml+d1YME00kwiM0IG1LOYqJ7qSzgBk8tEoP9oWyhxs4U79vpCjWehxHdjJGZqh/e1PxL6+dmP55J6VcJoZwPH+onzBo00/bgj2qCDZsbAnCitq/QjxECmFjOy3aEr6Swv9JcOLWXP/aK9creRsFsA8OQAX4oArq4BI0QAAweABP4AW8Oo/Os/PmvM9HF5x8Zw/8gDP5BMAiotg=</latexit>



SNe/Mechanical FB:
ISOTROPY & CONSERVATION

1) 2) 3)

star

gas
neighbour

Ab

Determine if SNe explodes in 
star particle “a”, in timestep

Find gas neighbours: 
gas within kernel radius of star, 
or star within kernel radius of gas

Construct “effective faces” Ab
between star and each  

valid neighbour cell “b”

Hb

4) Integrate ejecta over solid angle to faces

5) Verify conservation:

6) Boost back to “lab frame”
(account for star-gas motion)

7) Couple ejecta fully-conservatively

(correct faces if needed)

|xa � xb| < MAX(Ha, Hb)

PFH+ (1707.07010)

Simplest (non-conservative) CouplingCareful (isotropic, conservative) Coupling
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SNe/Mechanical FB:
MOMENTUM VS. ENERGY - A “RIGHT” ANSWER

PFH+ (1707.07010)

Simple single-explosion test:

Want a model that matches high-res  
solution at the radius/mass where you couple



SNe/Mechanical FB:
MOMENTUM VS. ENERGY - A “RIGHT” ANSWER

PFH+ (1707.07010)

Stable behavior above/below resolution of individual blastwaves:

<latexit sha1_base64="Vu2c/LaGDi0R+8eIK52O2jSTysA=">AAACBHicdVA9SwNBEN3zM8avU0stFoNgIeEuBmIKIaCFjRDBmEAuhL3NJlmye3vszgnhSGPjX7GxULH1R9j5b9x8CCr6YODx3gwz88JYcAOe9+HMzS8sLi1nVrKra+sbm+7W9o1RiaasRpVQuhESwwSPWA04CNaINSMyFKweDs7Gfv2WacNVdA3DmLUk6UW8yykBK7XdveCcCSBYnh57wVEaaIkvR+00UB0Fo7ab8/LlCfCUlIozUvaxn/cmyKEZqm33PegomkgWARXEmKbvxdBKiQZOBRtlg8SwmNAB6bGmpRGRzLTSyRcjfGCVDu4qbSsCPFG/T6REGjOUoe2UBPrmtzcW//KaCXRPWimP4gRYRKeLuonAoPA4EtzhmlEQQ0sI1dzeimmfaELBBpe1IXx9iv8ntUK+nPevirlKYZZGBu2ifXSIfFRCFXSBqqiGKLpDD+gJPTv3zqPz4rxOW+ec2cwO+gHn7RNy+pge</latexit><latexit sha1_base64="eCCD6shnOIsVGd+SQ907u2p8+nc=">AAACBXicdVBNSwMxEM36WevXqkcRgkXwIGW3VGoPQkEPXoQK1ha6pWTTtA1NNksyK5SlJy/+FS8eVLz6H7z5b0w/BBV9MPB4b4aZeWEsuAHP+3Dm5hcWl5YzK9nVtfWNTXdr+8aoRFNWo0oo3QiJYYJHrAYcBGvEmhEZClYPB2djv37LtOEquoZhzFqS9CLe5ZSAldruXnDOBBAsTwvHXnCUBlriy1E7DVRHwajt5rx8eQI8JaXijJR97Oe9CXJohmrbfQ86iiaSRUAFMabpezG0UqKBU8FG2SAxLCZ0QHqsaWlEJDOtdPLGCB9YpYO7StuKAE/U7xMpkcYMZWg7JYG++e2Nxb+8ZgLdk1bKozgBFtHpom4iMCg8zgR3uGYUxNASQjW3t2LaJ5pQsMllbQhfn+L/Sa2QL+f9q2KuUpilkUG7aB8dIh+VUAVdoCqqIYru0AN6Qs/OvfPovDiv09Y5Zzazg37AefsE7biYXA==</latexit><latexit sha1_base64="PsEy8WhLoTYm7hSfv+0XSfgZ5kQ=">AAACBnicdVBNSwMxEM3Wr1q/Vj0KEiyCBym7pVB7EAp68CJUsLbQLSWbpm1oslmSWaEsvXnxr3jxoOLV3+DNf2P6Iajog4HHezPMzAtjwQ143oeTWVhcWl7JrubW1jc2t9ztnRujEk1ZnSqhdDMkhgkesTpwEKwZa0ZkKFgjHJ5N/MYt04ar6BpGMWtL0o94j1MCVuq4+8E5E0CwPC16nhccp4GW+HLcSQPVVTDuuHmvUJkCz0i5NCcVH/sFb4o8mqPWcd+DrqKJZBFQQYxp+V4M7ZRo4FSwcS5IDIsJHZI+a1kaEclMO53+McaHVunintK2IsBT9ftESqQxIxnaTklgYH57E/Evr5VA76Sd8ihOgEV0tqiXCAwKT0LBXa4ZBTGyhFDN7a2YDogmFGx0ORvC16f4f1IvFioF/6qUrxbnaWTRHjpAR8hHZVRFF6iG6oiiO/SAntCzc+88Oi/O66w148xndtEPOG+fWnqYkQ==</latexit>

<latexit sha1_base64="m0zeGVEYGlp0T58djXRwMyyoXzA=">AAACCHicdVA9SwNBEN2LXzF+nVraLAbBIoS7EIwphIAWNkIEY4RcCHubTbJk9/bYnRPCkdbGv2JjoWLrT7Dz37j5EFT0wcDjvRlm5oWx4AY878PJLCwuLa9kV3Nr6xubW+72zrVRiaasQZVQ+iYkhgkesQZwEOwm1ozIULBmODyd+M1bpg1X0RWMYtaWpB/xHqcErNRxcXDGBBAsT/yjgud5QSENtMQX404aqK6CccfNe8XqFHhGKuU5qfrYL3pT5NEc9Y77HnQVTSSLgApiTMv3YminRAOngo1zQWJYTOiQ9FnL0ohIZtrp9JMxPrBKF/eUthUBnqrfJ1IijRnJ0HZKAgPz25uIf3mtBHrH7ZRHcQIsorNFvURgUHgSC+5yzSiIkSWEam5vxXRANKFgw8vZEL4+xf+TRqlYLfqX5XytNE8ji/bQPjpEPqqgGjpHddRAFN2hB/SEnp1759F5cV5nrRlnPrOLfsB5+wRF8pkG</latexit><latexit sha1_base64="byyfcoSJlsEHxVhbprU5+vClQiA=">AAACCXicdVBNSwMxEM36WetX1aOXaBE8SMmqUHsQBD14ERRcW+iWkk1TDU02SzIrlKVnL/4VLx5UvPoPvPlvTLcVVPTBwOO9GWbmRYkUFgj58CYmp6ZnZgtzxfmFxaXl0srqldWpYTxgWmrTiKjlUsQ8AAGSNxLDqYokr0e946Ffv+XGCh1fQj/hLUWvY9EVjIKT2qWN8IRLoFgd+ntkhxAS7mShUfhs0M5C3dEwaJfKpFLLgUekuj8mNR/7FZKjjMY4b5few45mqeIxMEmtbfokgVZGDQgm+aAYppYnlPXoNW86GlPFbSvLXxngLad0cFcbVzHgXP0+kVFlbV9FrlNRuLG/vaH4l9dMoXvQykScpMBjNlrUTSUGjYe54I4wnIHsO0KZEe5WzG6ooQxcekUXwten+H8S7FZqFf9iv3y0O06jgNbRJtpGPqqiI3SKzlGAGLpDD+gJPXv33qP34r2OWie88cwa+gHv7RO2Xpk9</latexit>



Radiative FB:
DEALING WITH UNRESOLVED RADIATION PRESSURE (ANY RHD METHOD)

�MFP

ṗb / e�
�x

�MFP ⌧ 1

Cell-integrated:

|p|coupled
|p|physical

⇡

8
><

>:

0.5 (�x = 1�MFP)

0.1 (�x = 3�MFP)

0.01 (�x = 6�MFP)
<latexit sha1_base64="iWmjpynimHQTyamellxMUXaYNmc="></latexit><latexit sha1_base64="iWmjpynimHQTyamellxMUXaYNmc="></latexit><latexit sha1_base64="iWmjpynimHQTyamellxMUXaYNmc="></latexit>

�MFP

⌦ab d3x
⇢F

c

⇠ |Aab|
|Atot|

L

c
x̂

<latexit sha1_base64="8WV7AZMODnG2nrUASi/PJVljFgY="></latexit><latexit sha1_base64="8WV7AZMODnG2nrUASi/PJVljFgY="></latexit><latexit sha1_base64="8WV7AZMODnG2nrUASi/PJVljFgY="></latexit>

Aab

Face-integrated:

|p|coupled ⇠ |p|physical
<latexit sha1_base64="ShuEj/Mcmh9btQJBjLgkf0DeHMo=">AAACHXicbVDLSgMxFM3UV62vqks3wSK4KlPxuSu4cVnBsYXOMGTSTBuaTEKSEYbpfIkbf8WNCxUXbsS/MX0stPVA4HDOPdzcE0lGtXHdb6e0tLyyulZer2xsbm3vVHf37rVIFSYeFkyoToQ0YTQhnqGGkY5UBPGIkXY0vB777QeiNBXJnckkCTjqJzSmGBkrhdWzUe5HMZTFKMx9xSEWqWSkV0BfUw7nTDnItE2yIqzW3Lo7AVwkjRmpgRlaYfXT7wmccpIYzJDW3YYrTZAjZShmpKj4qSYS4SHqk66lCeJEB/nkvAIeWaUHY6HsSwycqL8TOeJaZzyykxyZgZ73xuJ/Xjc18WWQ00SmhiR4uihOGTQCjruCPaoINiyzBGFF7V8hHiCFsLGNVmwJjfmTF4l3Ur+qu7enteb5rI0yOACH4Bg0wAVoghvQAh7A4BE8g1fw5jw5L8678zEdLTmzzD74A+frB0Oto14=</latexit><latexit sha1_base64="ShuEj/Mcmh9btQJBjLgkf0DeHMo=">AAACHXicbVDLSgMxFM3UV62vqks3wSK4KlPxuSu4cVnBsYXOMGTSTBuaTEKSEYbpfIkbf8WNCxUXbsS/MX0stPVA4HDOPdzcE0lGtXHdb6e0tLyyulZer2xsbm3vVHf37rVIFSYeFkyoToQ0YTQhnqGGkY5UBPGIkXY0vB777QeiNBXJnckkCTjqJzSmGBkrhdWzUe5HMZTFKMx9xSEWqWSkV0BfUw7nTDnItE2yIqzW3Lo7AVwkjRmpgRlaYfXT7wmccpIYzJDW3YYrTZAjZShmpKj4qSYS4SHqk66lCeJEB/nkvAIeWaUHY6HsSwycqL8TOeJaZzyykxyZgZ73xuJ/Xjc18WWQ00SmhiR4uihOGTQCjruCPaoINiyzBGFF7V8hHiCFsLGNVmwJjfmTF4l3Ur+qu7enteb5rI0yOACH4Bg0wAVoghvQAh7A4BE8g1fw5jw5L8678zEdLTmzzD74A+frB0Oto14=</latexit><latexit sha1_base64="ShuEj/Mcmh9btQJBjLgkf0DeHMo=">AAACHXicbVDLSgMxFM3UV62vqks3wSK4KlPxuSu4cVnBsYXOMGTSTBuaTEKSEYbpfIkbf8WNCxUXbsS/MX0stPVA4HDOPdzcE0lGtXHdb6e0tLyyulZer2xsbm3vVHf37rVIFSYeFkyoToQ0YTQhnqGGkY5UBPGIkXY0vB777QeiNBXJnckkCTjqJzSmGBkrhdWzUe5HMZTFKMx9xSEWqWSkV0BfUw7nTDnItE2yIqzW3Lo7AVwkjRmpgRlaYfXT7wmccpIYzJDW3YYrTZAjZShmpKj4qSYS4SHqk66lCeJEB/nkvAIeWaUHY6HsSwycqL8TOeJaZzyykxyZgZ73xuJ/Xjc18WWQ00SmhiR4uihOGTQCjruCPaoINiyzBGFF7V8hHiCFsLGNVmwJjfmTF4l3Ur+qu7enteb5rI0yOACH4Bg0wAVoghvQAh7A4BE8g1fw5jw5L8678zEdLTmzzD74A+frB0Oto14=</latexit>

“Brute-force” Resolution Required:

<latexit sha1_base64="0fqDpruLteNSPyqFYtfH3giK9nU=">AAACE3icdVBNSwMxFMzWr1q/qh69BItQEMquCLW3giJehArWFrq1ZNO0Dc0mS/JWLEt/hBf/ihcPKl69ePPfmG4rqOjAg2HmDcmbIBLcgOt+OJm5+YXFpexybmV1bX0jv7l1ZVSsKatTJZRuBsQwwSWrAwfBmpFmJAwEawTD44nfuGHacCUvYRSxdkj6kvc4JWClTn7fP2ECCL7FvhB2bLJLOomvQ3x+WhtfpywaKFBy3MkX3FIlBZ6S8uGMVDzsldwUBTRDrZN/97uKxiGTQAUxpuW5EbQTooFTwcY5PzYsInRI+qxlqSQhM+0kPWqM96zSxT2l7UjAqfo9kZDQmFEY2M2QwMD89ibiX14rht5RO+EyioFJOn2oFwsMCk8awl2uGQUxsoRQze1fMR0QTSjYHnO2hK9L8f+kflCqlLwLt1AtztrIoh20i4rIQ2VURWeohuqIojv0gJ7Qs3PvPDovzut0NePMMtvoB5y3T1DIno8=</latexit>

<latexit sha1_base64="xfgma/tnhAJFXOffj/JFcy2afVY="></latexit>

(ionizing photons)

PFH & Grudic (tomorrow)



Radiative FB:
DEALING WITH UNRESOLVED RADIATION PRESSURE (ANY RHD METHOD)
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“Brute-force” Resolution Required:
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(Resolution ~0.1 Msun)

Radiative FB:
DEALING WITH UNRESOLVED RADIATION PRESSURE (ANY RHD METHOD)
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vs.

(Resolution ~0.1 Msun)

Radiative FB:
DEALING WITH UNRESOLVED RADIATION PRESSURE (ANY RHD METHOD)

PFH & Grudic (tomorrow)



Radiative FB:
MULTIPLE-SCATTERING: Actual Numerical Differences Are Small!

Smooth density profile has 
exact solution:
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(depends on opacity curve/spectrum/etc)

Davis+ 14 (short-char):  

Hopkins+ 11 (no RT!): 

Costa+ 18 (M1):

Krumholz+ 12 (FLD):

Zhang+ 17 (rays):

Jiang+ 15 (rays-line):

Tsang+ 17 (monte carlo): 

~0.90

~1.0

~1.0

~0.75

~0.5-0.9

~1.0

~0.97

~ 20x   ~ Eddington

~ 30x   ~ Eddington

~ 50x   ~ Eddington

~ 15x   ~ Eddington

> 10x   ~ Eddington

> 50x   ~ Eddington

> 250x ~ Eddington
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Study: Saturates at…

What if it’s “lumpy”?
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Eddington factor  = saturated
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Radiative FB:
ACTUAL MULTIPLE-SCATTERING in FIRE

~1/2 light absorbed  
[UV from young stars]

Mostly in normal GMCs with        ~0.1
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Radiative FB & the RDI
BEWARE: DUST DOES NOT MOVE WITH GAS!

Squire & Hopkins

(1706.05020, 1707.02997,  
1711.03975, 1801.10166)

Brunt-Vaisala RDI

Settling RDI, Epicyclic/Streaming RDI


Acoustic RDI, Fast/Slow Magnetosonic RDI

Alfven RDI, Gyro RDIs, CR-Type (Bell) RDIs 

Some examples:



Wavelength [cm]

Radiative FB & the RDI
BEWARE: DUST DOES NOT MOVE WITH GAS!

Squire & Hopkins

(1706.05020, 1707.02997,  
1711.03975, 1801.10166)

WIM

Cool stars

GMC

HII 
(outer)

AGN

CGM 
(quiescent galaxy)

CGM 
(active galaxy)

SNe 
(explosion) SNe 

(snowplow)

SNe 
(Sedov)

Corona

WNM
Protostellar Disks,  

Planetary atmospheres 
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Cosmic Rays:
MOMENT APPROXIMATIONS: TIMESTEPS & ACCURACY AT HIGH RESOLUTION

e.g. Jiang & Oh, arXiv:1712.07117

(also GIZMO user notes)

(+ streaming, cooling, etc.)

• Super-luminal (when                )  

• Timestep (explicit):  

• No streaming-diffusion transition
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0th-moment expansion (FLD-like):

<latexit sha1_base64="JKiYQFZTnkjSYSW97vunbKOYVPg=">AAACEHicdVBNS8NAEN34bf2qevSyWAQPUpJS0IIHQQ8eFYwKTSib7aRduvlgdyKWkL/gxb/ixYOKV4/e/Ddu2wgq+mDg8d4MM/OCVAqNtv1hTU3PzM7NLyxWlpZXVteq6xuXOskUB5cnMlHXAdMgRQwuCpRwnSpgUSDhKhgcj/yrG1BaJPEFDlPwI9aLRSg4QyN1qrveCUhkFOkhPfb2vFAxnpfabZF7KGQXcl4UnWrNrrfGoBOy3yxJy6FO3R6jRkqcdarvXjfhWQQxcsm0bjt2in7OFAouoah4mYaU8QHrQdvQmEWg/Xz8UUF3jNKlYaJMxUjH6veJnEVaD6PAdEYM+/q3NxL/8toZhgd+LuI0Q4j5ZFGYSYoJHcVDu0IBRzk0hHElzK2U95kJBU2IFRPC16f0f+I26q26c96sHTXKNBbIFtkmu8Qh++SInJIz4hJO7sgDeSLP1r31aL1Yr5PWKauc2SQ/YL19Asz7nUI=</latexit>

<latexit sha1_base64="1spOQbj8hLQowolQbdcn+v+99xc=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0hKofZW8OKxgrGVNpTNZtIu3WzC7kYoob/CiwcVr/4db/4bt2kEFX0w8Hhvhpl5QcqZ0o7zYVXW1jc2t6rbtZ3dvf2D+uHRrUoyScGjCU/kICAKOBPgaaY5DFIJJA449IPZ5dLv34NULBE3ep6CH5OJYBGjRBvpbqQZDyGni3G94didAnhF2q2SdFzs2k6BBirRG9ffR2FCsxiEppwoNXSdVPs5kZpRDovaKFOQEjojExgaKkgMys+Lgxf4zCghjhJpSmhcqN8nchIrNY8D0xkTPVW/vaX4lzfMdHTh50ykmQZBV4uijGOd4OX3OGQSqOZzQwiVzNyK6ZRIQrXJqGZC+PoU/0+8pt2x3etWo9ss06iiE3SKzpGL2qiLrlAPeYiiGD2gJ/RsSevRerFeV60Vq5w5Rj9gvX0CXkmQ9A==</latexit>

<latexit sha1_base64="gBiQyqHYvMZ0yFsTsS6ZWJLlK/A="></latexit>

<latexit sha1_base64="SGmeExflNqQhl8/MqKPfkd97Gtg="></latexit>

• Maximum bulk speed =  

• Timestep (explicit):  

• Correctly handles  
   streaming-diffusion transition

1st-moment expansion (M1-like):

<latexit sha1_base64="oHVAxmDLaaKc+yalyKthlMVzdEc="></latexit>



Walch et al.

SNe Clustered & Off-Peak
(pre-processing)

SNe Explode in Density Peaks
(no pre-processing)

Outflow/Shearing Boxes:
GEOMETRY MATTERS (cannot use shearing box and get any outflow right above ~1 scale height)

Walch et al. 
(SILCC Project)



Outflow/Shearing Boxes:
GEOMETRY MATTERS (cannot use shearing box and get any outflow right above ~1 scale height)

Temperature Density

“Stratified Box”

1 scale-height (250 pc)

500pc

1kpc

2.5kpc

Wind mass-loading: drops exponentially with height

• Potential/escape velocity increases with height!

• Wind can’t expand: cooling rates too high

• No subsonic-supersonic transition with adiabatic expansion


• Chevalier (pressure-driven) wind solutions do not exist

Martizzi+ 16 (1601.03399), Fielding+ 17 (1704.01579)



Outflow/Shearing Boxes:
GEOMETRY MATTERS (cannot use shearing box and get any outflow right above ~1 scale height)

Temperature Density

“Stratified Box”

1 scale-height (250 pc)

500pc

1kpc

2.5kpc

Wind mass-loading: drops exponentially with height

Temperature Density

Global Simulation

Identical 
physics/ 
code/ 

resolution/ 
ICs

r [kpc]
0.1 1

1

0.1

0.01

mass-

loading

energy- 
loading

6

Rises then constant with height

Martizzi+ 16 (1601.03399), Fielding+ 17 (1704.01579)



Stochasticity:
BE AWARE OF WHAT PARTS OF YOUR CODE/RESULTS DEPEND ON RANDOM NUMBERS

• Chaotic: Lyaponov time ~ tdyn  
      (e.g. gravity, turbulence) 

• Explicitly random events  
       (e.g. SNe probabalistic)

see Keller et al. (1803.05445)

e.g. Su et al. (1607.05274)
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default FIRE
+MHD
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Realization-to-realization

variance



Thanks!



The State of FIRE
• Resolution (cosmological to z=0): 

• Mass: Dwarfs ~30 Msun, MW-Mass & Local-Group ~800 Msun
• Spatial (in dense gas): ~ 0.1 - 1 pc
• Densities (with resolved MJeans): ~ 1000 - 100,000 cm-3

• Time (dense/hot gas): ~50-100 yr
• (Star clusters & GMCs with same physics: ~0.01 Msun, 0.1 au)

• Stellar Feedback:
• SNe (II & Ia)
• Stellar Winds (O/B & AGB)
• Photoionization (HII regions)  

    & Photo-electric (dust)
• Radiation Pressure (IR & UV/opt)

• Plasma Physics:
• MHD (non-ideal in GMCs)
• Anisotropic Viscosity & Conduction
• Cosmic Rays (injection, streaming,  

           anisotropic diffusion, cooling)
• Dust dynamics (drag+Lorentz forces)
• Dust formation/evolution
• Explicit 5-10 band RHD

• Dark Matter Physics + Baryons:
• Self-Interacting DM (v-dep’t, anisotropic)
• “Fuzzy” DM (quantum pressure tensor)
• Explicit Collisionless-Boltzmann (Phase-  

         Space) Solvers (non Monte-Carlo)

• Black Holes:
• Seed models: exploring (lots of small seeds, few big seeds?)
• Accretion models: gravitational torques & gravito-turbulent & Bondi
• Radiative: photo-ionization & photo-electric & Compton & radiation pressure
• “Hydrodynamic” (accretion disk winds): dM/dt~BHAR, v~30,000 km/s
• “Non-Hydrodynamic” (jets & bubbles of cosmic rays & magnetic fields)


