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THE BARYON CYCLE OF GALAXIES

Ṁoutflow
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CGM

Star formation & Feedback
Gas-regulator or “bathtub model” 

e.g. Finlator & Davé 2008, Bouché+ 2010, Lilly+ 2013, Dekel+ 2013, 
Dekel & Mandelker+ 2014, Peng & Maiolino 2014, Belfiore+ 2019, 

Tacchella+2020
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■Star formation efficiency 
(SFE) varies (e.g. Utomo+2018, 
Sun+2023)

■ Depends on turbulent 
properties of gas?(e.g. 
Krumholz & McKee 2005, Federrath & 
Klessen 2012, Evans+2022)

■Star formation could be 
bottleneck for baryon 
cycle in certain conditions 
(Gensior & Kruijssen 2021) 

THE BARYON CYCLE OF GALAXIES

Ṁoutflow
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CGM

Star formation & Feedback
Gas-regulator or “bathtub model” 

e.g. Finlator & Davé 2008, Bouché+ 2010, Lilly+ 2013, Dekel+ 2013, 
Dekel & Mandelker+ 2014, Peng & Maiolino 2014, Belfiore+ 2019, 

Tacchella+2020

elephantnews/YouTube

e.g. Naab & Ostriker 2017
Remain uncertain

■Relative importance of early 
stellar feedback vs. supernovae 
(e.g. Smith+2021, Keller+2022)
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Ṁinflow
<latexit sha1_base64="JiO+JyL1OACkY4ndVLBgmuv33X0=">AAAB/HicdVDLSgMxFM34rPU1PnZugkVwNcyIr+6KbtwIFRxbaIchk2ba0EwyJBmlDoO/4saFils/xJ1/Y/oQfB64cDjn3uTeE6WMKu2679bU9Mzs3Hxpoby4tLyyaq+tXymRSUx8LJiQzQgpwignvqaakWYqCUoiRhpR/3ToN66JVFTwSz1ISZCgLqcxxUgbKbQ32x2h8/MizNsygZTHTNwUoV1xnQPXqx568DfxHHeECpigHtpv5hmcJYRrzJBSLc9NdZAjqSlmpCi3M0VShPuoS1qGcpQQFeSj7Qu4Y5QOjIU0xTUcqV8ncpQoNUgi05kg3VM/vaH4l9fKdHwc5JSnmSYcjz+KMwa1gMMoYIdKgjUbGIKwpGZXiHtIIqxNYGUTwuel8H/i7zlVx7vYr9ROJmmUwBbYBrvAA0egBs5AHfgAg1twDx7Bk3VnPVjP1su4dcqazGyAb7BePwDYWJWy</latexit><latexit sha1_base64="JiO+JyL1OACkY4ndVLBgmuv33X0=">AAAB/HicdVDLSgMxFM34rPU1PnZugkVwNcyIr+6KbtwIFRxbaIchk2ba0EwyJBmlDoO/4saFils/xJ1/Y/oQfB64cDjn3uTeE6WMKu2679bU9Mzs3Hxpoby4tLyyaq+tXymRSUx8LJiQzQgpwignvqaakWYqCUoiRhpR/3ToN66JVFTwSz1ISZCgLqcxxUgbKbQ32x2h8/MizNsygZTHTNwUoV1xnQPXqx568DfxHHeECpigHtpv5hmcJYRrzJBSLc9NdZAjqSlmpCi3M0VShPuoS1qGcpQQFeSj7Qu4Y5QOjIU0xTUcqV8ncpQoNUgi05kg3VM/vaH4l9fKdHwc5JSnmSYcjz+KMwa1gMMoYIdKgjUbGIKwpGZXiHtIIqxNYGUTwuel8H/i7zlVx7vYr9ROJmmUwBbYBrvAA0egBs5AHfgAg1twDx7Bk3VnPVjP1su4dcqazGyAb7BePwDYWJWy</latexit><latexit sha1_base64="JiO+JyL1OACkY4ndVLBgmuv33X0=">AAAB/HicdVDLSgMxFM34rPU1PnZugkVwNcyIr+6KbtwIFRxbaIchk2ba0EwyJBmlDoO/4saFils/xJ1/Y/oQfB64cDjn3uTeE6WMKu2679bU9Mzs3Hxpoby4tLyyaq+tXymRSUx8LJiQzQgpwignvqaakWYqCUoiRhpR/3ToN66JVFTwSz1ISZCgLqcxxUgbKbQ32x2h8/MizNsygZTHTNwUoV1xnQPXqx568DfxHHeECpigHtpv5hmcJYRrzJBSLc9NdZAjqSlmpCi3M0VShPuoS1qGcpQQFeSj7Qu4Y5QOjIU0xTUcqV8ncpQoNUgi05kg3VM/vaH4l9fKdHwc5JSnmSYcjz+KMwa1gMMoYIdKgjUbGIKwpGZXiHtIIqxNYGUTwuel8H/i7zlVx7vYr9ROJmmUwBbYBrvAA0egBs5AHfgAg1twDx7Bk3VnPVjP1su4dcqazGyAb7BePwDYWJWy</latexit><latexit sha1_base64="JiO+JyL1OACkY4ndVLBgmuv33X0=">AAAB/HicdVDLSgMxFM34rPU1PnZugkVwNcyIr+6KbtwIFRxbaIchk2ba0EwyJBmlDoO/4saFils/xJ1/Y/oQfB64cDjn3uTeE6WMKu2679bU9Mzs3Hxpoby4tLyyaq+tXymRSUx8LJiQzQgpwignvqaakWYqCUoiRhpR/3ToN66JVFTwSz1ISZCgLqcxxUgbKbQ32x2h8/MizNsygZTHTNwUoV1xnQPXqx568DfxHHeECpigHtpv5hmcJYRrzJBSLc9NdZAjqSlmpCi3M0VShPuoS1qGcpQQFeSj7Qu4Y5QOjIU0xTUcqV8ncpQoNUgi05kg3VM/vaH4l9fKdHwc5JSnmSYcjz+KMwa1gMMoYIdKgjUbGIKwpGZXiHtIIqxNYGUTwuel8H/i7zlVx7vYr9ROJmmUwBbYBrvAA0egBs5AHfgAg1twDx7Bk3VnPVjP1su4dcqazGyAb7BePwDYWJWy</latexit>

CGM

Star formation & Feedback

HI

fuel affects structure, kinematics, abundance…   

e.g. Saintonge & Catinella 2022
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Implementation

• high-resolution, large volume simulations still some time away (see Lucio's talk)

• until then: smaller volume + zoom-in simulations, ML, parametric modeling

FIREbox

FIREbox

• FIREbox pathfinder (RF in prep.) w/ P. Hopkins, E. Quataert, C.A. Faucher-Giguere, 
D. Keres & members of FIRE collaboration

Cosmological zooms EMP-Pathfinder FIREbox cosmological volume
Reina-Campos,…,JG+ 2022 Feldmann,…,JG+ 2023

Galaxies selected to have Milky Way halo-mass:            
<latexit sha1_base64="jKOGBoFvENoJy2ScXfMkM2pW9l0="></latexit>

11.85 < log (Mhalo/M�) < 12.48
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Implementation

• high-resolution, large volume simulations still some time away (see Lucio's talk)

• until then: smaller volume + zoom-in simulations, ML, parametric modeling

FIREbox

FIREbox

• FIREbox pathfinder (RF in prep.) w/ P. Hopkins, E. Quataert, C.A. Faucher-Giguere, 
D. Keres & members of FIRE collaboration

Cosmological zooms EMP-Pathfinder FIREbox cosmological volume
Reina-Campos,…,JG+ 2022 Feldmann,…,JG+ 2023

3 different star formation models!

Galaxies selected to have Milky Way halo-mass:            
<latexit sha1_base64="jKOGBoFvENoJy2ScXfMkM2pW9l0="></latexit>

11.85 < log (Mhalo/M�) < 12.48
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Robert Feldmann, University of Zurich AstroSignals Kick-off, Dec 1, 2021 7

Implementation

• high-resolution, large volume simulations still some time away (see Lucio's talk)

• until then: smaller volume + zoom-in simulations, ML, parametric modeling

FIREbox

FIREbox

• FIREbox pathfinder (RF in prep.) w/ P. Hopkins, E. Quataert, C.A. Faucher-Giguere, 
D. Keres & members of FIRE collaboration

Cosmological zooms EMP-Pathfinder FIREbox cosmological volume
Reina-Campos,…,JG+ 2022 Feldmann,…,JG+ 2023

3 different star formation models!

Constant 
<latexit sha1_base64="gTwUIrTUS93MnoQrb5zWkDqtXdg=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgZLwVVJSlE3QtGNywr2Ak0ok+lJO3QmCTMToYS68VXcuFDErW/hzrdx2mahrT8MfPznHM6cP0g4U9pxvq2V1bX1jc3CVnF7Z3dv3z44bKk4lRSaNOax7AREAWcRNDXTHDqJBCICDu1gdDOttx9AKhZH93qcgC/IIGIho0Qbq2cfe5Aoxg1mnhQ4DCf4Clcdr9yzS07FmQkvg5tDCeVq9Owvrx/TVECkKSdKdV0n0X5GpGaUw6TopQoSQkdkAF2DERGg/Gx2wQSXjdPHYSzNizSeub8nMiKUGovAdAqih2qxNjX/q3VTHV76GYuSVENE54vClGMd42kcuM8kUM3HBgiVzPwV0yGRhGoTWtGE4C6evAytasU9r9TuaqX6dR5HAZ2gU3SGXHSB6ugWNVATUfSIntErerOerBfr3fqYt65Y+cwR+iPr8wfZO5XY</latexit>

✏↵ = 20%

Galaxies selected to have Milky Way halo-mass:            
<latexit sha1_base64="jKOGBoFvENoJy2ScXfMkM2pW9l0="></latexit>

11.85 < log (Mhalo/M�) < 12.48

21 galaxies
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Implementation

• high-resolution, large volume simulations still some time away (see Lucio's talk)

• until then: smaller volume + zoom-in simulations, ML, parametric modeling

FIREbox

FIREbox

• FIREbox pathfinder (RF in prep.) w/ P. Hopkins, E. Quataert, C.A. Faucher-Giguere, 
D. Keres & members of FIRE collaboration

Cosmological zooms EMP-Pathfinder FIREbox cosmological volume
Reina-Campos,…,JG+ 2022 Feldmann,…,JG+ 2023

3 different star formation models!

Constant Multi free-fall
<latexit sha1_base64="gTwUIrTUS93MnoQrb5zWkDqtXdg=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgZLwVVJSlE3QtGNywr2Ak0ok+lJO3QmCTMToYS68VXcuFDErW/hzrdx2mahrT8MfPznHM6cP0g4U9pxvq2V1bX1jc3CVnF7Z3dv3z44bKk4lRSaNOax7AREAWcRNDXTHDqJBCICDu1gdDOttx9AKhZH93qcgC/IIGIho0Qbq2cfe5Aoxg1mnhQ4DCf4Clcdr9yzS07FmQkvg5tDCeVq9Owvrx/TVECkKSdKdV0n0X5GpGaUw6TopQoSQkdkAF2DERGg/Gx2wQSXjdPHYSzNizSeub8nMiKUGovAdAqih2qxNjX/q3VTHV76GYuSVENE54vClGMd42kcuM8kUM3HBgiVzPwV0yGRhGoTWtGE4C6evAytasU9r9TuaqX6dR5HAZ2gU3SGXHSB6ugWNVATUfSIntErerOerBfr3fqYt65Y+cwR+iPr8wfZO5XY</latexit>

✏↵ = 20%

Galaxies selected to have Milky Way halo-mass:            
<latexit sha1_base64="jKOGBoFvENoJy2ScXfMkM2pW9l0="></latexit>

11.85 < log (Mhalo/M�) < 12.48

21 galaxies 14 galaxies

<latexit sha1_base64="U26l2ww7Q49GSxJHLSGdkBJaNiU="></latexit>

✏↵ =
1

2
exp

✓
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�2
s

◆"
1 + erf

 
�2 � scritp

2�2
s

!#

<latexit sha1_base64="Wf9cJSCa/5gqEwduj0Q9WMgOGS0=">AAACHXicbZDLSsNAFIYnXmu9RV26GSxCBSmJFHUjFN24ESrYCzSlnEwn7dDJhZlJoYS8iBtfxY0LRVy4Ed/GSZuFtv4w8PGfc5hzfjfiTCrL+jaWlldW19YLG8XNre2dXXNvvynDWBDaICEPRdsFSTkLaEMxxWk7EhR8l9OWO7rJ6q0xFZKFwYOaRLTrwyBgHiOgtNUzqw6NJOMaE0f42PNSfIW9sgM8GsLMGzORnmLHBzUkwJO79KRnlqyKNRVeBDuHEspV75mfTj8ksU8DRThI2bGtSHUTEIoRTtOiE0saARnBgHY0BuBT2U2m16X4WDt97IVCv0Dhqft7IgFfyonv6s5sRzlfy8z/ap1YeZfdhAVRrGhAZh95MccqxFlUuM8EJYpPNAARTO+KyRAEEKUDLeoQ7PmTF6F5VrHPK9X7aql2ncdRQIfoCJWRjS5QDd2iOmoggh7RM3pFb8aT8WK8Gx+z1iUjnzlAf2R8/QAelqHw</latexit>

✏↵ = f(↵vir,M)=>



HI discs as tracers of star formation and feedback physics  | Jindra Gensior I Swiss SKA Days 2023 | 07.09.23

THE SAMPLE

Robert Feldmann, University of Zurich AstroSignals Kick-off, Dec 1, 2021 7

Implementation

• high-resolution, large volume simulations still some time away (see Lucio's talk)

• until then: smaller volume + zoom-in simulations, ML, parametric modeling

FIREbox

FIREbox

• FIREbox pathfinder (RF in prep.) w/ P. Hopkins, E. Quataert, C.A. Faucher-Giguere, 
D. Keres & members of FIRE collaboration

Cosmological zooms EMP-Pathfinder FIREbox cosmological volume
Reina-Campos,…,JG+ 2022 Feldmann,…,JG+ 2023

21 galaxies 14 galaxies

3 different star formation models!

<latexit sha1_base64="U26l2ww7Q49GSxJHLSGdkBJaNiU="></latexit>

✏↵ =
1

2
exp

✓
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1 + erf

 
�2 � scritp
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!#

<latexit sha1_base64="Wf9cJSCa/5gqEwduj0Q9WMgOGS0=">AAACHXicbZDLSsNAFIYnXmu9RV26GSxCBSmJFHUjFN24ESrYCzSlnEwn7dDJhZlJoYS8iBtfxY0LRVy4Ed/GSZuFtv4w8PGfc5hzfjfiTCrL+jaWlldW19YLG8XNre2dXXNvvynDWBDaICEPRdsFSTkLaEMxxWk7EhR8l9OWO7rJ6q0xFZKFwYOaRLTrwyBgHiOgtNUzqw6NJOMaE0f42PNSfIW9sgM8GsLMGzORnmLHBzUkwJO79KRnlqyKNRVeBDuHEspV75mfTj8ksU8DRThI2bGtSHUTEIoRTtOiE0saARnBgHY0BuBT2U2m16X4WDt97IVCv0Dhqft7IgFfyonv6s5sRzlfy8z/ap1YeZfdhAVRrGhAZh95MccqxFlUuM8EJYpPNAARTO+KyRAEEKUDLeoQ7PmTF6F5VrHPK9X7aql2ncdRQIfoCJWRjS5QDd2iOmoggh7RM3pFb8aT8WK8Gx+z1iUjnzlAf2R8/QAelqHw</latexit>

✏↵ = f(↵vir,M)=>

Constant Multi free-fall
<latexit sha1_base64="gTwUIrTUS93MnoQrb5zWkDqtXdg=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgZLwVVJSlE3QtGNywr2Ak0ok+lJO3QmCTMToYS68VXcuFDErW/hzrdx2mahrT8MfPznHM6cP0g4U9pxvq2V1bX1jc3CVnF7Z3dv3z44bKk4lRSaNOax7AREAWcRNDXTHDqJBCICDu1gdDOttx9AKhZH93qcgC/IIGIho0Qbq2cfe5Aoxg1mnhQ4DCf4Clcdr9yzS07FmQkvg5tDCeVq9Owvrx/TVECkKSdKdV0n0X5GpGaUw6TopQoSQkdkAF2DERGg/Gx2wQSXjdPHYSzNizSeub8nMiKUGovAdAqih2qxNjX/q3VTHV76GYuSVENE54vClGMd42kcuM8kUM3HBgiVzPwV0yGRhGoTWtGE4C6evAytasU9r9TuaqX6dR5HAZ2gU3SGXHSB6ugWNVATUfSIntErerOerBfr3fqYt65Y+cwR+iPr8wfZO5XY</latexit>

✏↵ = 20%
<latexit sha1_base64="ofe8Jyw0ad2rY2MQ4EcIVVBEwWY=">AAACAnicbZDLSsNAFIYn9VbrLepK3AyWgquSSFE3QtGNywr2Ak0ok+lJO3QyCTMToYTixldx40IRtz6FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKK6tr6xvFzdLW9s7unr1/0FJxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6GZabz+AVCwW93qcgB+RgWAho0Qbq2cfeZAoxg1mnoxwGE7wFXYdx6v07LJTdWbCy+DmUEa5Gj37y+vHNI1AaMqJUl3XSbSfEakZ5TApeamChNARGUDXoCARKD+bnTDBFeP0cRhL84TGM/f3REYipcZRYDojoodqsTY1/6t1Ux1e+hkTSapB0PmiMOVYx3iaB+4zCVTzsQFCJTN/xXRIJKHapFYyIbiLJy9D66zqnldrd7Vy/TqPo4iO0Qk6RS66QHV0ixqoiSh6RM/oFb1ZT9aL9W59zFsLVj5ziP7I+vwBTcaWEQ==</latexit>

✏↵ = 100%
Constant 

+
<latexit sha1_base64="eYeqDR6czWb4SpcH++X0JRl4QoU=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSFGPRS8eK9haaEKYbDft0t0k7m4KJfTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PClDOlHefbKq2srq1vlDcrW9s7u3v2/kFbJZkktEUSnshOCIpyFtOWZprTTiopiJDTh3B4M/UfRlQqlsT3epxSX0A/ZhEjoI0U2Ece8HQAQe5JgUdMTrDH6SN2A7vq1JwZ8DJxC1JFBZqB/eX1EpIJGmvCQamu66Taz0FqRjidVLxM0RTIEPq0a2gMgio/nz0wwadG6eEokaZijWfq74kchFJjEZpOAXqgFr2p+J/XzXR05ecsTjNNYzJfFGUc6wRP08A9JinRfGwIEMnMrZgMQALRJrOKCcFdfHmZtM9r7kWtflevNq6LOMroGJ2gM+SiS9RAt6iJWoigCXpGr+jNerJerHfrY95asoqZQ/QH1ucPDK+WDg==</latexit>

↵vir  1

27 galaxies

Galaxies selected to have Milky Way halo-mass:            
<latexit sha1_base64="jKOGBoFvENoJy2ScXfMkM2pW9l0="></latexit>

11.85 < log (Mhalo/M�) < 12.48
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Implementation

• high-resolution, large volume simulations still some time away (see Lucio's talk)

• until then: smaller volume + zoom-in simulations, ML, parametric modeling

FIREbox

FIREbox

• FIREbox pathfinder (RF in prep.) w/ P. Hopkins, E. Quataert, C.A. Faucher-Giguere, 
D. Keres & members of FIRE collaboration

Cosmological zooms EMP-Pathfinder FIREbox cosmological volume
Reina-Campos,…,JG+ 2022 Feldmann,…,JG+ 2023

21 galaxies 14 galaxies

3 different star formation models!

<latexit sha1_base64="U26l2ww7Q49GSxJHLSGdkBJaNiU="></latexit>
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<latexit sha1_base64="Wf9cJSCa/5gqEwduj0Q9WMgOGS0=">AAACHXicbZDLSsNAFIYnXmu9RV26GSxCBSmJFHUjFN24ESrYCzSlnEwn7dDJhZlJoYS8iBtfxY0LRVy4Ed/GSZuFtv4w8PGfc5hzfjfiTCrL+jaWlldW19YLG8XNre2dXXNvvynDWBDaICEPRdsFSTkLaEMxxWk7EhR8l9OWO7rJ6q0xFZKFwYOaRLTrwyBgHiOgtNUzqw6NJOMaE0f42PNSfIW9sgM8GsLMGzORnmLHBzUkwJO79KRnlqyKNRVeBDuHEspV75mfTj8ksU8DRThI2bGtSHUTEIoRTtOiE0saARnBgHY0BuBT2U2m16X4WDt97IVCv0Dhqft7IgFfyonv6s5sRzlfy8z/ap1YeZfdhAVRrGhAZh95MccqxFlUuM8EJYpPNAARTO+KyRAEEKUDLeoQ7PmTF6F5VrHPK9X7aql2ncdRQIfoCJWRjS5QDd2iOmoggh7RM3pFb8aT8WK8Gx+z1iUjnzlAf2R8/QAelqHw</latexit>

✏↵ = f(↵vir,M)=>

Constant Multi free-fall
<latexit sha1_base64="gTwUIrTUS93MnoQrb5zWkDqtXdg=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgZLwVVJSlE3QtGNywr2Ak0ok+lJO3QmCTMToYS68VXcuFDErW/hzrdx2mahrT8MfPznHM6cP0g4U9pxvq2V1bX1jc3CVnF7Z3dv3z44bKk4lRSaNOax7AREAWcRNDXTHDqJBCICDu1gdDOttx9AKhZH93qcgC/IIGIho0Qbq2cfe5Aoxg1mnhQ4DCf4Clcdr9yzS07FmQkvg5tDCeVq9Owvrx/TVECkKSdKdV0n0X5GpGaUw6TopQoSQkdkAF2DERGg/Gx2wQSXjdPHYSzNizSeub8nMiKUGovAdAqih2qxNjX/q3VTHV76GYuSVENE54vClGMd42kcuM8kUM3HBgiVzPwV0yGRhGoTWtGE4C6evAytasU9r9TuaqX6dR5HAZ2gU3SGXHSB6ugWNVATUfSIntErerOerBfr3fqYt65Y+cwR+iPr8wfZO5XY</latexit>

✏↵ = 20%
<latexit sha1_base64="ofe8Jyw0ad2rY2MQ4EcIVVBEwWY=">AAACAnicbZDLSsNAFIYn9VbrLepK3AyWgquSSFE3QtGNywr2Ak0ok+lJO3QyCTMToYTixldx40IRtz6FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKK6tr6xvFzdLW9s7unr1/0FJxKik0acxj2QmIAs4ENDXTHDqJBBIFHNrB6GZabz+AVCwW93qcgB+RgWAho0Qbq2cfeZAoxg1mnoxwGE7wFXYdx6v07LJTdWbCy+DmUEa5Gj37y+vHNI1AaMqJUl3XSbSfEakZ5TApeamChNARGUDXoCARKD+bnTDBFeP0cRhL84TGM/f3REYipcZRYDojoodqsTY1/6t1Ux1e+hkTSapB0PmiMOVYx3iaB+4zCVTzsQFCJTN/xXRIJKHapFYyIbiLJy9D66zqnldrd7Vy/TqPo4iO0Qk6RS66QHV0ixqoiSh6RM/oFb1ZT9aL9W59zFsLVj5ziP7I+vwBTcaWEQ==</latexit>

✏↵ = 100%
Constant 

+
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Implementation

• high-resolution, large volume simulations still some time away (see Lucio's talk)

• until then: smaller volume + zoom-in simulations, ML, parametric modeling

FIREbox

FIREbox

• FIREbox pathfinder (RF in prep.) w/ P. Hopkins, E. Quataert, C.A. Faucher-Giguere, 
D. Keres & members of FIRE collaboration

Cosmological zooms EMP-Pathfinder FIREbox cosmological volume
Reina-Campos,…,JG+ 2022 Feldmann,…,JG+ 2023

21 galaxies 14 galaxies

3 different star formation models!
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Implementation

• high-resolution, large volume simulations still some time away (see Lucio's talk)

• until then: smaller volume + zoom-in simulations, ML, parametric modeling

FIREbox

FIREbox

• FIREbox pathfinder (RF in prep.) w/ P. Hopkins, E. Quataert, C.A. Faucher-Giguere, 
D. Keres & members of FIRE collaboration

Modelling stellar clusters in EMP-Pathfinder 17
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Figure 4. Phase diagram of gas cells bound to the central galaxy in MW04 at
I = 0 for the constant SFE run: temperature as a function of the gas number
density colour-coded by the total mass in the hexagonal bin (top panel) and
the median number-weighted galactocentric radius of the gas cells (bottom
panel). Black dotted lines indicate the criteria for considering gas cells as
star-forming: only cold () < 1.5 ⇥ 104 K) and dense (nH > 1 H cm�3) gas
cells are allowed to turn into stellar particles. Grey dashed lines correspond to
lines of constant thermal pressure as annotated. The red dashed line indicates
the polytropic equation of state used in the EAGLE galaxy formation model.

the environment. For this reason, it is possible to form and evolve
several sub-grid cluster populations at once within each of our Milky
Way-mass simulations.

We form and evolve ten parallel cluster populations in each of
our simulations with the aim of exploring the influence of individual
input models in a�ecting the formation and survival of clusters. In
each of these cluster populations, we modify only one of the models
used to describe either their formation or their evolution, which we
summarize in Table 3.

MNRAS 000, 1–39 (2021)

Cosmological zooms EMP-Pathfinder FIREbox cosmological volume
Reina-Campos,…,JG+ 2022 Feldmann,…,JG+ 2023

10 R. Feldmann et al.

HII HI

H2

Figure 4. Thermal properties of the interstellar medium (ISM) of a Milky Way like galaxy at I = 0 in FIREbox. (Left) Phase diagram of hydrogen gas within
a 0.1'vir ⇠ 29 kpc radius of the center of the galaxy. Densities (d) and temperatures () ) vary over many orders of magnitude (⇠ 10�4 � 103 mH cm�3 and
10 � 107 K) highlighting the computational challenge for galaxy formation simulations. The phase diagram is color-coded according to the hydrogen phase, see
legend. The hydrogen phase is not uniquely determined by gas density and temperature alone. (Top right) Fraction of gas within 0.1'vir having density d per
unit lg d. (Bottom right) Fraction of gas within 0.1'vir having temperature ) per unit lg) . In both right hand panels, particle number fractions are weighted by
gas mass (thick black solid line), ionized hydrogen mass (red dashed line), atomic hydrogen mass (green dot-dashed line), and molecular hydrogen mass (blue
solid line). The small fraction of molecular gas with temperatures near 104 K is an artifact of the approximate treatment of separating neutral gas into atomic
and molecular components, see section 2.2. Neutral hydrogen consists of a combination of cold (⇠ 100 � 1000 K) and warm (⇠ 104 K) gas, while ionized gas
consists of a hot, dilute (⇠ 10�4 mH cm�3) phase filling most of the volume (the di�use hot halo), a warm / hot, low density (⇠ 10�3 � 10�2 mH cm�3) phase
which forms a disky layer around the neutral ISM disk (see Fig. 3), and warm ionized, relatively dense gas located in the plane of the ISM disk.

Figure 5. Star forming sequence in FIREbox and in observations at I = 0 (left) and I = 2 (right). Symbols show the logarithm of the average SFR in bins
of stellar mass for all galaxies (black circles) and for star forming galaxies (blue diamonds) in FIREbox. The latter population of galaxies is defined as having
specific SFRs exceeding 10�11 yr�1 at I = 0 and 10�10 yr�1 at I = 2. SFRs are averaged over the past 20 Myr. Error bars refer to 16-84% percentiles in each
bin obtained via bootstrapping. Double dot-dashed lines show the star forming sequence for a representative sample of I ⇠ 0 galaxies from the xGASS survey
(Catinella et al. 2018) with updated stellar masses as presented in Feldmann (2020). Dashed and dot-dashed lines show results of recents observational studies
(Schreiber et al. 2015; Davies et al. 2016; Leslie et al. 2020; Thorne et al. 2020; Leja et al. 2021), see legend. Stellar masses by Leslie et al. (2020) are shifted
by 0.2 dex to account for the known systematics of their used stellar mass catalog. FIREbox predicts average SFRs of star forming galaxies in good agreement
with observations but underestimates the presence of massive, quiescent galaxies at low I.

and subsequently have faster declining gas masses at late times. We
plan to analyze the link between gas masses and star formation rates
in more detail in future work.

At I = 2, a single power-law describes the star forming sequence
well both for the “all” and the “SF” sample down to "star = 108

"� .

In contrast, at I = 0 we observe a steepening of the slope for the
“all” sample below "star = 109

"� . The di�erence between the
I = 0 “all” and “SF” samples at low masses is a consequence of a
significant number of low mass, central galaxies with very low or
vanishing sSFR in FIREbox.

MNRAS 000, 1–29 (2020)

21 galaxies 14 galaxies

3 different star formation models!
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HI SIZE-MASS RELATION
The ⇡HI – "HI relation over the last gigayear 7

Figure 4. ⇡HI – "HI relation for 204 inclination-corrected galaxies. Each symbol corresponds to one of the four morphological classifications: 148 spiral
galaxies (SP: cyan squares), 40 irregular galaxies (IR: red triangles), 4 early-type galaxies (ET: yellow pentagons), and 12 merging systems (ME: magenta
circles). The best-fitting relation is shown with the thick dashed blue line, while the best fit from Wang et al. (2016) is shown with a dotted black line. The shaded
region indicates the 1f uncertainty from the MCMC posteriors (see Fig. 3) and the black dotted lines delimit the 3f scatter from Wang et al. (2016) relation.
The histograms on the sides display the H I mass and H I size distributions of the galaxies in the sample, respectively.

that overdensity, and found that all lie along the relation, suggesting
that this group environment has not significantly a�ected the H I
content of these galaxies. We measured a slope of 0.515± 0.019 and
an intercept of�3.393+0.184

�0.185 for the structure, which is still consistent
with the full sample. A more complete insight of the variation of the
⇡HI – "HI relation with large scale environments will be achieved
with the full MIGHTEE-H I survey area and redshift range.

6.4 Evolution of the ⇡HI – "HI relation as a function of I

Whereas previous studies were restricted to the very nearby Uni-
verse, our sample and the relation derived from it extends over a
previously unexplored redshift range. To investigate the evolution
of the ⇡HI – "HI as a function of redshift, we use our sample to
test for any redshift dependence using similar approach as in Pono-
mareva et al. (2021). We divided our sample into two redshift bins
with I  0.04 and I > 0.04, and performed the linear fit as de-

scribed in Section 6.1 to each bin. The low-redshift subsample con-
sists of 63 galaxies and spans four decades in H I mass ranging from
7.4  log("HI [M�])  10.4, with a median mass of 1.65⇥109 M� .
The high-redshift subsample contains 141 galaxies covering 3 orders
of magnitude in mass (8.9  log("HI [M�])  10.7) and a median
H I mass of 5.65 ⇥ 109 M� . Fig. 5 shows the best-fitting relation for
each redshift bin. We observe marginal di�erence between the slope
and intercept of the two subsamples, but the findings are consistent
within the errors with the best-fitting relation of the full sample.
The low-redshift bin has an intrinsic scatter of 0.052+0.006

�0.005 and ob-
served scatter of 0.054 dex, which is consistent with Wang et al.
(2016), whose sample only reaches out to redshifts of I ⇠ 0.03.
The high-redshift bin has a slightly larger scatter, both intrinsic
(fint = 0.053+0.004

�0.003) and observed (f = 0.058), but is consistent
within the errors (see Table 2).

To investigate the e�ect of a possible mass bias, we performed
the fit once again for each subsample, for a common H I mass range

MNRAS 000, 1–10 (2022)

MIGHTEE (Rajohnson+2022)
See also e.g. Broils & Rhee 1997, Verheijen & Sancisi 2001, Swaters+2002, Noordermeer+2005, 

Begum+2008, Obreschkow+2009, Ponomareva+2016, Wang+2016 Stevens+2019
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Figure 4. ⇡HI – "HI relation for 204 inclination-corrected galaxies. Each symbol corresponds to one of the four morphological classifications: 148 spiral
galaxies (SP: cyan squares), 40 irregular galaxies (IR: red triangles), 4 early-type galaxies (ET: yellow pentagons), and 12 merging systems (ME: magenta
circles). The best-fitting relation is shown with the thick dashed blue line, while the best fit from Wang et al. (2016) is shown with a dotted black line. The shaded
region indicates the 1f uncertainty from the MCMC posteriors (see Fig. 3) and the black dotted lines delimit the 3f scatter from Wang et al. (2016) relation.
The histograms on the sides display the H I mass and H I size distributions of the galaxies in the sample, respectively.

that overdensity, and found that all lie along the relation, suggesting
that this group environment has not significantly a�ected the H I
content of these galaxies. We measured a slope of 0.515± 0.019 and
an intercept of�3.393+0.184

�0.185 for the structure, which is still consistent
with the full sample. A more complete insight of the variation of the
⇡HI – "HI relation with large scale environments will be achieved
with the full MIGHTEE-H I survey area and redshift range.

6.4 Evolution of the ⇡HI – "HI relation as a function of I

Whereas previous studies were restricted to the very nearby Uni-
verse, our sample and the relation derived from it extends over a
previously unexplored redshift range. To investigate the evolution
of the ⇡HI – "HI as a function of redshift, we use our sample to
test for any redshift dependence using similar approach as in Pono-
mareva et al. (2021). We divided our sample into two redshift bins
with I  0.04 and I > 0.04, and performed the linear fit as de-

scribed in Section 6.1 to each bin. The low-redshift subsample con-
sists of 63 galaxies and spans four decades in H I mass ranging from
7.4  log("HI [M�])  10.4, with a median mass of 1.65⇥109 M� .
The high-redshift subsample contains 141 galaxies covering 3 orders
of magnitude in mass (8.9  log("HI [M�])  10.7) and a median
H I mass of 5.65 ⇥ 109 M� . Fig. 5 shows the best-fitting relation for
each redshift bin. We observe marginal di�erence between the slope
and intercept of the two subsamples, but the findings are consistent
within the errors with the best-fitting relation of the full sample.
The low-redshift bin has an intrinsic scatter of 0.052+0.006

�0.005 and ob-
served scatter of 0.054 dex, which is consistent with Wang et al.
(2016), whose sample only reaches out to redshifts of I ⇠ 0.03.
The high-redshift bin has a slightly larger scatter, both intrinsic
(fint = 0.053+0.004

�0.003) and observed (f = 0.058), but is consistent
within the errors (see Table 2).

To investigate the e�ect of a possible mass bias, we performed
the fit once again for each subsample, for a common H I mass range
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Figure 4. ⇡HI – "HI relation for 204 inclination-corrected galaxies. Each symbol corresponds to one of the four morphological classifications: 148 spiral
galaxies (SP: cyan squares), 40 irregular galaxies (IR: red triangles), 4 early-type galaxies (ET: yellow pentagons), and 12 merging systems (ME: magenta
circles). The best-fitting relation is shown with the thick dashed blue line, while the best fit from Wang et al. (2016) is shown with a dotted black line. The shaded
region indicates the 1f uncertainty from the MCMC posteriors (see Fig. 3) and the black dotted lines delimit the 3f scatter from Wang et al. (2016) relation.
The histograms on the sides display the H I mass and H I size distributions of the galaxies in the sample, respectively.

that overdensity, and found that all lie along the relation, suggesting
that this group environment has not significantly a�ected the H I
content of these galaxies. We measured a slope of 0.515± 0.019 and
an intercept of�3.393+0.184

�0.185 for the structure, which is still consistent
with the full sample. A more complete insight of the variation of the
⇡HI – "HI relation with large scale environments will be achieved
with the full MIGHTEE-H I survey area and redshift range.

6.4 Evolution of the ⇡HI – "HI relation as a function of I

Whereas previous studies were restricted to the very nearby Uni-
verse, our sample and the relation derived from it extends over a
previously unexplored redshift range. To investigate the evolution
of the ⇡HI – "HI as a function of redshift, we use our sample to
test for any redshift dependence using similar approach as in Pono-
mareva et al. (2021). We divided our sample into two redshift bins
with I  0.04 and I > 0.04, and performed the linear fit as de-

scribed in Section 6.1 to each bin. The low-redshift subsample con-
sists of 63 galaxies and spans four decades in H I mass ranging from
7.4  log("HI [M�])  10.4, with a median mass of 1.65⇥109 M� .
The high-redshift subsample contains 141 galaxies covering 3 orders
of magnitude in mass (8.9  log("HI [M�])  10.7) and a median
H I mass of 5.65 ⇥ 109 M� . Fig. 5 shows the best-fitting relation for
each redshift bin. We observe marginal di�erence between the slope
and intercept of the two subsamples, but the findings are consistent
within the errors with the best-fitting relation of the full sample.
The low-redshift bin has an intrinsic scatter of 0.052+0.006

�0.005 and ob-
served scatter of 0.054 dex, which is consistent with Wang et al.
(2016), whose sample only reaches out to redshifts of I ⇠ 0.03.
The high-redshift bin has a slightly larger scatter, both intrinsic
(fint = 0.053+0.004

�0.003) and observed (f = 0.058), but is consistent
within the errors (see Table 2).

To investigate the e�ect of a possible mass bias, we performed
the fit once again for each subsample, for a common H I mass range
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Figure 4. ⇡HI – "HI relation for 204 inclination-corrected galaxies. Each symbol corresponds to one of the four morphological classifications: 148 spiral
galaxies (SP: cyan squares), 40 irregular galaxies (IR: red triangles), 4 early-type galaxies (ET: yellow pentagons), and 12 merging systems (ME: magenta
circles). The best-fitting relation is shown with the thick dashed blue line, while the best fit from Wang et al. (2016) is shown with a dotted black line. The shaded
region indicates the 1f uncertainty from the MCMC posteriors (see Fig. 3) and the black dotted lines delimit the 3f scatter from Wang et al. (2016) relation.
The histograms on the sides display the H I mass and H I size distributions of the galaxies in the sample, respectively.

that overdensity, and found that all lie along the relation, suggesting
that this group environment has not significantly a�ected the H I
content of these galaxies. We measured a slope of 0.515± 0.019 and
an intercept of�3.393+0.184

�0.185 for the structure, which is still consistent
with the full sample. A more complete insight of the variation of the
⇡HI – "HI relation with large scale environments will be achieved
with the full MIGHTEE-H I survey area and redshift range.

6.4 Evolution of the ⇡HI – "HI relation as a function of I

Whereas previous studies were restricted to the very nearby Uni-
verse, our sample and the relation derived from it extends over a
previously unexplored redshift range. To investigate the evolution
of the ⇡HI – "HI as a function of redshift, we use our sample to
test for any redshift dependence using similar approach as in Pono-
mareva et al. (2021). We divided our sample into two redshift bins
with I  0.04 and I > 0.04, and performed the linear fit as de-

scribed in Section 6.1 to each bin. The low-redshift subsample con-
sists of 63 galaxies and spans four decades in H I mass ranging from
7.4  log("HI [M�])  10.4, with a median mass of 1.65⇥109 M� .
The high-redshift subsample contains 141 galaxies covering 3 orders
of magnitude in mass (8.9  log("HI [M�])  10.7) and a median
H I mass of 5.65 ⇥ 109 M� . Fig. 5 shows the best-fitting relation for
each redshift bin. We observe marginal di�erence between the slope
and intercept of the two subsamples, but the findings are consistent
within the errors with the best-fitting relation of the full sample.
The low-redshift bin has an intrinsic scatter of 0.052+0.006

�0.005 and ob-
served scatter of 0.054 dex, which is consistent with Wang et al.
(2016), whose sample only reaches out to redshifts of I ⇠ 0.03.
The high-redshift bin has a slightly larger scatter, both intrinsic
(fint = 0.053+0.004

�0.003) and observed (f = 0.058), but is consistent
within the errors (see Table 2).

To investigate the e�ect of a possible mass bias, we performed
the fit once again for each subsample, for a common H I mass range
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Figure 2. !H I radial profiles for nine samples; only galaxies three times
larger than the respective interferometric beam are included here. We display
the median profile for each sample, except for Atlas3D where we show the
individual profiles. We also show the 25 and 75 percentiles of profiles for
the WHISP (Sa) sample (the red shaded region). The dotted black line is an
exponential fit to the homogeneous outer profiles of the samples excluding
the Atlas3D and WHISP (Sa) samples. The VGS sample is not present
because only five galaxies are large enough for measuring the profile.

3 R ESULTS

3.1 DH I–MH I relation

We present the DH I–MH I relation in Fig. 1. The different samples
include dwarf galaxies, spiral galaxies and early-type disc galaxies
(Atlas3D and WHISP Sa samples) and they cover a range of envi-
ronments, but they all lie perfectly on the same DH I–MH I relation.
We perform a robust linear fitting to the data points and obtain the
relation

log DH I = (0.506 ± 0.003) log MH I − (3.293 ± 0.009), (2)

which is very close to the one found by B97. The rms scatter
around the relation is only ∼0.06 dex (14 per cent). The intercept
of 3.3 ∼ 0.5(log MH I − 2 log DH I) = 0.5 log MH I/DH I

2 indicates a
uniform characteristic H I surface density

!H I,c = 4
MH I

πD2
H I

= 5.07 M# pc−2 (3)

for different galaxies. We emphasize that !H I,c is not the actual
average !H I, because DH I does not enclose the entire H I disc and
MH I. We return to this point later.

HIZOA J0836–43 and Leo T lie at the two extreme ends of the
relation, so the DH I–MH I relation extends from MH I of a few times
105 M# to nearly 1011 M#. We only have H I effective diameters
for Malin 1 and 2, and the diameter at a column density of 2 × 1019

cm−2 for NGC 765, but these size measurements lie reasonably
close to the DH I–MH I relation. It is expected that the MW and M31
lie on the DH I–MH I relation, as they are normal spiral galaxies.
The LMC and SMC are known to be tidally interacting with the
MW, but they lie within 3σ from the DH I–MH I relation. We note
that equation (2) is also very close to the relations published in
other studies (Verheijen & Sancisi 2001; Noordermeer et al. 2002;
Swaters et al. 2002; Begum et al. 2008). The very small differences
in coefficients (less than 15 per cent) are likely to be caused by
different ways of measuring DH I.

The DH I–MH I relation suggests that different galaxies have sim-
ilar distributions of H I surface densities. To understand this better,
we present the median H I radial profiles (with radius normalized
by RH I = 0.5DH I) for different samples (Fig. 2). We find that the
median profiles of different dwarf and spiral galaxy samples have a
homogeneous shape in the outer regions around the position of RH I

(also see Wang et al. 2014). The shape is well described by an ex-
ponential function with a scalelength ∼0.2RH I. The only exceptions
are the early-type disc galaxies from the Atlas3D and WHISP sam-
ples, which have a larger H I scalelength in units of RH I compared
to other galaxies. However, they also have lower !H I in the inner
region, which conspires to put the objects on the same DH I–MH I

relation as other galaxies. We run a Kolmogorov–Smirnov (K–S)
test on the distributions of scatter from the DH I–MH I relation for
the early-type disc and other galaxies. The possibility that the two
distributions are different is just 36 per cent. We discuss the !H I

distribution of these early-type disc galaxies further in Section 4.
These homogeneous H I profiles also support !H I,c (equation 3)

as an indicator of the averaged !H I for dwarf and spiral galaxies in
general. However, this indicator is not applicable to the early-type
disc galaxies because of their different !H I distributions.

In Fig. 3, we investigate the vertical distance of galaxies from
the mean DH I–MH I relation as a function of MH I, MB, H I mass to
optical light ratio MH I/LB and H I to optical size ratio DH I/D25.
Galaxies in the sample cover a wide range of these properties, but
their median distance and scatter around the DH I–MH I relation do
not vary with them. As can be seen from Fig. 1, the low MH I end is
dominated by galaxies from LITTLE THINGS and FIGGS samples,
which targeted very low-mass dwarf galaxies (Begum et al. 2008;

Figure 3. Vertical offset of galaxies from the DH I–MH I relation as a function of MH I, MB, MH I/LB, and DH I/D25. The solid magenta lines show the median,
and the dashed magenta lines show the 10 and 90 percentiles of the distribution. The dotted black lines mark the position of 0 and 1σ scatter measured in
Fig. 1. The optical properties are taken from the SIMBAD astronomical data base and are inhomogeneous.
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Figure 2. !H I radial profiles for nine samples; only galaxies three times
larger than the respective interferometric beam are included here. We display
the median profile for each sample, except for Atlas3D where we show the
individual profiles. We also show the 25 and 75 percentiles of profiles for
the WHISP (Sa) sample (the red shaded region). The dotted black line is an
exponential fit to the homogeneous outer profiles of the samples excluding
the Atlas3D and WHISP (Sa) samples. The VGS sample is not present
because only five galaxies are large enough for measuring the profile.

3 R ESULTS

3.1 DH I–MH I relation

We present the DH I–MH I relation in Fig. 1. The different samples
include dwarf galaxies, spiral galaxies and early-type disc galaxies
(Atlas3D and WHISP Sa samples) and they cover a range of envi-
ronments, but they all lie perfectly on the same DH I–MH I relation.
We perform a robust linear fitting to the data points and obtain the
relation

log DH I = (0.506 ± 0.003) log MH I − (3.293 ± 0.009), (2)

which is very close to the one found by B97. The rms scatter
around the relation is only ∼0.06 dex (14 per cent). The intercept
of 3.3 ∼ 0.5(log MH I − 2 log DH I) = 0.5 log MH I/DH I

2 indicates a
uniform characteristic H I surface density
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H I

= 5.07 M# pc−2 (3)

for different galaxies. We emphasize that !H I,c is not the actual
average !H I, because DH I does not enclose the entire H I disc and
MH I. We return to this point later.

HIZOA J0836–43 and Leo T lie at the two extreme ends of the
relation, so the DH I–MH I relation extends from MH I of a few times
105 M# to nearly 1011 M#. We only have H I effective diameters
for Malin 1 and 2, and the diameter at a column density of 2 × 1019

cm−2 for NGC 765, but these size measurements lie reasonably
close to the DH I–MH I relation. It is expected that the MW and M31
lie on the DH I–MH I relation, as they are normal spiral galaxies.
The LMC and SMC are known to be tidally interacting with the
MW, but they lie within 3σ from the DH I–MH I relation. We note
that equation (2) is also very close to the relations published in
other studies (Verheijen & Sancisi 2001; Noordermeer et al. 2002;
Swaters et al. 2002; Begum et al. 2008). The very small differences
in coefficients (less than 15 per cent) are likely to be caused by
different ways of measuring DH I.

The DH I–MH I relation suggests that different galaxies have sim-
ilar distributions of H I surface densities. To understand this better,
we present the median H I radial profiles (with radius normalized
by RH I = 0.5DH I) for different samples (Fig. 2). We find that the
median profiles of different dwarf and spiral galaxy samples have a
homogeneous shape in the outer regions around the position of RH I

(also see Wang et al. 2014). The shape is well described by an ex-
ponential function with a scalelength ∼0.2RH I. The only exceptions
are the early-type disc galaxies from the Atlas3D and WHISP sam-
ples, which have a larger H I scalelength in units of RH I compared
to other galaxies. However, they also have lower !H I in the inner
region, which conspires to put the objects on the same DH I–MH I

relation as other galaxies. We run a Kolmogorov–Smirnov (K–S)
test on the distributions of scatter from the DH I–MH I relation for
the early-type disc and other galaxies. The possibility that the two
distributions are different is just 36 per cent. We discuss the !H I

distribution of these early-type disc galaxies further in Section 4.
These homogeneous H I profiles also support !H I,c (equation 3)

as an indicator of the averaged !H I for dwarf and spiral galaxies in
general. However, this indicator is not applicable to the early-type
disc galaxies because of their different !H I distributions.

In Fig. 3, we investigate the vertical distance of galaxies from
the mean DH I–MH I relation as a function of MH I, MB, H I mass to
optical light ratio MH I/LB and H I to optical size ratio DH I/D25.
Galaxies in the sample cover a wide range of these properties, but
their median distance and scatter around the DH I–MH I relation do
not vary with them. As can be seen from Fig. 1, the low MH I end is
dominated by galaxies from LITTLE THINGS and FIGGS samples,
which targeted very low-mass dwarf galaxies (Begum et al. 2008;

Figure 3. Vertical offset of galaxies from the DH I–MH I relation as a function of MH I, MB, MH I/LB, and DH I/D25. The solid magenta lines show the median,
and the dashed magenta lines show the 10 and 90 percentiles of the distribution. The dotted black lines mark the position of 0 and 1σ scatter measured in
Fig. 1. The optical properties are taken from the SIMBAD astronomical data base and are inhomogeneous.
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Figure 2. !H I radial profiles for nine samples; only galaxies three times
larger than the respective interferometric beam are included here. We display
the median profile for each sample, except for Atlas3D where we show the
individual profiles. We also show the 25 and 75 percentiles of profiles for
the WHISP (Sa) sample (the red shaded region). The dotted black line is an
exponential fit to the homogeneous outer profiles of the samples excluding
the Atlas3D and WHISP (Sa) samples. The VGS sample is not present
because only five galaxies are large enough for measuring the profile.

3 R ESULTS

3.1 DH I–MH I relation

We present the DH I–MH I relation in Fig. 1. The different samples
include dwarf galaxies, spiral galaxies and early-type disc galaxies
(Atlas3D and WHISP Sa samples) and they cover a range of envi-
ronments, but they all lie perfectly on the same DH I–MH I relation.
We perform a robust linear fitting to the data points and obtain the
relation

log DH I = (0.506 ± 0.003) log MH I − (3.293 ± 0.009), (2)

which is very close to the one found by B97. The rms scatter
around the relation is only ∼0.06 dex (14 per cent). The intercept
of 3.3 ∼ 0.5(log MH I − 2 log DH I) = 0.5 log MH I/DH I

2 indicates a
uniform characteristic H I surface density

!H I,c = 4
MH I

πD2
H I

= 5.07 M# pc−2 (3)

for different galaxies. We emphasize that !H I,c is not the actual
average !H I, because DH I does not enclose the entire H I disc and
MH I. We return to this point later.

HIZOA J0836–43 and Leo T lie at the two extreme ends of the
relation, so the DH I–MH I relation extends from MH I of a few times
105 M# to nearly 1011 M#. We only have H I effective diameters
for Malin 1 and 2, and the diameter at a column density of 2 × 1019

cm−2 for NGC 765, but these size measurements lie reasonably
close to the DH I–MH I relation. It is expected that the MW and M31
lie on the DH I–MH I relation, as they are normal spiral galaxies.
The LMC and SMC are known to be tidally interacting with the
MW, but they lie within 3σ from the DH I–MH I relation. We note
that equation (2) is also very close to the relations published in
other studies (Verheijen & Sancisi 2001; Noordermeer et al. 2002;
Swaters et al. 2002; Begum et al. 2008). The very small differences
in coefficients (less than 15 per cent) are likely to be caused by
different ways of measuring DH I.

The DH I–MH I relation suggests that different galaxies have sim-
ilar distributions of H I surface densities. To understand this better,
we present the median H I radial profiles (with radius normalized
by RH I = 0.5DH I) for different samples (Fig. 2). We find that the
median profiles of different dwarf and spiral galaxy samples have a
homogeneous shape in the outer regions around the position of RH I

(also see Wang et al. 2014). The shape is well described by an ex-
ponential function with a scalelength ∼0.2RH I. The only exceptions
are the early-type disc galaxies from the Atlas3D and WHISP sam-
ples, which have a larger H I scalelength in units of RH I compared
to other galaxies. However, they also have lower !H I in the inner
region, which conspires to put the objects on the same DH I–MH I

relation as other galaxies. We run a Kolmogorov–Smirnov (K–S)
test on the distributions of scatter from the DH I–MH I relation for
the early-type disc and other galaxies. The possibility that the two
distributions are different is just 36 per cent. We discuss the !H I

distribution of these early-type disc galaxies further in Section 4.
These homogeneous H I profiles also support !H I,c (equation 3)

as an indicator of the averaged !H I for dwarf and spiral galaxies in
general. However, this indicator is not applicable to the early-type
disc galaxies because of their different !H I distributions.

In Fig. 3, we investigate the vertical distance of galaxies from
the mean DH I–MH I relation as a function of MH I, MB, H I mass to
optical light ratio MH I/LB and H I to optical size ratio DH I/D25.
Galaxies in the sample cover a wide range of these properties, but
their median distance and scatter around the DH I–MH I relation do
not vary with them. As can be seen from Fig. 1, the low MH I end is
dominated by galaxies from LITTLE THINGS and FIGGS samples,
which targeted very low-mass dwarf galaxies (Begum et al. 2008;

Figure 3. Vertical offset of galaxies from the DH I–MH I relation as a function of MH I, MB, MH I/LB, and DH I/D25. The solid magenta lines show the median,
and the dashed magenta lines show the 10 and 90 percentiles of the distribution. The dotted black lines mark the position of 0 and 1σ scatter measured in
Fig. 1. The optical properties are taken from the SIMBAD astronomical data base and are inhomogeneous.
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Implementation

• high-resolution, large volume simulations still some time away (see Lucio's talk)

• until then: smaller volume + zoom-in simulations, ML, parametric modeling

FIREbox

FIREbox

• FIREbox pathfinder (RF in prep.) w/ P. Hopkins, E. Quataert, C.A. Faucher-Giguere, 
D. Keres & members of FIRE collaboration
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QUANTIFYING DISC MORPHOLOGY WITH NON-PARAMETRIC 
MORPHOLOGICAL INDICATORS

WISDOM XI: ISM morphology in galaxy centres 5

systems. NGC4826 is included in both surveys. In this case we use
the WISDOM data, which have a higher spatial resolution, but very
similar morphological parameters are derived from the PHANGS
data.

2.3 Simulations

To help distinguish the physical mechanisms shaping the ISM in the
centres of our sample objects, we compare with simulated galaxies
from Gensior et al. (2020). These authors conducted high-resolution
hydrodynamic simulations of a set of galaxies using the A����
moving-mesh code (Springel 2010). All simulated galaxies are ini-
tialised with a stellar mass of 4.71⇥1010 M� , a Hernquist (1990)
dark matter halo of 2⇥1012 M� and a gas fraction of 5 per cent. The
discs of gas and stars are initially setup with an exponential surface
density profile, with a scale radius of 4.6 kpc. The only di�erences
between the simulations are the bulge-to-disc mass ratios and the
bulge scale radii. Therefore, the e�ective stellar surface density
varies between the simulated galaxies, despite their identical total
stellar mass.

As discussed in detail in Gensior et al. in prep, the gas discs
in the centres of these simulated galaxies appear visually similar
to those in the WISDOM systems, becoming more smooth and
symmetric in the bulge-dominated galaxies. Here we analyse face-
on projected gas mass surface density maps which were output from
these simulations. Formally the simulations do not track molecular
gas, so we create mock moment zero maps by imposing a gas
mass surface density cut of 10 M� pc�2, where the gas is expected
to become primarily molecular (e.g. Krumholz et al. 2009). The
exact value we take for this cut does not change our conclusions.
We then analyse these simulated gas maps in the same way as the
observations. Table 2 lists the galaxy properties that were varied
for each simulation, and the resulting galaxy properties we compare
with the observations.

The simulations performed by Gensior et al. (2020) are not
perfectly matched to our sample galaxies. By construction the sim-
ulated galaxies have somewhat lower stellar surface densities within
their e�ective radii (see Column 10 of Table 1 and Column 4 of Ta-
ble 2), and the gas surface densities within a radius of one kiloparsec
are significantly lower (as the ISM is by construction more radially
extended; see Column 5 of Tables 1 and 2). We will comment fur-
ther on these di�erences and how they a�ect our analyses where
appropriate throughout the paper.

3 NON-PARAMETRIC GAS MORPHOLOGY
MEASUREMENTS

To quantitatively investigate the morphology of the ISM in the WIS-
DOM galaxies (and compare to the simulated galaxies), we make
use of modified versions of the Asymmetry statistic, Smoothness
statistic and Gini coe�cient used extensively by optical astronomers
(e.g Conselice 2003a; Rodriguez-Gomez et al. 2019) and also in H�
studies (e.g. Holwerda et al. 2011b). The concentration and M20
statistics (which both measure the central concentration of the gas;
Bershady et al. 2000; Conselice 2003b) typically used alongside
Asymmetry, Smoothness and Gini do not show strong correlations
with any of the physical variables probed here, and hence we do not
consider them further.

In each case these measurements are performed on the
moment-zero map, which covers the inner 3 ⇥ 3 kpc2 of each sys-
tem (see Table B1). The moment maps are further masked using

elliptical apertures (defined using the position angle and inclination
of each system) that contain 90% of the CO flux. This ensures our
measurements are not biased by large areas in the outer regions
of some galaxies where no gas is detected. The choice of 90%
for this flux threshold is arbitrary, but our results remain robust to
any reasonable choice of this parameter (75-95%). We calculate
uncertainties that correspond to the change in each statistic when
altering this radial threshold by ±5%, and list these in Table B1.
For the simulations the uncertanties are defined di�erently, and re-
flect the variation when performing each measurement on di�erent
snapshots of the simulation.

3.1 Asymmetry

The Asymmetry index (�; Schade et al. 1995; Abraham et al. 1996)
quantifies the degree of rotational (a)symmetry present in a distri-
bution, and hence can be used to assess how asymmetric the gas
discs in our sources are. It is obtained by subtracting the moment
map rotated by 180� from the original map:

� ⌘
Õ
8, 9 |�8 9 � �180

8 9 |Õ
8, 9 |�8 9 |

, (2)

where �8 9 and �180
8 9 are the surface brightness of pixel 8, 9 in the orig-

inal and rotated moment map, respectively, and the sum is taken over
all pixels in the map 8, 9 . We note that a background Asymmetry
term is typically included when calculating this parameter in opti-
cal images, but this is neglected here as the correction is minimal
(we apply the statistics on our highly resolved, high signal-to-noise
masked moment-zero maps where the background has already been
removed).

3.2 Smoothness

The Smoothness index ((; Conselice 2003a) quantifies how smooth
a two-dimensional distribution is on a given spatial scale, and hence
can be used to investigate the Smoothness of the ISM of our galaxies.
It is obtained by subtracting the moment-zero map smoothed with
a boxcar filter of width f from the original map:

( ⌘
Õ
8, 9 �8 9 � �S8 9Õ

8, 9 �8 9
, (3)

where �8 9 and �S8 9 are the surface brightness of pixel 8, 9 in the
original and smoothed images, respectively, and the sum is taken
over all pixels in the map 8, 9 . The boxcar filter width f is set to
500 pc here, and we explore the impact of this choice in Section
4.1. Once again thebackground term typically used when working
with optical images can be neglected. We also note that as defined
here, larger ( corresponds to galaxies that are less smooth (i.e. more
clumpy).

3.3 Gini coe�cient

The Gini coe�cient (⌧) quantifies the (in)equality in a distribution,
and hence can provide an alternative measurement for the Smooth-
ness of the ISM. This statistic is primarily used in economics to
quantify the wealth inequality in a population, but it has also been
used widely in astronomy (e.g. Abraham et al. 1996). For a set of
= pixel fluxes -8 , where 8 = 1, 2, ..., =, the Gini coe�cient can be
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computed as in Rodriguez-Gomez et al. (2019)

⌧ ⌘ 1

-̄=(= � 1)

=’
8=1

(28 � = � 1)-8 , (4)

where -̄ is the mean flux measured over all pixels. A value of ⌧ = 1
is obtained when all of the flux is concentrated in a single pixel,
while a homogeneous brightness distribution yields ⌧ = 0. Small
values of ⌧ thus again imply smoother gas distributions.

3.4 The impact of resolution

In this work we are combining data for galaxies at di�erent dis-
tances, using datasets from two di�erent surveys. The physical
scales probed by our datasets therefore vary. In principle this could
a�ect the derived non-parametric morphology measurements. For
instance, one would expect that as the spatial resolution of the data
used becomes coarser galaxies will appear smoother, and less asym-
metric as fine detail is not resolved.

To avoid this issue, in this paper we present measurements of
the above statistics made on moment zero maps convolved to a fixed
physical resolution of 120 pc. Measurements made on the maps at
their original resolution show that the retrieved non-parametric mor-
phologies are only marginally a�ected by this change. The derived
asymmetries are ⇡0.1 smaller, on average, in this lower resolution
data, while Smoothness and Gini were less a�ected (reducing by
0.05 and 0.03 on average, respectively). None of the correlations
found in this work would change if we adopted the values derived
at the highest possible spatial resolution.

We note that, in principle, the correct way to obtain lower
resolution moment-zero maps is by tapering the observed visibilities
in the DE-plane within the individual interferometric datasets, and
then re-imaging the data. As we do not have access to the calibrated
interferometric data for all our sources, however, we here simply
convolved each map to a fixed physical resolution of 120 pc. Tests
on several of the WISDOM objects suggests that the non-parametric
morphology measurements obtained from tapered data di�er very
little from those obtained on convolved datasets, and hence we do
not expect this to bias our results.

Twelve of the galaxies observed in this work have native spatial
resolutions of 130-220 pc, significantly larger than our 120 pc limit.
We chose to include these galaxies here to maximise our statistics,
but we have verified that removing them would not change any of
our conclusions.

4 RESULTS

In Figure 1 we show six examples of the integrated intensity maps
of CO(2-1) or CO(3-2) from the WISDOM survey at their original
spatial resolution, which in these cases is ⇡30 pc. The top row
includes galaxies classified using optical imaging as early-type,
while the second row contains spiral galaxies. It is clear even by
eye that the typical molecular gas morphology of ETGs is di�erent
from that of spiral galaxies. In ETGs the gas appears generally fairly
smoothly distributed on 100 pc scales. Small clumps are visible,
but these are embedded in the larger-scale smooth discs, which
can also show some low-level ring structures. In the spirals, on the
other hand, at the same physical scale the gas is concentrated into
strong spiral structures, that are often asymmetric and clumpy. The
remaining moment-zero maps are shown in Appendix A. Similar
trends are obvious in these maps as well (see Section 5 for a visual
representation of this trend).

At first glance it may seem unsurprising that the molecular
medium is dominated by spiral features in spiral galaxies (and not
in ETGs). However, there is no obvious physical reason the ISM in
galaxy centres should follow the large-scale structure of the galaxy.
The molecular ISM is typically dense in these regions, and molecu-
lar clouds with high surface densities may become decoupled from
their surroundings. This is especially true at small scales close to
the galaxy centre, where spiral arms are unimportant, bars may
have rearranged the gas, and the gravitational potential is expected
to be significantly more spherical due to the impact of the bulge.
A comparison of these maps with those of the simulated galaxies
shows that the latter follow similar trends, with the gas fragmenting
significantly more in low bulge fraction galaxies (see Figures 7 and
13 in Gensior et al. 2020).

4.1 Non-parametric morphologies

To quantify the visual impression arising from Figure 1 that ETGs
have a smoother molecular ISM morphology we utilise our non-
parametric morphology measurements. These measurements were
made from our CO integrated-intensity maps with a fixed spatial
resolution of 120 pc. In Figure 2 we show the Asymmetry, Smooth-
ness and Gini coe�cients for the WISDOM galaxies (solid circles),
PHANGS systems (open circles) and the simulations (green stars),
here plotted against each other. Early-type systems are shown in
red, while spiral galaxies are shown in blue. All three of these pa-
rameters are strongly correlated with one another (see Table 3 for
statistical test results on the observational samples). Some corre-
lations are expected (e.g. between Gini and Smoothness, as these
are di�erent statistics that attempt to estimate the same thing), but
it seems that galaxies with smooth ISMs also tend to be symmet-
ric, while galaxies with clumpy ISMs can display a wider range of
asymmetries. These measures also seem to correlate with galaxy
type, as is shown by the marginal distribution for each class of sys-
tem in the histograms at the top and right of each panel. It seems that
early type systems have a smooth, symmetric ISM distribution (low
Asymmetry, Smoothness and Gini), while the ISM in spiral galaxy
centres is clumpy and asymmetric (high Asymmetry, Smoothness
and Gini). This confirms the trend identified by eye and described
in Section 4.

We note that the Gini and Asymmetry indices are robust, in that
their values do not depend on any free parameters. The Smoothness
index, however, depends both on the smoothing kernel chosen, and
(in extreme cases) how this compares to the total image size. In this
work we have adopted a smoothing scale 500 pc. If we had instead
chosen a fixed multiple of the interferometric beam or of the total
molecular disc size the absolute values derived for the Smoothness
index would change, but the overall trends remain.

In the remainder of this section we will correlate these non-
parametric morphology measurements with physical properties of
the galaxies to try and identify the drivers of these observed trends
between galaxy morphology and ISM morphology.

4.2 Correlations with physical properties

4.2.1 Stellar mass and the galaxy potential

One possible driver of the correlation between ISM and galaxy
morphology is the (shapes and depths) of the gravitational potential
wells of these galaxies. Indeed, the ‘external’ (i.e. galactic) gravita-
tional forces on the gas can help to stabilise it against gravitational
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systems. NGC4826 is included in both surveys. In this case we use
the WISDOM data, which have a higher spatial resolution, but very
similar morphological parameters are derived from the PHANGS
data.

2.3 Simulations

To help distinguish the physical mechanisms shaping the ISM in the
centres of our sample objects, we compare with simulated galaxies
from Gensior et al. (2020). These authors conducted high-resolution
hydrodynamic simulations of a set of galaxies using the A����
moving-mesh code (Springel 2010). All simulated galaxies are ini-
tialised with a stellar mass of 4.71⇥1010 M� , a Hernquist (1990)
dark matter halo of 2⇥1012 M� and a gas fraction of 5 per cent. The
discs of gas and stars are initially setup with an exponential surface
density profile, with a scale radius of 4.6 kpc. The only di�erences
between the simulations are the bulge-to-disc mass ratios and the
bulge scale radii. Therefore, the e�ective stellar surface density
varies between the simulated galaxies, despite their identical total
stellar mass.

As discussed in detail in Gensior et al. in prep, the gas discs
in the centres of these simulated galaxies appear visually similar
to those in the WISDOM systems, becoming more smooth and
symmetric in the bulge-dominated galaxies. Here we analyse face-
on projected gas mass surface density maps which were output from
these simulations. Formally the simulations do not track molecular
gas, so we create mock moment zero maps by imposing a gas
mass surface density cut of 10 M� pc�2, where the gas is expected
to become primarily molecular (e.g. Krumholz et al. 2009). The
exact value we take for this cut does not change our conclusions.
We then analyse these simulated gas maps in the same way as the
observations. Table 2 lists the galaxy properties that were varied
for each simulation, and the resulting galaxy properties we compare
with the observations.

The simulations performed by Gensior et al. (2020) are not
perfectly matched to our sample galaxies. By construction the sim-
ulated galaxies have somewhat lower stellar surface densities within
their e�ective radii (see Column 10 of Table 1 and Column 4 of Ta-
ble 2), and the gas surface densities within a radius of one kiloparsec
are significantly lower (as the ISM is by construction more radially
extended; see Column 5 of Tables 1 and 2). We will comment fur-
ther on these di�erences and how they a�ect our analyses where
appropriate throughout the paper.

3 NON-PARAMETRIC GAS MORPHOLOGY
MEASUREMENTS

To quantitatively investigate the morphology of the ISM in the WIS-
DOM galaxies (and compare to the simulated galaxies), we make
use of modified versions of the Asymmetry statistic, Smoothness
statistic and Gini coe�cient used extensively by optical astronomers
(e.g Conselice 2003a; Rodriguez-Gomez et al. 2019) and also in H�
studies (e.g. Holwerda et al. 2011b). The concentration and M20
statistics (which both measure the central concentration of the gas;
Bershady et al. 2000; Conselice 2003b) typically used alongside
Asymmetry, Smoothness and Gini do not show strong correlations
with any of the physical variables probed here, and hence we do not
consider them further.

In each case these measurements are performed on the
moment-zero map, which covers the inner 3 ⇥ 3 kpc2 of each sys-
tem (see Table B1). The moment maps are further masked using

elliptical apertures (defined using the position angle and inclination
of each system) that contain 90% of the CO flux. This ensures our
measurements are not biased by large areas in the outer regions
of some galaxies where no gas is detected. The choice of 90%
for this flux threshold is arbitrary, but our results remain robust to
any reasonable choice of this parameter (75-95%). We calculate
uncertainties that correspond to the change in each statistic when
altering this radial threshold by ±5%, and list these in Table B1.
For the simulations the uncertanties are defined di�erently, and re-
flect the variation when performing each measurement on di�erent
snapshots of the simulation.

3.1 Asymmetry

The Asymmetry index (�; Schade et al. 1995; Abraham et al. 1996)
quantifies the degree of rotational (a)symmetry present in a distri-
bution, and hence can be used to assess how asymmetric the gas
discs in our sources are. It is obtained by subtracting the moment
map rotated by 180� from the original map:

� ⌘
Õ
8, 9 |�8 9 � �180

8 9 |Õ
8, 9 |�8 9 |

, (2)

where �8 9 and �180
8 9 are the surface brightness of pixel 8, 9 in the orig-

inal and rotated moment map, respectively, and the sum is taken over
all pixels in the map 8, 9 . We note that a background Asymmetry
term is typically included when calculating this parameter in opti-
cal images, but this is neglected here as the correction is minimal
(we apply the statistics on our highly resolved, high signal-to-noise
masked moment-zero maps where the background has already been
removed).

3.2 Smoothness

The Smoothness index ((; Conselice 2003a) quantifies how smooth
a two-dimensional distribution is on a given spatial scale, and hence
can be used to investigate the Smoothness of the ISM of our galaxies.
It is obtained by subtracting the moment-zero map smoothed with
a boxcar filter of width f from the original map:

( ⌘
Õ
8, 9 �8 9 � �S8 9Õ

8, 9 �8 9
, (3)

where �8 9 and �S8 9 are the surface brightness of pixel 8, 9 in the
original and smoothed images, respectively, and the sum is taken
over all pixels in the map 8, 9 . The boxcar filter width f is set to
500 pc here, and we explore the impact of this choice in Section
4.1. Once again thebackground term typically used when working
with optical images can be neglected. We also note that as defined
here, larger ( corresponds to galaxies that are less smooth (i.e. more
clumpy).

3.3 Gini coe�cient

The Gini coe�cient (⌧) quantifies the (in)equality in a distribution,
and hence can provide an alternative measurement for the Smooth-
ness of the ISM. This statistic is primarily used in economics to
quantify the wealth inequality in a population, but it has also been
used widely in astronomy (e.g. Abraham et al. 1996). For a set of
= pixel fluxes -8 , where 8 = 1, 2, ..., =, the Gini coe�cient can be

MNRAS 000, 1–20 (2020)

Gini

Asymmetry

Smoothness

Low High
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Implementation

• high-resolution, large volume simulations still some time away (see Lucio's talk)

• until then: smaller volume + zoom-in simulations, ML, parametric modeling

FIREbox

FIREbox

• FIREbox pathfinder (RF in prep.) w/ P. Hopkins, E. Quataert, C.A. Faucher-Giguere, 
D. Keres & members of FIRE collaboration

EMP-Pathfinder

<latexit sha1_base64="gTwUIrTUS93MnoQrb5zWkDqtXdg=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgZLwVVJSlE3QtGNywr2Ak0ok+lJO3QmCTMToYS68VXcuFDErW/hzrdx2mahrT8MfPznHM6cP0g4U9pxvq2V1bX1jc3CVnF7Z3dv3z44bKk4lRSaNOax7AREAWcRNDXTHDqJBCICDu1gdDOttx9AKhZH93qcgC/IIGIho0Qbq2cfe5Aoxg1mnhQ4DCf4Clcdr9yzS07FmQkvg5tDCeVq9Owvrx/TVECkKSdKdV0n0X5GpGaUw6TopQoSQkdkAF2DERGg/Gx2wQSXjdPHYSzNizSeub8nMiKUGovAdAqih2qxNjX/q3VTHV76GYuSVENE54vClGMd42kcuM8kUM3HBgiVzPwV0yGRhGoTWtGE4C6evAytasU9r9TuaqX6dR5HAZ2gU3SGXHSB6ugWNVATUfSIntErerOerBfr3fqYt65Y+cwR+iPr8wfZO5XY</latexit>

✏↵ = 20%

<latexit sha1_base64="Wf9cJSCa/5gqEwduj0Q9WMgOGS0=">AAACHXicbZDLSsNAFIYnXmu9RV26GSxCBSmJFHUjFN24ESrYCzSlnEwn7dDJhZlJoYS8iBtfxY0LRVy4Ed/GSZuFtv4w8PGfc5hzfjfiTCrL+jaWlldW19YLG8XNre2dXXNvvynDWBDaICEPRdsFSTkLaEMxxWk7EhR8l9OWO7rJ6q0xFZKFwYOaRLTrwyBgHiOgtNUzqw6NJOMaE0f42PNSfIW9sgM8GsLMGzORnmLHBzUkwJO79KRnlqyKNRVeBDuHEspV75mfTj8ksU8DRThI2bGtSHUTEIoRTtOiE0saARnBgHY0BuBT2U2m16X4WDt97IVCv0Dhqft7IgFfyonv6s5sRzlfy8z/ap1YeZfdhAVRrGhAZh95MccqxFlUuM8EJYpPNAARTO+KyRAEEKUDLeoQ7PmTF6F5VrHPK9X7aql2ncdRQIfoCJWRjS5QDd2iOmoggh7RM3pFb8aT8WK8Gx+z1iUjnzlAf2R8/QAelqHw</latexit>

✏↵ = f(↵vir,M)

EMP-Pathfinder

Gensior+2023 to be subm.
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Implementation

• high-resolution, large volume simulations still some time away (see Lucio's talk)

• until then: smaller volume + zoom-in simulations, ML, parametric modeling

FIREbox

FIREbox

• FIREbox pathfinder (RF in prep.) w/ P. Hopkins, E. Quataert, C.A. Faucher-Giguere, 
D. Keres & members of FIRE collaboration

EMP-Pathfinder

<latexit sha1_base64="gTwUIrTUS93MnoQrb5zWkDqtXdg=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgZLwVVJSlE3QtGNywr2Ak0ok+lJO3QmCTMToYS68VXcuFDErW/hzrdx2mahrT8MfPznHM6cP0g4U9pxvq2V1bX1jc3CVnF7Z3dv3z44bKk4lRSaNOax7AREAWcRNDXTHDqJBCICDu1gdDOttx9AKhZH93qcgC/IIGIho0Qbq2cfe5Aoxg1mnhQ4DCf4Clcdr9yzS07FmQkvg5tDCeVq9Owvrx/TVECkKSdKdV0n0X5GpGaUw6TopQoSQkdkAF2DERGg/Gx2wQSXjdPHYSzNizSeub8nMiKUGovAdAqih2qxNjX/q3VTHV76GYuSVENE54vClGMd42kcuM8kUM3HBgiVzPwV0yGRhGoTWtGE4C6evAytasU9r9TuaqX6dR5HAZ2gU3SGXHSB6ugWNVATUfSIntErerOerBfr3fqYt65Y+cwR+iPr8wfZO5XY</latexit>

✏↵ = 20%

<latexit sha1_base64="Wf9cJSCa/5gqEwduj0Q9WMgOGS0=">AAACHXicbZDLSsNAFIYnXmu9RV26GSxCBSmJFHUjFN24ESrYCzSlnEwn7dDJhZlJoYS8iBtfxY0LRVy4Ed/GSZuFtv4w8PGfc5hzfjfiTCrL+jaWlldW19YLG8XNre2dXXNvvynDWBDaICEPRdsFSTkLaEMxxWk7EhR8l9OWO7rJ6q0xFZKFwYOaRLTrwyBgHiOgtNUzqw6NJOMaE0f42PNSfIW9sgM8GsLMGzORnmLHBzUkwJO79KRnlqyKNRVeBDuHEspV75mfTj8ksU8DRThI2bGtSHUTEIoRTtOiE0saARnBgHY0BuBT2U2m16X4WDt97IVCv0Dhqft7IgFfyonv6s5sRzlfy8z/ap1YeZfdhAVRrGhAZh95MccqxFlUuM8EJYpPNAARTO+KyRAEEKUDLeoQ7PmTF6F5VrHPK9X7aql2ncdRQIfoCJWRjS5QDd2iOmoggh7RM3pFb8aT8WK8Gx+z1iUjnzlAf2R8/QAelqHw</latexit>

✏↵ = f(↵vir,M)

Gensior+2023 to be subm.

Smoother & more symmetric discs
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Implementation

• high-resolution, large volume simulations still some time away (see Lucio's talk)

• until then: smaller volume + zoom-in simulations, ML, parametric modeling

FIREbox

FIREbox

• FIREbox pathfinder (RF in prep.) w/ P. Hopkins, E. Quataert, C.A. Faucher-Giguere, 
D. Keres & members of FIRE collaboration

EMP-Pathfinder

<latexit sha1_base64="gTwUIrTUS93MnoQrb5zWkDqtXdg=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgZLwVVJSlE3QtGNywr2Ak0ok+lJO3QmCTMToYS68VXcuFDErW/hzrdx2mahrT8MfPznHM6cP0g4U9pxvq2V1bX1jc3CVnF7Z3dv3z44bKk4lRSaNOax7AREAWcRNDXTHDqJBCICDu1gdDOttx9AKhZH93qcgC/IIGIho0Qbq2cfe5Aoxg1mnhQ4DCf4Clcdr9yzS07FmQkvg5tDCeVq9Owvrx/TVECkKSdKdV0n0X5GpGaUw6TopQoSQkdkAF2DERGg/Gx2wQSXjdPHYSzNizSeub8nMiKUGovAdAqih2qxNjX/q3VTHV76GYuSVENE54vClGMd42kcuM8kUM3HBgiVzPwV0yGRhGoTWtGE4C6evAytasU9r9TuaqX6dR5HAZ2gU3SGXHSB6ugWNVATUfSIntErerOerBfr3fqYt65Y+cwR+iPr8wfZO5XY</latexit>

✏↵ = 20%

<latexit sha1_base64="Wf9cJSCa/5gqEwduj0Q9WMgOGS0=">AAACHXicbZDLSsNAFIYnXmu9RV26GSxCBSmJFHUjFN24ESrYCzSlnEwn7dDJhZlJoYS8iBtfxY0LRVy4Ed/GSZuFtv4w8PGfc5hzfjfiTCrL+jaWlldW19YLG8XNre2dXXNvvynDWBDaICEPRdsFSTkLaEMxxWk7EhR8l9OWO7rJ6q0xFZKFwYOaRLTrwyBgHiOgtNUzqw6NJOMaE0f42PNSfIW9sgM8GsLMGzORnmLHBzUkwJO79KRnlqyKNRVeBDuHEspV75mfTj8ksU8DRThI2bGtSHUTEIoRTtOiE0saARnBgHY0BuBT2U2m16X4WDt97IVCv0Dhqft7IgFfyonv6s5sRzlfy8z/ap1YeZfdhAVRrGhAZh95MccqxFlUuM8EJYpPNAARTO+KyRAEEKUDLeoQ7PmTF6F5VrHPK9X7aql2ncdRQIfoCJWRjS5QDd2iOmoggh7RM3pFb8aT8WK8Gx+z1iUjnzlAf2R8/QAelqHw</latexit>

✏↵ = f(↵vir,M)

EMP-Pathfinder
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Gensior+2023 to be subm.
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Implementation

• high-resolution, large volume simulations still some time away (see Lucio's talk)

• until then: smaller volume + zoom-in simulations, ML, parametric modeling

FIREbox

FIREbox

• FIREbox pathfinder (RF in prep.) w/ P. Hopkins, E. Quataert, C.A. Faucher-Giguere, 
D. Keres & members of FIRE collaboration

EMP-Pathfinder
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Can we infer what drives these differences in HI disc 
morphology?
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Physics sub-grid model most important feature for Asymmetry
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Ṁ
HI,o

ut

Ṁ
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Reverse also holds: Asymmetry most important feature to predict physics model

Gensior+2023 to be subm.
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SUMMARY: HI DISC PROPERTIES @z=0
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■HI discs are extremely sensitive to the physics of star formation and stellar 
feedback:

■Central HI surface density profile differs depending on physics model

■Only FIREbox & multi free-fall SFE EMP-Pathfinder produce thin HI discs

■Very different HI morphologies: 
➡ multi free-fall SFE EMP-Pathfinder galaxies have very smooth & symmetric HI discs
➡ FIREbox: porous & sub-structured (very similar amount of structure in all discs) 
➡ constant SFE EMP-Pathfinder: very asymmetric

➡ Baryonic physics model selected as best predictor for Asymmetry & vice versa
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THE SAMPLE: EMP-PATHFINDER

Cosmological zooms EMP-Pathfinder
Reina-Campos,…,JG+ 2022

21 galaxies 14 galaxies

<latexit sha1_base64="U26l2ww7Q49GSxJHLSGdkBJaNiU="></latexit>
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◆"
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�2 � scritp
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s

!#

<latexit sha1_base64="Wf9cJSCa/5gqEwduj0Q9WMgOGS0=">AAACHXicbZDLSsNAFIYnXmu9RV26GSxCBSmJFHUjFN24ESrYCzSlnEwn7dDJhZlJoYS8iBtfxY0LRVy4Ed/GSZuFtv4w8PGfc5hzfjfiTCrL+jaWlldW19YLG8XNre2dXXNvvynDWBDaICEPRdsFSTkLaEMxxWk7EhR8l9OWO7rJ6q0xFZKFwYOaRLTrwyBgHiOgtNUzqw6NJOMaE0f42PNSfIW9sgM8GsLMGzORnmLHBzUkwJO79KRnlqyKNRVeBDuHEspV75mfTj8ksU8DRThI2bGtSHUTEIoRTtOiE0saARnBgHY0BuBT2U2m16X4WDt97IVCv0Dhqft7IgFfyonv6s5sRzlfy8z/ap1YeZfdhAVRrGhAZh95MccqxFlUuM8EJYpPNAARTO+KyRAEEKUDLeoQ7PmTF6F5VrHPK9X7aql2ncdRQIfoCJWRjS5QDd2iOmoggh7RM3pFb8aT8WK8Gx+z1iUjnzlAf2R8/QAelqHw</latexit>

✏↵ = f(↵vir,M)=>

Constant Multi free-fall
<latexit sha1_base64="gTwUIrTUS93MnoQrb5zWkDqtXdg=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgZLwVVJSlE3QtGNywr2Ak0ok+lJO3QmCTMToYS68VXcuFDErW/hzrdx2mahrT8MfPznHM6cP0g4U9pxvq2V1bX1jc3CVnF7Z3dv3z44bKk4lRSaNOax7AREAWcRNDXTHDqJBCICDu1gdDOttx9AKhZH93qcgC/IIGIho0Qbq2cfe5Aoxg1mnhQ4DCf4Clcdr9yzS07FmQkvg5tDCeVq9Owvrx/TVECkKSdKdV0n0X5GpGaUw6TopQoSQkdkAF2DERGg/Gx2wQSXjdPHYSzNizSeub8nMiKUGovAdAqih2qxNjX/q3VTHV76GYuSVENE54vClGMd42kcuM8kUM3HBgiVzPwV0yGRhGoTWtGE4C6evAytasU9r9TuaqX6dR5HAZ2gU3SGXHSB6ugWNVATUfSIntErerOerBfr3fqYt65Y+cwR+iPr8wfZO5XY</latexit>

✏↵ = 20%

Galaxies selected to have Milky Way halo-mass:                                                                at z=0           
<latexit sha1_base64="jKOGBoFvENoJy2ScXfMkM2pW9l0="></latexit>

11.85 < log (Mhalo/M�) < 12.48

Supernovae Type Ia & II + stellar winds from AGB stars

2 different star formation models!
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Supernovae Type Ia & II + stellar winds from AGB stars

2 different star formation models!

=> lower mass galaxies at higher-z
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DOES THE HI MASS-SIZE RELATION EVOLVE WITH REDSHIFT?
EMP-PATHFINDER HI MASS-SIZE RELATION @ z=0
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HI SIZE-MASS RELATION
The ⇡HI – "HI relation over the last gigayear 7

Figure 4. ⇡HI – "HI relation for 204 inclination-corrected galaxies. Each symbol corresponds to one of the four morphological classifications: 148 spiral
galaxies (SP: cyan squares), 40 irregular galaxies (IR: red triangles), 4 early-type galaxies (ET: yellow pentagons), and 12 merging systems (ME: magenta
circles). The best-fitting relation is shown with the thick dashed blue line, while the best fit from Wang et al. (2016) is shown with a dotted black line. The shaded
region indicates the 1f uncertainty from the MCMC posteriors (see Fig. 3) and the black dotted lines delimit the 3f scatter from Wang et al. (2016) relation.
The histograms on the sides display the H I mass and H I size distributions of the galaxies in the sample, respectively.

that overdensity, and found that all lie along the relation, suggesting
that this group environment has not significantly a�ected the H I
content of these galaxies. We measured a slope of 0.515± 0.019 and
an intercept of�3.393+0.184

�0.185 for the structure, which is still consistent
with the full sample. A more complete insight of the variation of the
⇡HI – "HI relation with large scale environments will be achieved
with the full MIGHTEE-H I survey area and redshift range.

6.4 Evolution of the ⇡HI – "HI relation as a function of I

Whereas previous studies were restricted to the very nearby Uni-
verse, our sample and the relation derived from it extends over a
previously unexplored redshift range. To investigate the evolution
of the ⇡HI – "HI as a function of redshift, we use our sample to
test for any redshift dependence using similar approach as in Pono-
mareva et al. (2021). We divided our sample into two redshift bins
with I  0.04 and I > 0.04, and performed the linear fit as de-

scribed in Section 6.1 to each bin. The low-redshift subsample con-
sists of 63 galaxies and spans four decades in H I mass ranging from
7.4  log("HI [M�])  10.4, with a median mass of 1.65⇥109 M� .
The high-redshift subsample contains 141 galaxies covering 3 orders
of magnitude in mass (8.9  log("HI [M�])  10.7) and a median
H I mass of 5.65 ⇥ 109 M� . Fig. 5 shows the best-fitting relation for
each redshift bin. We observe marginal di�erence between the slope
and intercept of the two subsamples, but the findings are consistent
within the errors with the best-fitting relation of the full sample.
The low-redshift bin has an intrinsic scatter of 0.052+0.006

�0.005 and ob-
served scatter of 0.054 dex, which is consistent with Wang et al.
(2016), whose sample only reaches out to redshifts of I ⇠ 0.03.
The high-redshift bin has a slightly larger scatter, both intrinsic
(fint = 0.053+0.004

�0.003) and observed (f = 0.058), but is consistent
within the errors (see Table 2).

To investigate the e�ect of a possible mass bias, we performed
the fit once again for each subsample, for a common H I mass range

MNRAS 000, 1–10 (2022)

MIGHTEE (Rajohnson+2022)
See also e.g. Broils & Rhee 1997, Verheijen & Sancisi 2001, Swaters+2002, Noordermeer+2005, 

Begum+2008, Obreschkow+2009, Ponomareva+2016, Wang+2016 Stevens+2019



HI discs as tracers of star formation and feedback physics  | Jindra Gensior I Swiss SKA Days 2023 | 07.09.23

101 102

DHI (kpc)

108

109

1010

M
H

I
(M

Ø
)

z=0

z=1

MIGHTEE Spirals
MIGHTEE
(Rajohnson+22)

0

2

4

6

8

#
ga

la
xi

es

2 4 6 8
# galaxies

EMP-Pathfinder
≤Æ = 20%

EMP-Pathfinder
≤Æ / f (Ævir, M)

DOES THE HI MASS-SIZE RELATION EVOLVE WITH REDSHIFT?
EMP-PATHFINDER HI MASS-SIZE RELATION @ z=0,1



HI discs as tracers of star formation and feedback physics  | Jindra Gensior I Swiss SKA Days 2023 | 07.09.23

101 102

DHI (kpc)

108

109

1010

M
H

I
(M

Ø
)

z=0

z=1

z=2

MIGHTEE Spirals
MIGHTEE
(Rajohnson+22)

0

2

4

6

8

#
ga

la
xi

es

2 4 6 8
# galaxies

EMP-Pathfinder
≤Æ = 20%

EMP-Pathfinder
≤Æ / f (Ævir, M)

DOES THE HI MASS-SIZE RELATION EVOLVE WITH REDSHIFT?
EMP-PATHFINDER HI MASS-SIZE RELATION @ z=0,1,2



HI discs as tracers of star formation and feedback physics  | Jindra Gensior I Swiss SKA Days 2023 | 07.09.23

101 102

DHI (kpc)

108

109

1010

M
H

I
(M

Ø
)

z=0

z=1

z=2

z=3

MIGHTEE Spirals
MIGHTEE
(Rajohnson+22)

0

2

4

6

8

#
ga

la
xi

es

2 4 6 8
# galaxies

EMP-Pathfinder
≤Æ = 20%

EMP-Pathfinder
≤Æ / f (Ævir, M)

DOES THE HI MASS-SIZE RELATION EVOLVE WITH REDSHIFT?
EMP-PATHFINDER HI MASS-SIZE RELATION @ z=0,1,2,3



HI discs as tracers of star formation and feedback physics  | Jindra Gensior I Swiss SKA Days 2023 | 07.09.23

101 102

DHI (kpc)

108

109

1010

M
H

I
(M

Ø
)

z=0

z=1

z=2

z=3

MIGHTEE Spirals
MIGHTEE
(Rajohnson+22)

0

2

4

6

8

#
ga

la
xi

es

2 4 6 8
# galaxies

EMP-Pathfinder
≤Æ = 20%

EMP-Pathfinder
≤Æ / f (Ævir, M)

DOES THE HI MASS-SIZE RELATION EVOLVE WITH REDSHIFT?
EMP-PATHFINDER HI MASS-SIZE RELATION @ z=0,1,2,3

High-z HI mass-size relation consistent with z=0 relation
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HI MASS SURFACE DENSITY PROFILES: SHALLOWER DECLINE AT z>0
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HI MASS SURFACE DENSITY PROFILES: SHALLOWER DECLINE AT z>0
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High-z HI surface density profiles not consistent with z=0 relation
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SUMMARY: HI DISC PROPERTIES @higher-z

■HI mass-size relation at z=1,2,3 consistent with z=0 relation

■Radial HI surface density profiles decline more shallowly at R>RHI cf. z=0

➡ Stay tuned for further analysis 
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CORRELATIONS WITH NON-PARAMETRIC MORPHOLOGICAL INDICATORS
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Ṁ
HI,o

ut

ph
ys
ics

m
od

el0.0

0.2

0.4

Asymmetry

Galaxy/potential FB

Gensior+2023 to be subm.



HI discs as tracers of star formation and feedback physics  | Jindra Gensior I Swiss SKA Days 2023 | 07.09.23

INCLINATION EFFECT ON NON-PARAMETRIC INDICATORS
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