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Dark Matter Halos: Hosting Galaxies

Aquarius Project, Springel+(2008)

Dark matter is critical for understanding structure formation of the universe



Hunting For WIMPs
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⽩白居易《⻓长恨歌》“上穷碧落下⻩黄泉，两处茫茫皆不⻅见。”

WIMP Search Status

He exhausted all avenues in heaven and the nether world,
… he could not bring her existence to light.

A Song of Immortal Regret, Bai Juyi (772-846)



A Critical Rethinking
• Dark matter is light, below a few GeV, hidden from terrestrial searches

•How can we determine the particle nature of dark matter  from 
astrophysical observations?

•The nightmare scenario: dark matter does not interact with the standard 
model particles, aside from gravity? 



Cold Dark Matter (CDM)
• Large scales: very well 

• Small scales (dwarf galaxies, sub-halos, galaxy clusters) 

• Core vs Cusp
• Diversity
• Too Big To Fail
• “Cores” in clusters
• Ultra diffuse galaxies



CDM: Universal Density Profile
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Aquarius Project, Springel+ (2008)
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Testing Ground



Core vs Cusp Problem
• DM-dominated systems (dwarfs, LSBs)
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Flores & Primack (1994); Moore (1994); de Blok & McGaugh (1997)… 

mass-to-light ratio

NFW (1996)



The Diversity Problem

Oman+(2015)

All galaxies 
have the same 
observed Vmax! 

Colored bands: hydrodynamical simulations of CDM
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Dark matter distributions are diverse in spiral galaxies



Reproduced from the data compiled in Oman+(2015)

Vcirc(2kpc) has a 
factor of ~4 scatter 
for fixed Vmax

A Big Challenge

Mhalo~109-1012 M☉



The diversity can be explained if dark 
matter has strong self-interactions



Self-Interacting Dark Matter
• Self-interactions thermalize the inner halo

� ' n⇥v = (�/mX)⇥v ⇠ H0

σ/mX ~1 cm2/g (nuclear scale)

CDM

SIDM

MW-sized halo

σ/mX =2 cm2/g

From Ran Huo

CDM

SIDM

DMHeat

Isothermal distribution

Review:  w/ Tulin (Physics Reports 2017)



Low Surface Brightness Galaxies
• DM self-interactions thermalize the inner halo

DM-dominated galaxies: Lower the central density and the circular velocity 
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High Surface Brightness  Galaxies
• DM self-interactions tie DM together with baryons

Thermalization leads to higher DM density due to the baryonic influence

Increasing baryon concentration 

⇢X ⇠ e��
tot

/�2

0 ⇠ e��
B

/�2

0

Vmax=120 km/s, MD=1010M⊙

CDM
SIDM,RD=2
SIDM,RD=3
SIDM,RD=6
SIDM only

0.1 0.5 1 5 10 50 100
105

106

107

108

109

Radius (kpc)

D
en
si
ty

(M
S
un
/k
pc
3
)

w/ Kaplinghat, Keeley, Linden (PRL 2014)
w/ Kamada, Kaplinghat, Pace (PRL 2017)



w/ Ren, Kwa, Kaplinghat (PRX 2018)We analyzed 135 galaxies (3.6 μm band)! 

Addressing the Diversity Problem  

SPARC dataset, Lelli, McGaugh,Schombert (2016) w/ Kamada, Kaplinghat, Pace (PRL 2017)
w/ Creasey, Sameie, Sales+(MNRAS 2017)



SIDM
Add one more parameter σ/m
Explain the diverse rotation curves of spiral galaxies (puzzled us for ~25 years)



Beyond Field Galaxies 

Image: Bullock+



w/ Valli (Nature Astronomy 2018)

But…

• Dark matter distributions are also diverse in satellite galaxies

• Naively, we would get σ/mX ~10 cm2/g for Fornax, but σ/mX ~0.3 cm2/g for Draco

Observations 

w/ Kaplinghat, Valli (MNRAS, 2019)



From Omid Sameie

Tidal Interactions



SIDM in the MW’s Tides 

w/ Sameie, Sales+ (PRL 2019)

• SIDM thermalization occurs in the presence of the Milky Way’s tides
• Tidal stripping can speed up the onset of core collapse

core collapse

core expansion



Reconciling Draco & Fornax in SIDM

w/ Sameie, Sales+(PRL 2019)

DM self-interactions 
and tidal interactions

core-expansion phase

core-collapse phase

SIDM can explain diverse DM distributions in both satellite and field galaxies 



Dragonfly team, van Dokkum+ (Nature 2018, AJPL 2019)

MDM/Mstar ⇡ 30
<latexit sha1_base64="xKd0FIDvksOb3XZqJowScujoFzo=">AAACCXicbZC7SgNBFIbPeo3xtmppMyQIghB3tdAyqIVNIIK5QHZZZiezyZDZCzOzYli2tfElfAAbC0VsfQM738bJpdDEHwY+/nMOZ87vJ5xJZVnfxsLi0vLKamGtuL6xubVt7uw2ZZwKQhsk5rFo+1hSziLaUExx2k4ExaHPacsfXI7qrTsqJIujWzVMqBviXsQCRrDSlmeimpc5IkRXtfx4ilJhkTs4SUR8f2p5ZtmqWGOhebCnUK6WnKMnAKh75pfTjUka0kgRjqXs2Fai3AwLxQinedFJJU0wGeAe7WiMcEilm40vydGBdrooiIV+kUJj9/dEhkMph6GvO0Os+nK2NjL/q3VSFZy7GYuSVNGITBYFKUcqRqNYUJcJShQfasBEMP1XRPpYYKJ0eEUdgj178jw0Tyq2VbFvdBoXMFEB9qEEh2DDGVThGurQAAIP8Ayv8GY8Gi/Gu/ExaV0wpjN78EfG5w/VN5tB</latexit><latexit sha1_base64="q35bHQscvXBH9+Jc27VaUY6o8dA=">AAACCXicbZDLSsNAFIYn9VbrLerSzdAiCEJNdKHLoi7cFCrYCzQhTKaTduhkEmYmYgjZunHrY7hxoYhb38Bd38bpZaGtPwx8/OcczpzfjxmVyrJGRmFpeWV1rbhe2tjc2t4xd/daMkoEJk0csUh0fCQJo5w0FVWMdGJBUOgz0vaHV+N6+54ISSN+p9KYuCHqcxpQjJS2PBPWvcwRIbyu5yczlAqJ3EFxLKKHM8szK1bVmggugj2DSq3sHD+PamnDM7+dXoSTkHCFGZKya1uxcjMkFMWM5CUnkSRGeIj6pKuRo5BIN5tcksND7fRgEAn9uIIT9/dEhkIp09DXnSFSAzlfG5v/1bqJCi7cjPI4UYTj6aIgYVBFcBwL7FFBsGKpBoQF1X+FeIAEwkqHV9Ih2PMnL0LrtGpbVftWp3EJpiqCA1AGR8AG56AGbkADNAEGj+AFvIF348l4NT6Mz2lrwZjN7IM/Mr5+AN6hnMc=</latexit><latexit sha1_base64="q35bHQscvXBH9+Jc27VaUY6o8dA=">AAACCXicbZDLSsNAFIYn9VbrLerSzdAiCEJNdKHLoi7cFCrYCzQhTKaTduhkEmYmYgjZunHrY7hxoYhb38Bd38bpZaGtPwx8/OcczpzfjxmVyrJGRmFpeWV1rbhe2tjc2t4xd/daMkoEJk0csUh0fCQJo5w0FVWMdGJBUOgz0vaHV+N6+54ISSN+p9KYuCHqcxpQjJS2PBPWvcwRIbyu5yczlAqJ3EFxLKKHM8szK1bVmggugj2DSq3sHD+PamnDM7+dXoSTkHCFGZKya1uxcjMkFMWM5CUnkSRGeIj6pKuRo5BIN5tcksND7fRgEAn9uIIT9/dEhkIp09DXnSFSAzlfG5v/1bqJCi7cjPI4UYTj6aIgYVBFcBwL7FFBsGKpBoQF1X+FeIAEwkqHV9Ih2PMnL0LrtGpbVftWp3EJpiqCA1AGR8AG56AGbkADNAEGj+AFvIF348l4NT6Mz2lrwZjN7IM/Mr5+AN6hnMc=</latexit><latexit sha1_base64="dMncG05GGDyXWEAWyY2MmqpxGyQ=">AAACCXicbZC7TsMwFIadcivlFmBksaiQmIoDA4wVMLBUKhK9SE0UOa7TWnXiyHYQVZSVhVdhYQAhVt6AjbfBbTNAyy9Z+vSfc3R8/iDhTGmEvq3S0vLK6lp5vbKxubW9Y+/utZVIJaEtIriQ3QAryllMW5ppTruJpDgKOO0Eo6tJvXNPpWIivtPjhHoRHsQsZARrY/k2bPiZKyN43chPClQay9zFSSLFwxny7SqqoangIjgFVEGhpm9/uX1B0ojGmnCsVM9BifYyLDUjnOYVN1U0wWSEB7RnMMYRVV42vSSHR8bpw1BI82INp+7viQxHSo2jwHRGWA/VfG1i/lfrpTq88DIWJ6mmMZktClMOtYCTWGCfSUo0HxvARDLzV0iGWGKiTXgVE4Izf/IitE9rDqo5t6havyziKIMDcAiOgQPOQR3cgCZoAQIewTN4BW/Wk/VivVsfs9aSVczsgz+yPn8AwriZuA==</latexit>

Mstar ⇡ 108 M�
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<latexit sha1_base64="QuVsMDRlLcLSsb4EZ7Zn6lgW074=">AAACCnicbZC7SgNBFIbPxluMt1VLmzFBEIS4a6NlUAubQARzgeyyzE4myZCZ3WVmVghLahsfwhewsVDE1iew822cXApN/GHg4z/ncOb8YcKZ0o7zbeWWlldW1/LrhY3Nre0de3evoeJUElonMY9lK8SKchbRumaa01YiKRYhp81wcDWuN++pVCyO7vQwob7AvYh1GcHaWIF9WA0yTwp0XR2dzlBpLEcep0opJpAb2CWn7EyEFsGdQalS9E6eAKAW2F9eJyapoJEmHCvVdp1E+xmWmhFORwUvVTTBZIB7tG0wwoIqP5ucMkJHxumgbizNizSauL8nMiyUGorQdAqs+2q+Njb/q7VT3b3wMxYlqaYRmS7qphzpGI1zQR0mKdF8aAATycxfEeljiYk26RVMCO78yYvQOCu7Ttm9NWlcwlR5OIAiHIML51CBG6hBHQg8wDO8wpv1aL1Y79bHtDVnzWb24Y+szx+GEZuf</latexit><latexit sha1_base64="povFsWs6+LjmC3eNpzQSquBtjhQ=">AAACCnicbZDLSgMxFIYz9VbrbdSlm9giCEKdcaPLoi7cFCrYC3SGIZNm2tAkMyQZYRi6duPS13DjQhG3PoG7vo3pZaHVHwIf/zmHk/OHCaNKO87YKiwtr6yuFddLG5tb2zv27l5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4Nam374lUNBZ3OkuIz1Ff0IhipI0V2If1IPckh9f10ekclUZy5DGilKIcuoFdcarOVPAvuHOo1MreydO4ljUC+8vrxTjlRGjMkFJd10m0nyOpKWZkVPJSRRKEh6hPugYF4kT5+fSUETwyTg9GsTRPaDh1f07kiCuV8dB0cqQHarE2Mf+rdVMdXfg5FUmqicCzRVHKoI7hJBfYo5JgzTIDCEtq/grxAEmEtUmvZEJwF0/+C62zqutU3VuTxiWYqQgOQBkcAxecgxq4AQ3QBBg8gGfwCt6sR+vFerc+Zq0Faz6zD37J+vwGj3udJQ==</latexit><latexit sha1_base64="povFsWs6+LjmC3eNpzQSquBtjhQ=">AAACCnicbZDLSgMxFIYz9VbrbdSlm9giCEKdcaPLoi7cFCrYC3SGIZNm2tAkMyQZYRi6duPS13DjQhG3PoG7vo3pZaHVHwIf/zmHk/OHCaNKO87YKiwtr6yuFddLG5tb2zv27l5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4Nam374lUNBZ3OkuIz1Ff0IhipI0V2If1IPckh9f10ekclUZy5DGilKIcuoFdcarOVPAvuHOo1MreydO4ljUC+8vrxTjlRGjMkFJd10m0nyOpKWZkVPJSRRKEh6hPugYF4kT5+fSUETwyTg9GsTRPaDh1f07kiCuV8dB0cqQHarE2Mf+rdVMdXfg5FUmqicCzRVHKoI7hJBfYo5JgzTIDCEtq/grxAEmEtUmvZEJwF0/+C62zqutU3VuTxiWYqQgOQBkcAxecgxq4AQ3QBBg8gGfwCt6sR+vFerc+Zq0Faz6zD37J+vwGj3udJQ==</latexit><latexit sha1_base64="feYzCSbqj61LrrcowietRi1DSP8=">AAAB5HicbVDLSgNBEOz1GddX9OplMAiewq4XPQpePEYwD0hCmJ3tTYbMzi4zvUJY8gMevIh49Zu8+TdOHqAmFjQUVd10d0W5kpaC4Mvb2Nza3tmt7Pn7B/7h0XH1pGWzwghsikxlphNxi0pqbJIkhZ3cIE8jhe1ofDfz209orMz0I01y7Kd8qGUiBScnNQbVWlAP5mDrJFySGiwxqH724kwUKWoSilvbDYOc+iU3JIXCqd8rLOZcjPkQu45qnqLtl/Mzp+zCKTFLMuNKE5urvydKnlo7SSPXmXIa2VVvJv7ndQtKbvql1HlBqMViUVIoRhmb/cxiaVCQmjjChZHuViZG3HBBLhnfZRCufrxOWlf1MKiHDz9hQAXO4BwuIYRruIV7aEATBMTwDK/eyHvx3rz3ReOGt5w4hT/wPr4BGDqLAg==</latexit><latexit sha1_base64="YlNrD2wV2BWZ6DWuXO1Tak3yBYs=">AAACCnicbZDLSsNAFIZP6q3WW9Slm9EiuKqJG10KunBTqGAv0IYwmU7aoTNJmJkIJWTtxldx40IRtz6BO9/GaRtQW38Y+PjPOZw5f5BwprTjfFmlpeWV1bXyemVjc2t7x97da6k4lYQ2Scxj2QmwopxFtKmZ5rSTSIpFwGk7GF1N6u17KhWLozs9Tqgn8CBiISNYG8u3D+t+1pMCXdfz0wKVxjLvcaqUYgK5vl11as5UaBHcAqpQqOHbn71+TFJBI004VqrrOon2Miw1I5zmlV6qaILJCA9o12CEBVVeNj0lR8fG6aMwluZFGk3d3xMZFkqNRWA6BdZDNV+bmP/VuqkOL7yMRUmqaURmi8KUIx2jSS6ozyQlmo8NYCKZ+SsiQywx0Sa9ignBnT95EVpnNdepubc/aUAZDuAITsCFc7iEG2hAEwg8wBO8wKv1aD1bb9b7rLVkFTP78EfWxzdMOJmU</latexit><latexit sha1_base64="YlNrD2wV2BWZ6DWuXO1Tak3yBYs=">AAACCnicbZDLSsNAFIZP6q3WW9Slm9EiuKqJG10KunBTqGAv0IYwmU7aoTNJmJkIJWTtxldx40IRtz6BO9/GaRtQW38Y+PjPOZw5f5BwprTjfFmlpeWV1bXyemVjc2t7x97da6k4lYQ2Scxj2QmwopxFtKmZ5rSTSIpFwGk7GF1N6u17KhWLozs9Tqgn8CBiISNYG8u3D+t+1pMCXdfz0wKVxjLvcaqUYgK5vl11as5UaBHcAqpQqOHbn71+TFJBI004VqrrOon2Miw1I5zmlV6qaILJCA9o12CEBVVeNj0lR8fG6aMwluZFGk3d3xMZFkqNRWA6BdZDNV+bmP/VuqkOL7yMRUmqaURmi8KUIx2jSS6ozyQlmo8NYCKZ+SsiQywx0Sa9ignBnT95EVpnNdepubc/aUAZDuAITsCFc7iEG2hAEwg8wBO8wKv1aD1bb9b7rLVkFTP78EfWxzdMOJmU</latexit><latexit sha1_base64="SUt6iTqIOwW300+p/5aRCpBxL14=">AAACCnicbZC7TsMwFIYdrqXcAowshgqJqSQsMFbAwFKpSPQiNVHkuCetVTuJbAepijqz8CosDCDEyhOw8Ta4bQZo+SVLn/5zjo7PH6acKe0439bS8srq2nppo7y5tb2za+/tt1SSSQpNmvBEdkKigLMYmpppDp1UAhEhh3Y4vJ7U2w8gFUviez1KwRekH7OIUaKNFdhH9SD3pMA39fFZgUoTOfY4KKWYwG5gV5yqMxVeBLeACirUCOwvr5fQTECsKSdKdV0n1X5OpGaUw7jsZQpSQoekD12DMRGg/Hx6yhifGKeHo0SaF2s8dX9P5EQoNRKh6RRED9R8bWL+V+tmOrr0cxanmYaYzhZFGcc6wZNccI9JoJqPDBAqmfkrpgMiCdUmvbIJwZ0/eRFa51XXqbp3TqV2VcRRQofoGJ0iF12gGrpFDdREFD2iZ/SK3qwn68V6tz5mrUtWMXOA/sj6/AFzkpoW</latexit><latexit sha1_base64="SUt6iTqIOwW300+p/5aRCpBxL14=">AAACCnicbZC7TsMwFIYdrqXcAowshgqJqSQsMFbAwFKpSPQiNVHkuCetVTuJbAepijqz8CosDCDEyhOw8Ta4bQZo+SVLn/5zjo7PH6acKe0439bS8srq2nppo7y5tb2za+/tt1SSSQpNmvBEdkKigLMYmpppDp1UAhEhh3Y4vJ7U2w8gFUviez1KwRekH7OIUaKNFdhH9SD3pMA39fFZgUoTOfY4KKWYwG5gV5yqMxVeBLeACirUCOwvr5fQTECsKSdKdV0n1X5OpGaUw7jsZQpSQoekD12DMRGg/Hx6yhifGKeHo0SaF2s8dX9P5EQoNRKh6RRED9R8bWL+V+tmOrr0cxanmYaYzhZFGcc6wZNccI9JoJqPDBAqmfkrpgMiCdUmvbIJwZ0/eRFa51XXqbp3TqV2VcRRQofoGJ0iF12gGrpFDdREFD2iZ/SK3qwn68V6tz5mrUtWMXOA/sj6/AFzkpoW</latexit><latexit sha1_base64="povFsWs6+LjmC3eNpzQSquBtjhQ=">AAACCnicbZDLSgMxFIYz9VbrbdSlm9giCEKdcaPLoi7cFCrYC3SGIZNm2tAkMyQZYRi6duPS13DjQhG3PoG7vo3pZaHVHwIf/zmHk/OHCaNKO87YKiwtr6yuFddLG5tb2zv27l5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4Nam374lUNBZ3OkuIz1Ff0IhipI0V2If1IPckh9f10ekclUZy5DGilKIcuoFdcarOVPAvuHOo1MreydO4ljUC+8vrxTjlRGjMkFJd10m0nyOpKWZkVPJSRRKEh6hPugYF4kT5+fSUETwyTg9GsTRPaDh1f07kiCuV8dB0cqQHarE2Mf+rdVMdXfg5FUmqicCzRVHKoI7hJBfYo5JgzTIDCEtq/grxAEmEtUmvZEJwF0/+C62zqutU3VuTxiWYqQgOQBkcAxecgxq4AQ3QBBg8gGfwCt6sR+vFerc+Zq0Faz6zD37J+vwGj3udJQ==</latexit><latexit sha1_base64="povFsWs6+LjmC3eNpzQSquBtjhQ=">AAACCnicbZDLSgMxFIYz9VbrbdSlm9giCEKdcaPLoi7cFCrYC3SGIZNm2tAkMyQZYRi6duPS13DjQhG3PoG7vo3pZaHVHwIf/zmHk/OHCaNKO87YKiwtr6yuFddLG5tb2zv27l5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4Nam374lUNBZ3OkuIz1Ff0IhipI0V2If1IPckh9f10ekclUZy5DGilKIcuoFdcarOVPAvuHOo1MreydO4ljUC+8vrxTjlRGjMkFJd10m0nyOpKWZkVPJSRRKEh6hPugYF4kT5+fSUETwyTg9GsTRPaDh1f07kiCuV8dB0cqQHarE2Mf+rdVMdXfg5FUmqicCzRVHKoI7hJBfYo5JgzTIDCEtq/grxAEmEtUmvZEJwF0/+C62zqutU3VuTxiWYqQgOQBkcAxecgxq4AQ3QBBg8gGfwCt6sR+vFerc+Zq0Faz6zD37J+vwGj3udJQ==</latexit><latexit sha1_base64="povFsWs6+LjmC3eNpzQSquBtjhQ=">AAACCnicbZDLSgMxFIYz9VbrbdSlm9giCEKdcaPLoi7cFCrYC3SGIZNm2tAkMyQZYRi6duPS13DjQhG3PoG7vo3pZaHVHwIf/zmHk/OHCaNKO87YKiwtr6yuFddLG5tb2zv27l5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4Nam374lUNBZ3OkuIz1Ff0IhipI0V2If1IPckh9f10ekclUZy5DGilKIcuoFdcarOVPAvuHOo1MreydO4ljUC+8vrxTjlRGjMkFJd10m0nyOpKWZkVPJSRRKEh6hPugYF4kT5+fSUETwyTg9GsTRPaDh1f07kiCuV8dB0cqQHarE2Mf+rdVMdXfg5FUmqicCzRVHKoI7hJBfYo5JgzTIDCEtq/grxAEmEtUmvZEJwF0/+C62zqutU3VuTxiWYqQgOQBkcAxecgxq4AQ3QBBg8gGfwCt6sR+vFerc+Zq0Faz6zD37J+vwGj3udJQ==</latexit><latexit sha1_base64="povFsWs6+LjmC3eNpzQSquBtjhQ=">AAACCnicbZDLSgMxFIYz9VbrbdSlm9giCEKdcaPLoi7cFCrYC3SGIZNm2tAkMyQZYRi6duPS13DjQhG3PoG7vo3pZaHVHwIf/zmHk/OHCaNKO87YKiwtr6yuFddLG5tb2zv27l5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4Nam374lUNBZ3OkuIz1Ff0IhipI0V2If1IPckh9f10ekclUZy5DGilKIcuoFdcarOVPAvuHOo1MreydO4ljUC+8vrxTjlRGjMkFJd10m0nyOpKWZkVPJSRRKEh6hPugYF4kT5+fSUETwyTg9GsTRPaDh1f07kiCuV8dB0cqQHarE2Mf+rdVMdXfg5FUmqicCzRVHKoI7hJBfYo5JgzTIDCEtq/grxAEmEtUmvZEJwF0/+C62zqutU3VuTxiWYqQgOQBkcAxecgxq4AQ3QBBg8gGfwCt6sR+vFerc+Zq0Faz6zD37J+vwGj3udJQ==</latexit><latexit sha1_base64="SUt6iTqIOwW300+p/5aRCpBxL14=">AAACCnicbZC7TsMwFIYdrqXcAowshgqJqSQsMFbAwFKpSPQiNVHkuCetVTuJbAepijqz8CosDCDEyhOw8Ta4bQZo+SVLn/5zjo7PH6acKe0439bS8srq2nppo7y5tb2za+/tt1SSSQpNmvBEdkKigLMYmpppDp1UAhEhh3Y4vJ7U2w8gFUviez1KwRekH7OIUaKNFdhH9SD3pMA39fFZgUoTOfY4KKWYwG5gV5yqMxVeBLeACirUCOwvr5fQTECsKSdKdV0n1X5OpGaUw7jsZQpSQoekD12DMRGg/Hx6yhifGKeHo0SaF2s8dX9P5EQoNRKh6RRED9R8bWL+V+tmOrr0cxanmYaYzhZFGcc6wZNccI9JoJqPDBAqmfkrpgMiCdUmvbIJwZ0/eRFa51XXqbp3TqV2VcRRQofoGJ0iF12gGrpFDdREFD2iZ/SK3qwn68V6tz5mrUtWMXOA/sj6/AFzkpoW</latexit>

MDM/Mstar ⇠ 200
<latexit sha1_base64="/NhFt/sA9Rd37MONdayr/RP0YZI=">AAACB3icbZC7SgNBFIbPxluMt1VLQYYEQRDibhotg1rYBCKYC2SXMDuZTYbM7C4zs0JY0tn4FtY2ForY+gp2vo2TS6HRHwY+/nMOZ84fJJwp7ThfVm5peWV1Lb9e2Njc2t6xd/eaKk4loQ0S81i2A6woZxFtaKY5bSeSYhFw2gqGl5N6645KxeLoVo8S6gvcj1jICNbG6tqHtW7mSYGuauPTOSqN5dhTTFQcp2uXnLIzFfoL7hxK1aJ38ggA9a796fVikgoaacKxUh3XSbSfYakZ4XRc8FJFE0yGuE87BiMsqPKz6R1jdGScHgpjaV6k0dT9OZFhodRIBKZTYD1Qi7WJ+V+tk+rw3M9YlKSaRmS2KEw50jGahIJ6TFKi+cgAJpKZvyIywBITbaIrmBDcxZP/QrNSdp2ye2PSuICZ8nAARTgGF86gCtdQhwYQuIcneIFX68F6tt6s91lrzprP7MMvWR/fu3yaCw==</latexit><latexit sha1_base64="XfNNJnoq7NyXrLYv7aHUc8g9XBw=">AAACB3icbZDLSsNAFIYn9VbrLepSkKFFEISadKPLoi7cFCrYCzQhTKaTduhMEmYmQgjZuXHvU7hxoYhbX8Fd38bpZaGtPwx8/OcczpzfjxmVyrLGRmFldW19o7hZ2tre2d0z9w/aMkoEJi0csUh0fSQJoyFpKaoY6caCIO4z0vFH15N654EISaPwXqUxcTkahDSgGClteeZxw8scweFNIz+fo1RI5I6kvGZZnlmxqtZUcBnsOVTqZefseVxPm5757fQjnHASKsyQlD3bipWbIaEoZiQvOYkkMcIjNCA9jSHiRLrZ9I4cnminD4NI6BcqOHV/T2SIS5lyX3dypIZysTYx/6v1EhVcuhkN40SREM8WBQmDKoKTUGCfCoIVSzUgLKj+K8RDJBBWOrqSDsFePHkZ2rWqbVXtO53GFZipCI5AGZwCG1yAOrgFTdACGDyCF/AG3o0n49X4MD5nrQVjPnMI/sj4+gHE5puR</latexit><latexit sha1_base64="XfNNJnoq7NyXrLYv7aHUc8g9XBw=">AAACB3icbZDLSsNAFIYn9VbrLepSkKFFEISadKPLoi7cFCrYCzQhTKaTduhMEmYmQgjZuXHvU7hxoYhbX8Fd38bpZaGtPwx8/OcczpzfjxmVyrLGRmFldW19o7hZ2tre2d0z9w/aMkoEJi0csUh0fSQJoyFpKaoY6caCIO4z0vFH15N654EISaPwXqUxcTkahDSgGClteeZxw8scweFNIz+fo1RI5I6kvGZZnlmxqtZUcBnsOVTqZefseVxPm5757fQjnHASKsyQlD3bipWbIaEoZiQvOYkkMcIjNCA9jSHiRLrZ9I4cnminD4NI6BcqOHV/T2SIS5lyX3dypIZysTYx/6v1EhVcuhkN40SREM8WBQmDKoKTUGCfCoIVSzUgLKj+K8RDJBBWOrqSDsFePHkZ2rWqbVXtO53GFZipCI5AGZwCG1yAOrgFTdACGDyCF/AG3o0n49X4MD5nrQVjPnMI/sj4+gHE5puR</latexit><latexit sha1_base64="Vm0RPqjbYi08RZM1wUybOI16d0o=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiuKqTbnRZ1IWbQgV7gSaEyXTSDp1JwsxEKCE7N76KGxeKuPUV3Pk2TtsstPWHgY//nMOZ8wcJZ0oj9G2VVlbX1jfKm5Wt7Z3dPXv/oKPiVBLaJjGPZS/AinIW0bZmmtNeIikWAafdYHw9rXcfqFQsju71JKGewMOIhYxgbSzfPm76mSsFvGnm5wUqjWXuKibqCPl2FdXQTHAZnAKqoFDLt7/cQUxSQSNNOFaq76BEexmWmhFO84qbKppgMsZD2jcYYUGVl83uyOGpcQYwjKV5kYYz9/dEhoVSExGYToH1SC3WpuZ/tX6qw0svY1GSahqR+aIw5VDHcBoKHDBJieYTA5hIZv4KyQhLTLSJrmJCcBZPXoZOveagmnOHqo2rIo4yOAIn4Aw44AI0wC1ogTYg4BE8g1fwZj1ZL9a79TFvLVnFzCH4I+vzB6j9mII=</latexit>

Milky Way

DF2 and DF4

Expected

Observed

Ultra-Diffuse Galaxies

They contain very 
little dark matter!



w/ Yang,  An (PRL 2020) 

M200 = 6⇥ 1010 M�
<latexit sha1_base64="1YA5jTRgni+s/N8FI2UACJXWWJY=">AAACEnicbVA9SwNBEJ3z2/gVtbRZFUGbsJdCbQTRxiYQwaiQi8feZqOLe7fH7pwQjvMv2PhXbCz8wNbKzh9i7yax8OvBwOO9GWbmRamSFil994aGR0bHxicmS1PTM7Nz5fmFY6szw0WDa6XNacSsUDIRDZSoxGlqBIsjJU6iy/2ef3IljJU6OcJuKloxO09kR3KGTgrLG7UwD0xMqpQWO5sBylhY4tOz3KfFdd+phYFuayzC8iqt0D7IX+J/kdXd5fWPJwCoh+W3oK15FosEuWLWNn2aYitnBiVXoigFmRUp45fsXDQdTZhb3cr7LxVkzSlt0tHGVYKkr36fyFlsbTeOXGfM8ML+9nrif14zw852K5dJmqFI+GBRJ1MENenlQ9rSCI6q6wjjRrpbCb9ghnF0KZZcCP7vl/+S42rFpxX/0KWxBwNMwBKswDr4sAW7cAB1aACHG7iDB3j0br1779l7GbQOeV8zi/AD3usnM0yeyA==</latexit><latexit sha1_base64="c8S9wsYiYv4WBoAh9nyH1PuXxhc=">AAACEnicbVA9SwNBEN2LXzF+RS1tVoOgTdhLoTaCaGMTUDAayMVjb7NJluzdHrtzQjjOv2DjX7GxUNTWys4fYu8msdDEBwOP92aYmRfEUhgg5NPJTU3PzM7l5wsLi0vLK8XVtUujEs14jSmpdD2ghksR8RoIkLwea07DQPKroHcy8K9uuDZCRRfQj3kzpJ1ItAWjYCW/uFv1U0+HuEJIdrjngQi5wS65Tl2S3Q6dqu+ploLML5ZImQyBJ4n7Q0pHmztfr3fe7plf/PBaiiUhj4BJakzDJTE0U6pBMMmzgpcYHlPWox3esDSidnUzHb6U4W2rtHBbaVsR4KH6eyKloTH9MLCdIYWuGfcG4n9eI4H2QTMVUZwAj9hoUTuRGBQe5INbQnMGsm8JZVrYWzHrUk0Z2BQLNgR3/OVJclkpu6Tsnts0jtEIebSBttAOctE+OkKn6AzVEEN36AE9oWfn3nl0Xpy3UWvO+ZlZR3/gvH8Dpymf3g==</latexit><latexit sha1_base64="c8S9wsYiYv4WBoAh9nyH1PuXxhc=">AAACEnicbVA9SwNBEN2LXzF+RS1tVoOgTdhLoTaCaGMTUDAayMVjb7NJluzdHrtzQjjOv2DjX7GxUNTWys4fYu8msdDEBwOP92aYmRfEUhgg5NPJTU3PzM7l5wsLi0vLK8XVtUujEs14jSmpdD2ghksR8RoIkLwea07DQPKroHcy8K9uuDZCRRfQj3kzpJ1ItAWjYCW/uFv1U0+HuEJIdrjngQi5wS65Tl2S3Q6dqu+ploLML5ZImQyBJ4n7Q0pHmztfr3fe7plf/PBaiiUhj4BJakzDJTE0U6pBMMmzgpcYHlPWox3esDSidnUzHb6U4W2rtHBbaVsR4KH6eyKloTH9MLCdIYWuGfcG4n9eI4H2QTMVUZwAj9hoUTuRGBQe5INbQnMGsm8JZVrYWzHrUk0Z2BQLNgR3/OVJclkpu6Tsnts0jtEIebSBttAOctE+OkKn6AzVEEN36AE9oWfn3nl0Xpy3UWvO+ZlZR3/gvH8Dpymf3g==</latexit><latexit sha1_base64="vU1+pN/tinpRLU+ZHbu0CqgPWLU=">AAACEnicbVC7SgNBFJ2NrxhfUUubwSBoE2ZTqI0QtLEJRDAPyMZldjIxQ2Z3lpm7QljWX7DxV2wsFLG1svNvnDwKNR64cDjnXu69J4ilMEDIl5NbWFxaXsmvFtbWNza3its7TaMSzXiDKal0O6CGSxHxBgiQvB1rTsNA8lYwvBj7rTuujVDRNYxi3g3pbST6glGwkl88qvmpp0NcISQ7O/ZAhNxgl9ykLsnuJ07N91RPQeYXS6RMJsDzxJ2REpqh7hc/vZ5iScgjYJIa03FJDN2UahBM8qzgJYbHlA3pLe9YGlG7uptOXsrwgVV6uK+0rQjwRP05kdLQmFEY2M6QwsD89cbif14ngf5pNxVRnACP2HRRP5EYFB7ng3tCcwZyZAllWthbMRtQTRnYFAs2BPfvy/OkWSm7pOxekVL1fBZHHu2hfXSIXHSCqugS1VEDMfSAntALenUenWfnzXmftuac2cwu+gXn4xstJ5yK</latexit>

M⇤ = 3.2⇥ 108 M�
<latexit sha1_base64="ukL7SZMObyld286McYQ34fjQins=">AAACEXicbVA9SwNBEJ3zM8avqKXNqgjBItzFQhtBtLEJKBgVcvHY22ySJXu3x+6cEI7zJ9j4V2wsFLG1s/OH2LtJLDT6YODx3gwz88JECoOu++FMTE5Nz8wW5orzC4tLy6WV1QujUs14nSmp9FVIDZci5nUUKPlVojmNQskvw97xwL+84doIFZ9jP+HNiHZi0RaMopWCUrkWZL6OyE5+sFup+igibojnXmf7+e3QqAW+ainMg9KWW3GHIH+J9022DjfKny8AcBqU3v2WYmnEY2SSGtPw3ASbGdUomOR50U8NTyjr0Q5vWBpTu7mZDT/KybZVWqSttK0YyVD9OZHRyJh+FNrOiGLXjHsD8T+vkWJ7v5mJOEmRx2y0qJ1KgooM4iEtoTlD2beEMi3srYR1qaYMbYhFG4I3/vJfclGteG7FO7NpHMEIBViHTSiDB3twCCdwCnVgcAcP8ATPzr3z6Lw4r6PWCed7Zg1+wXn7ArQPnoo=</latexit><latexit sha1_base64="a19zKI6d5CPZDrYc0ExDqKKIUak=">AAACEXicbVC7SgNBFJ31GeMramkzKkK0CLuxMI0QtLEJRDAPyMZldjLRIbM7y8xdISzrJ2jhr9hYKJLWzs4PsXfyKDR64MLhnHu59x4/ElyDbX9aM7Nz8wuLmaXs8srq2npuY7OuZawoq1EppGr6RDPBQ1YDDoI1I8VI4AvW8HtnQ79xy5TmMryEfsTaAbkOeZdTAkbycvmKl7gqwIfpyVGh6AIPmMaOfZWU0ruRUfFc2ZGQerk9u2CPgP8SZ0L2yjv5r8GDe1D1ch9uR9I4YCFQQbRuOXYE7YQo4FSwNOvGmkWE9sg1axkaErO5nYw+SvG+UTq4K5WpEPBI/TmRkEDrfuCbzoDAjZ72huJ/XiuGbqmd8DCKgYV0vKgbCwwSD+PBHa4YBdE3hFDFza2Y3hBFKJgQsyYEZ/rlv6ReLDh2wbkwaZyiMTJoG+2iPHLQMSqjc1RFNUTRPXpCL+jVerSerTdrMG6dsSYzW+gXrPdvJ/ufoA==</latexit><latexit sha1_base64="a19zKI6d5CPZDrYc0ExDqKKIUak=">AAACEXicbVC7SgNBFJ31GeMramkzKkK0CLuxMI0QtLEJRDAPyMZldjLRIbM7y8xdISzrJ2jhr9hYKJLWzs4PsXfyKDR64MLhnHu59x4/ElyDbX9aM7Nz8wuLmaXs8srq2npuY7OuZawoq1EppGr6RDPBQ1YDDoI1I8VI4AvW8HtnQ79xy5TmMryEfsTaAbkOeZdTAkbycvmKl7gqwIfpyVGh6AIPmMaOfZWU0ruRUfFc2ZGQerk9u2CPgP8SZ0L2yjv5r8GDe1D1ch9uR9I4YCFQQbRuOXYE7YQo4FSwNOvGmkWE9sg1axkaErO5nYw+SvG+UTq4K5WpEPBI/TmRkEDrfuCbzoDAjZ72huJ/XiuGbqmd8DCKgYV0vKgbCwwSD+PBHa4YBdE3hFDFza2Y3hBFKJgQsyYEZ/rlv6ReLDh2wbkwaZyiMTJoG+2iPHLQMSqjc1RFNUTRPXpCL+jVerSerTdrMG6dsSYzW+gXrPdvJ/ufoA==</latexit><latexit sha1_base64="9m+RV1A6ik7ip39qrbKGYkZNXpU=">AAACEXicbVC7SgNBFJ2NrxhfUUubwSAEi7AbC9MIQRubQATzgGxcZieTZMjszjJzVwjL+gk2/oqNhSK2dnb+jZNHoYkHLhzOuZd77/EjwTXY9reVWVldW9/Ibua2tnd29/L7B00tY0VZg0ohVdsnmgkesgZwEKwdKUYCX7CWP7qa+K17pjSX4S2MI9YNyCDkfU4JGMnLF2te4qoAn6YXZ6WyCzxgGjv2XVJJH6ZGzXNlT0Lq5Qt2yZ4CLxNnTgpojrqX/3J7ksYBC4EKonXHsSPoJkQBp4KlOTfWLCJ0RAasY2hIzOZuMv0oxSdG6eG+VKZCwFP190RCAq3HgW86AwJDvehNxP+8Tgz9SjfhYRQDC+lsUT8WGCSexIN7XDEKYmwIoYqbWzEdEkUomBBzJgRn8eVl0iyXHLvk3NiF6uU8jiw6QseoiBx0jqroGtVRA1H0iJ7RK3qznqwX6936mLVmrPnMIfoD6/MHreqcTA==</latexit>

M200/M⇤ ⇡ 188
<latexit sha1_base64="dMOdyQ1xq8KtLX8tv3/TWuMOLPY=">AAACAHicbVDLSsNAFL2pr1pfURcu3IQWQRTqpBu7LLpxI1SwD2hCmEwn7dDJg5mJWEI2fongxoUibv0Md/6N09aFth643MM59zJzj59wJhVCX0ZhaXllda24XtrY3NreMXf32jJOBaEtEvNYdH0sKWcRbSmmOO0mguLQ57Tjjy4nfueOCsni6FaNE+qGeBCxgBGstOSZB9deVkMoP9P9JHdwkoj43q7XPbOCqmgKa5HYP6TSKDunjwDQ9MxPpx+TNKSRIhxL2bNRotwMC8UIp3nJSSVNMBnhAe1pGuGQSjebHpBbR1rpW0EsdEXKmqq/NzIcSjkOfT0ZYjWU895E/M/rpSqouxmLklTRiMweClJuqdiapGH1maBE8bEmmAim/2qRIRaYKJ1ZSYdgz5+8SNq1qo2q9o1O4wJmKMIhlOEYbDiHBlxBE1pAIIcneIFX48F4Nt6M99lowfjZ2Yc/MD6+AQsIluA=</latexit><latexit sha1_base64="MyVV9/LukCCyyL62mp8TiA9hOM0=">AAACAHicbVDLSsNAFJ3UV62vqAsXbkKLIAp10o1dFt24ESrYBzQhTKaTduhkEmYmYgjZ+A3+gRsXirj1M9z1b5w+Ftp64HIP59zLzD1+zKhUEI6Nwsrq2vpGcbO0tb2zu2fuH7RllAhMWjhikej6SBJGOWkpqhjpxoKg0Gek44+uJ37ngQhJI36v0pi4IRpwGlCMlJY88+jWy2oQ5he6n+UOimMRPdr1umdWYBVOYS0Te04qjbJz/jxupE3P/Hb6EU5CwhVmSMqeDWPlZkgoihnJS04iSYzwCA1IT1OOQiLdbHpAbp1opW8FkdDFlTVVf29kKJQyDX09GSI1lIveRPzP6yUqqLsZ5XGiCMezh4KEWSqyJmlYfSoIVizVBGFB9V8tPEQCYaUzK+kQ7MWTl0m7VrVh1b7TaVyBGYrgGJTBKbDBJWiAG9AELYBBDl7AG3g3noxX48P4nI0WjPnOIfgD4+sHFHKYZg==</latexit><latexit sha1_base64="MyVV9/LukCCyyL62mp8TiA9hOM0=">AAACAHicbVDLSsNAFJ3UV62vqAsXbkKLIAp10o1dFt24ESrYBzQhTKaTduhkEmYmYgjZ+A3+gRsXirj1M9z1b5w+Ftp64HIP59zLzD1+zKhUEI6Nwsrq2vpGcbO0tb2zu2fuH7RllAhMWjhikej6SBJGOWkpqhjpxoKg0Gek44+uJ37ngQhJI36v0pi4IRpwGlCMlJY88+jWy2oQ5he6n+UOimMRPdr1umdWYBVOYS0Te04qjbJz/jxupE3P/Hb6EU5CwhVmSMqeDWPlZkgoihnJS04iSYzwCA1IT1OOQiLdbHpAbp1opW8FkdDFlTVVf29kKJQyDX09GSI1lIveRPzP6yUqqLsZ5XGiCMezh4KEWSqyJmlYfSoIVizVBGFB9V8tPEQCYaUzK+kQ7MWTl0m7VrVh1b7TaVyBGYrgGJTBKbDBJWiAG9AELYBBDl7AG3g3noxX48P4nI0WjPnOIfgD4+sHFHKYZg==</latexit><latexit sha1_base64="zDLrvpp1hS/APc1hOYsbRtFh7hw=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCQgzF6ULHChYWpCLRh9RGkeM6rVXHjmwHUUVZ+BUWBhBi5TPY+BvcxwAtR7q6R+fcK/ueMOFMG4S+ncLK6tr6RnGztLW9s7vn7h+0tEwVoU0iuVSdEGvKmaBNwwynnURRHIectsPR9cRvP1ClmRT3ZpxQP8YDwSJGsLFS4B7dBlkVofzC9vO8h5NEyUevVgvcMqqgKeAy8eakDOZoBO5Xry9JGlNhCMdadz2UGD/DyjDCaV7qpZommIzwgHYtFTim2s+mB+Tw1Cp9GEllSxg4VX9vZDjWehyHdjLGZqgXvYn4n9dNTVTzMyaS1FBBZg9FKYdGwkkasM8UJYaPLcFEMftXSIZYYWJsZiUbgrd48jJpVSseqnh3qFy/msdRBMfgBJwBD1yCOrgBDdAEBOTgGbyCN+fJeXHenY/ZaMGZ7xyCP3A+fwD4epVX</latexit>

MDM = 1.5⇥ 108 M�
<latexit sha1_base64="7E9tiP6xkBzEi1PmM9qwqEs3dGk=">AAACD3icbVA9SwNBEJ3zM8avqKXNalCswp0gphGCWtgEIhgN5OKxt9nokr3bY3dOCEf8BTb+FRsLRdLa2vlD7N0kFn49GHi8N8PMvDCRwqDrvjsTk1PTM7O5ufz8wuLScmFl9dyoVDNeZ0oq3Qip4VLEvI4CJW8kmtMolPwi7B4N/Ysbro1Q8Rn2Et6K6FUsOoJRtFJQ2K4Gma8jclztH3ilPR9FxI3nXpZvR3I18FVbYT8oFN2SOwL5S7wvUqxs7HwMAKAWFN78tmJpxGNkkhrT9NwEWxnVKJjk/byfGp5Q1qVXvGlpTO3aVjb6p0+2rNImHaVtxUhG6veJjEbG9KLQdkYUr81vbyj+5zVT7JRbmYiTFHnMxos6qSSoyDAc0haaM5Q9SyjTwt5K2DXVlKGNMG9D8H6//Jec75Y8t+Sd2jQOYYwcrMMm7IAH+1CBE6hBHRjcwQM8wbNz7zw6L85g3DrhfM2swQ84r59HCJ3G</latexit><latexit sha1_base64="tJDmpRV2cVmcFzoiOfYhumIK+xg=">AAACD3icbVA9SwNBEN3zM8avqKXNqijahDtBTCMEtbAJRDBRyMVjb7OXLNm7PXbnhHDEXyCIf8XGQhGxs7Xzh9i7+Sg08cHA470ZZub5seAabPvLmpicmp6Zzcxl5xcWl5ZzK6tVLRNFWYVKIdWVTzQTPGIV4CDYVawYCX3BLv32Sc+/vGFKcxldQCdm9ZA0Ix5wSsBIXm6n5KWuCvFpqXvk5A9c4CHTjn1duO3LJc+VDQldL7dl5+0+8DhxhmSruLH7/X7v7pW93KfbkDQJWQRUEK1rjh1DPSUKOBWsm3UTzWJC26TJaoZGxKytp/1/unjbKA0cSGUqAtxXf0+kJNS6E/qmMyTQ0qNeT/zPqyUQFOopj+IEWEQHi4JEYJC4Fw5ucMUoiI4hhCpubsW0RRShYCLMmhCc0ZfHSXU/79h559ykcYwGyKB1tIl2kYMOURGdoTKqIIru0CN6Ri/Wg/VkvVpvg9YJazizhv7A+vgBuuWe3A==</latexit><latexit sha1_base64="tJDmpRV2cVmcFzoiOfYhumIK+xg=">AAACD3icbVA9SwNBEN3zM8avqKXNqijahDtBTCMEtbAJRDBRyMVjb7OXLNm7PXbnhHDEXyCIf8XGQhGxs7Xzh9i7+Sg08cHA470ZZub5seAabPvLmpicmp6Zzcxl5xcWl5ZzK6tVLRNFWYVKIdWVTzQTPGIV4CDYVawYCX3BLv32Sc+/vGFKcxldQCdm9ZA0Ix5wSsBIXm6n5KWuCvFpqXvk5A9c4CHTjn1duO3LJc+VDQldL7dl5+0+8DhxhmSruLH7/X7v7pW93KfbkDQJWQRUEK1rjh1DPSUKOBWsm3UTzWJC26TJaoZGxKytp/1/unjbKA0cSGUqAtxXf0+kJNS6E/qmMyTQ0qNeT/zPqyUQFOopj+IEWEQHi4JEYJC4Fw5ucMUoiI4hhCpubsW0RRShYCLMmhCc0ZfHSXU/79h559ykcYwGyKB1tIl2kYMOURGdoTKqIIru0CN6Ri/Wg/VkvVpvg9YJazizhv7A+vgBuuWe3A==</latexit><latexit sha1_base64="j+ZuFxnTTSZrzB3JdPDJc3mO8zQ=">AAACD3icbVDLSsNAFJ34rPVVdelmsCiuSiKI3QhFXbgpVLAPaGKYTKbt0EkmzNwIJdQvcOOvuHGhiFu37vwbp4+Fth64cDjnXu69J0gE12Db39bC4tLyympuLb++sbm1XdjZbWiZKsrqVAqpWgHRTPCY1YGDYK1EMRIFgjWD/uXIb94zpbmMb2GQMC8i3Zh3OCVgJL9wVPUzV0X4qjo8d0qnLvCIace+Kz+M5arvylDC0C8U7ZI9Bp4nzpQU0RQ1v/DlhpKmEYuBCqJ127ET8DKigFPBhnk31SwhtE+6rG1oTMxaLxv/M8SHRglxRypTMeCx+nsiI5HWgygwnRGBnp71RuJ/XjuFTtnLeJykwGI6WdRJBQaJR+HgkCtGQQwMIVRxcyumPaIIBRNh3oTgzL48TxonJccuOTd2sXIxjSOH9tEBOkYOOkMVdI1qqI4oekTP6BW9WU/Wi/VufUxaF6zpzB76A+vzB0Djm4g=</latexit>

MDM/Mstar ⇡ 1
<latexit sha1_base64="wVjY4F8E4OXJw98L+T/3tPikF2o=">AAACCHicbZC7SgNBFIbPxluMt1VLC4cEQRDiro2WQS1sAhHMBbLLMjuZTYbMXpiZFcOypY1PYW9joYitj2Dn2zi5FBr9YeDjP+dw5vx+wplUlvVlFBYWl5ZXiqultfWNzS1ze6cl41QQ2iQxj0XHx5JyFtGmYorTTiIoDn1O2/7wYlxv31IhWRzdqFFC3RD3IxYwgpW2PHO/7mWOCNFlPT+eoVRY5A5OEhHf2Z5ZsarWROgv2DOo1MrO0SMANDzz0+nFJA1ppAjHUnZtK1FuhoVihNO85KSSJpgMcZ92NUY4pNLNJofk6EA7PRTEQr9IoYn7cyLDoZSj0NedIVYDOV8bm//VuqkKztyMRUmqaESmi4KUIxWjcSqoxwQlio80YCKY/isiAywwUTq7kg7Bnj/5L7ROqrZVta91GucwVRH2oAyHYMMp1OAKGtAEAvfwBC/wajwYz8ab8T5tLRizmV34JePjG1iPmwU=</latexit><latexit sha1_base64="BxYtyplwHoN1B05LLd1YzulFlGs=">AAACCHicbZDLSsNAFIYn9VbrLerShUOLIAg1caPLoi7cFCrYCzQhTKaTduhMEmYmYghZunHtW7hxoYhbH8Fd38bpZaGtPwx8/OcczpzfjxmVyrJGRmFpeWV1rbhe2tjc2t4xd/daMkoEJk0csUh0fCQJoyFpKqoY6cSCIO4z0vaHV+N6+54ISaPwTqUxcTnqhzSgGClteeZh3cscweF1PT+doVRI5A6KYxE92J5ZsarWRHAR7BlUamXn5HlUSxue+e30IpxwEirMkJRd24qVmyGhKGYkLzmJJDHCQ9QnXY0h4kS62eSQHB5ppweDSOgXKjhxf09kiEuZcl93cqQGcr42Nv+rdRMVXLgZDeNEkRBPFwUJgyqC41RgjwqCFUs1ICyo/ivEAyQQVjq7kg7Bnj95EVpnVduq2rc6jUswVREcgDI4BjY4BzVwAxqgCTB4BC/gDbwbT8ar8WF8TlsLxmxmH/yR8fUDYfmciw==</latexit><latexit sha1_base64="BxYtyplwHoN1B05LLd1YzulFlGs=">AAACCHicbZDLSsNAFIYn9VbrLerShUOLIAg1caPLoi7cFCrYCzQhTKaTduhMEmYmYghZunHtW7hxoYhbH8Fd38bpZaGtPwx8/OcczpzfjxmVyrJGRmFpeWV1rbhe2tjc2t4xd/daMkoEJk0csUh0fCQJoyFpKqoY6cSCIO4z0vaHV+N6+54ISaPwTqUxcTnqhzSgGClteeZh3cscweF1PT+doVRI5A6KYxE92J5ZsarWRHAR7BlUamXn5HlUSxue+e30IpxwEirMkJRd24qVmyGhKGYkLzmJJDHCQ9QnXY0h4kS62eSQHB5ppweDSOgXKjhxf09kiEuZcl93cqQGcr42Nv+rdRMVXLgZDeNEkRBPFwUJgyqC41RgjwqCFUs1ICyo/ivEAyQQVjq7kg7Bnj95EVpnVduq2rc6jUswVREcgDI4BjY4BzVwAxqgCTB4BC/gDbwbT8ar8WF8TlsLxmxmH/yR8fUDYfmciw==</latexit><latexit sha1_base64="OlcAOoGV/6KMU3zZO7cH9J3HiT8=">AAACCHicbZC7TsMwFIadcivlFmBkwKJCYioJC4wVMLBUKhK9SE0UOa7TWnViy3YQVZSRhVdhYQAhVh6BjbfBbTNAyy9Z+vSfc3R8/lAwqrTjfFulpeWV1bXyemVjc2t7x97dayueSkxamDMuuyFShNGEtDTVjHSFJCgOGemEo6tJvXNPpKI8udNjQfwYDRIaUYy0sQL7sBFknozhdSM/LVBpJHMPCSH5gxvYVafmTAUXwS2gCgo1A/vL63OcxiTRmCGleq4jtJ8hqSlmJK94qSIC4REakJ7BBMVE+dn0kBweG6cPIy7NSzScur8nMhQrNY5D0xkjPVTztYn5X62X6ujCz2giUk0SPFsUpQxqDiepwD6VBGs2NoCwpOavEA+RRFib7ComBHf+5EVon9Vcp+beOtX6ZRFHGRyAI3ACXHAO6uAGNEELYPAInsEreLOerBfr3fqYtZasYmYf/JH1+QNGEJl8</latexit>

Initial, t=0 Gyr

Final, t=11 Gyr

Mstar = 1.3⇥ 108 M�
<latexit sha1_base64="g8ID2AVYjpS8JMy754wolqwNWS8=">AAACEXicbVA9SwNBEJ3zM8avU0ubVRFShTstTCMEbWwCCkaFXDz2Nptkyd7tsTsnhCP+BBv/io2FIrZ2dv4QezeJhRofDDzem2FmXpRKYdDzPpyp6ZnZufnCQnFxaXll1V1bvzAq04zXmZJKX0XUcCkSXkeBkl+lmtM4kvwy6h0P/csbro1QyTn2U96MaScRbcEoWil0S7UwD3RMDFI9OPTL+wGKmBvfu67cjoxaGKiWwkHo7nhlbwQySfxvslPdKn2+AMBp6L4HLcWymCfIJDWm4XspNnOqUTDJB8UgMzylrEc7vGFpQu3aZj76aEB2rdIibaVtJUhG6s+JnMbG9OPIdsYUu+avNxT/8xoZtivNXCRphjxh40XtTBJUZBgPaQnNGcq+JZRpYW8lrEs1ZWhDLNoQ/L8vT5KLvbLvlf0zm8YRjFGATdiGEvhwAFU4gVOoA4M7eIAneHbunUfnxXkdt0453zMb8AvO2xd5tZ8B</latexit><latexit sha1_base64="g1e7UIqsZFIEllQpaza4vCltydE=">AAACEXicbVC7SgNBFJ31GeMramkzGoTYhF0tTCMEbWwCEcwDsnGZnUySIbM7y8xdISzxE7TwV2wsFElrZ+eH2Dt5FJp44MLhnHu59x4/ElyDbX9ZC4tLyyurqbX0+sbm1nZmZ7eqZawoq1AppKr7RDPBQ1YBDoLVI8VI4AtW83uXI792x5TmMryBfsSaAemEvM0pASN5mVzJS1wVYA1EDc6d/KkLPGDasW8L92Oj5LmyJWHgZbJ23h4DzxNnSrLFg9z38NE9LnuZT7claRywEKggWjccO4JmQhRwKtgg7caaRYT2SIc1DA2JWdtMxh8N8JFRWrgtlakQ8Fj9PZGQQOt+4JvOgEBXz3oj8T+vEUO70Ex4GMXAQjpZ1I4FBolH8eAWV4yC6BtCqOLmVky7RBEKJsS0CcGZfXmeVE/yjp13rk0aF2iCFNpHhyiHHHSGiugKlVEFUfSAntErerOerBfr3RpOWhes6cwe+gPr4wftkqAX</latexit><latexit sha1_base64="g1e7UIqsZFIEllQpaza4vCltydE=">AAACEXicbVC7SgNBFJ31GeMramkzGoTYhF0tTCMEbWwCEcwDsnGZnUySIbM7y8xdISzxE7TwV2wsFElrZ+eH2Dt5FJp44MLhnHu59x4/ElyDbX9ZC4tLyyurqbX0+sbm1nZmZ7eqZawoq1AppKr7RDPBQ1YBDoLVI8VI4AtW83uXI792x5TmMryBfsSaAemEvM0pASN5mVzJS1wVYA1EDc6d/KkLPGDasW8L92Oj5LmyJWHgZbJ23h4DzxNnSrLFg9z38NE9LnuZT7claRywEKggWjccO4JmQhRwKtgg7caaRYT2SIc1DA2JWdtMxh8N8JFRWrgtlakQ8Fj9PZGQQOt+4JvOgEBXz3oj8T+vEUO70Ex4GMXAQjpZ1I4FBolH8eAWV4yC6BtCqOLmVky7RBEKJsS0CcGZfXmeVE/yjp13rk0aF2iCFNpHhyiHHHSGiugKlVEFUfSAntErerOerBfr3RpOWhes6cwe+gPr4wftkqAX</latexit><latexit sha1_base64="zXhiapvJegW2vbMxOR67X9aU3PY=">AAACEXicbVA9SwNBEN2LXzF+RS1tFoOQKtxpYRohaGMTiGA+IHcee5tNsmTv9tidE8IRf4KNf8XGQhFbOzv/jZvkCk18MPB4b4aZeUEsuAbb/rZyK6tr6xv5zcLW9s7uXnH/oKVloihrUimk6gREM8Ej1gQOgnVixUgYCNYORldTv33PlOYyuoVxzLyQDCLe55SAkfxiue6nrgqxBqImF07lzAUeMu3Yd9WHmVH3XdmTMPGLJbtiz4CXiZOREsrQ8Itfbk/SJGQRUEG07jp2DF5KFHAq2KTgJprFhI7IgHUNjYhZ66Wzjyb4xCg93JfKVAR4pv6eSEmo9TgMTGdIYKgXvan4n9dNoF/1Uh7FCbCIzhf1E4FB4mk8uMcVoyDGhhCquLkV0yFRhIIJsWBCcBZfXiat04pjV5wbu1S7zOLIoyN0jMrIQeeohq5RAzURRY/oGb2iN+vJerHerY95a87KZg7RH1ifP3OQnMM=</latexit>

Halo concentration c200
CDM: 4 (-4σ) 
SIDM3: 7 (-1.8σ)
SIDM5: 10 (-0.4σ)

dashed: no star

SIDM leads to core 
formation, boosting 
tidal mass loss



Galaxies with Little Dark Matter

DF2 and DF4 are most 
likely to be satellite galaxies 
(recently confirmed by 
observations)

They are much more 
naturally realized in SIDM 
than in CDM through tidal 
stripping

Dragonfly team, van Dokkum+ (Nature 2018, AJPL 2019)

w/ Yang,  An (PRL 2020) 



Galaxy Clusters
A2537

Six well-relaxed galaxy clusters
data from Newman+(2013)

w/ Kaplinghat, Tulin (PRL 2015)

Shallow inner DM density profiles 
Core sizes ~10 kpc and smaller

Clusters: σ/m~0.1 cm2/g

Mhalo~1015 M☉



SIDM from Dwarfs to Clusters

Mhalo~108 M☉ Mhalo~1015 M☉

Milky Way satellites Galaxy clusters
Ultra-diffuse galaxies

(dark-matter-deficient) 

Mhalo<~108 M☉

SIDM can explain diverse dark matter distributions over a 
wide range of galactic systems (halo masses ~108-1015 M☉)

Spiral galaxies

Mhalo~109-1013 M☉
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Particle Physics Models

w/ Kaplinghat, Tulin (PRL 2015)

Clusters

Galaxies 
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Galaxies: Mhalo~108-1013 M☉ Galaxy clusters: Mhalo~1014-1015 M☉

XX

X X

ɸ Fix αX=1/137
Predict: mX~15 GeV, mɸ ~17 MeV

The nightmare scenario is not hopeless! 
SIDM with a Yukawa interaction
w/ Feng, Kaplinghat (PRL 2010)



N-P vs. DM-DM Scatterings

Tulin, HBY (2017); data from Obloinsk+(2011)
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Gravothermal Catastrophe

CDM

SIDM

DMHeat

Heat

Balberg , Shapiro, Inagaki  (APJ 2002), Balberg, Shaprio (PRL 2002), w/ Essig, McDermott, Zhong (PRL 2019) 

From Yi-Ming Zhong



Supermassive Black Holes

• ~200 BHs with mass 
>106 M☉at z>6
• 7 BHs with mass 
>108 M☉ at z>7 

From Yi-Ming Zhong



Gravothermal Collapse

w/ Feng, Zhong (2020)

“heat conduction equation”

The presence of baryons 
could significantly speed up 
the onset of the collapse

Modelling dynamical evolution



Seeding Supermassive Black Holes

The most challenging 
one, J1205-0000

Mass 2.2⨉109 M☉

z=6.7

fEdd=0.16

Onoue et al. (2019)
 

w/ Feng, Zhong (2020)

The predicted σ/m is consistent with the one used to explain diverse dark 
matter distributions in galaxies 

~800 Myr after 
the Big Bang
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w/ Feng, Zhong (2020)

Halos



General Relativistic Instability

w/ Feng, Zhong (2020)

• Find stable configuration using the 
Tolman-Oppenheimer-Volkov (TOV) 
equation

• Calculate the critical adiabatic index 
and the adiabatic index 

• Chandrasekhar’s criterion. 

 Truncated Maxwell-Boltzmann distribution 

h�i > �cr
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Seeding SMBHs with SIDM



Testing “gravothermal catastrophe” with strong gravitational lensing 
observations! 

w/ Yang (2021)Meneghetti+(2020)
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