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Structure Formation and Ultra-light Axions

Tongyan Lin 2019

Mocz et al. 2019





*the  study  of  nearby  low-mass 
galaxies  on  a  star-by-star  basis, 
with  implications  that  extend far 
beyond the local Universe

*



Ultra-light dark matter models can severely suppress low-mass halo abundances relative to CDM.

Structure Formation for Ultra-light Axions
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Drlica-Wagner & Bechtol et al. 2020

The Milky Way Satellite Population
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1. Resimulate Milky Way-  
    like halos from large   
    cosmological volume.

2. Paint satellite galaxies   
    onto subhalos using    
    galaxy—halo model.

4. Calculate likelihood of  
    observed satellites  
    given galaxy—halo  
    connection parameters.

3. Apply observational  
    selection functions  
    based on imaging data.

M
ar

ko
v 

C
ha

in
 M

on
te

 C
ar

lo
↵

<latexit sha1_base64="+wSBPeL8nxBdvzPXA2qswhGhfpg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oUy2m3btZhN2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKrR6KZIT9csWtunOQVeLlpAI5Gv3yV28Q0zRi0lCBWnc9NzF+hspwKti01Es1S5COcci6lkqMmPaz+bVTcmaVAQljZUsaMld/T2QYaT2JAtsZoRnpZW8m/ud1UxNe+xmXSWqYpItFYSqIicnsdTLgilEjJpYgVdzeSugIFVJjAyrZELzll1dJq1b1Lqq1+8tK/SaPowgncArn4MEV1OEOGtAECo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+AIzPjxw=</latexit>

B
<latexit sha1_base64="rCx6YZKyFarkehd6/kmCVau7Ixc=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNV0GWpG5cV7AOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/ndLG5tb2Tnm3srd/cHhUPT7pGpVqyjpUCaX7ITFMcMk6wEGwfqIZiUPBeuH0Lvd7T0wbruQjzBIWxGQsecQpASv5g5jAhBKRtebDas2tuwvgdeIVpIYKtIfVr8FI0TRmEqggxviem0CQEQ2cCjavDFLDEkKnZMx8SyWJmQmyReQ5vrDKCEdK2ycBL9TfGxmJjZnFoZ3MI5pVLxf/8/wUotsg4zJJgUm6/ChKBQaF8/vxiGtGQcwsIVRzmxXTCdGEgm2pYkvwVk9eJ91G3buqNx6ua81WUUcZnaFzdIk8dIOa6B61UQdRpNAzekVvDjgvzrvzsRwtOcXOKfoD5/MHcyGRXA==</latexit>

�M
<latexit sha1_base64="w6kf9ugSeuomJ3tKQ5nBZFNm7MY=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxYsQwTwgWcLsZDYZMo91ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWjm6nfeqLaMCUf7DihocADyWJGsHVSu2vYQODeXa9U9iv+DGiZBDkpQ456r/TV7SuSCiot4diYTuAnNsywtoxwOil2U0MTTEZ4QDuOSiyoCbPZvRN06pQ+ipV2JS2aqb8nMiyMGYvIdQpsh2bRm4r/eZ3UxldhxmSSWirJfFGccmQVmj6P+kxTYvnYEUw0c7ciMsQaE+siKroQgsWXl0mzWgnOK9X7i3LtOo+jAMdwAmcQwCXU4Bbq0AACHJ7hFd68R+/Fe/c+5q0rXj5zBH/gff4A8YOP5w==</latexit>

-12 -9 -6 -3 0
MV [mag]

0

1

2

3

4

5

dN
/d

M
V

DES

Observed

Predicted

�gal
<latexit sha1_base64="P99ez1bWyq6CFJ3tVJiBTJPQvlE=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0mqoMeiF48V7Ae0IWy2m3TpbhJ2J2II8a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5fsKZAtv+Nipr6xubW9Xt2s7u3v6BeXjUU3EqCe2SmMdy4GNFOYtoFxhwOkgkxcLntO9Pb2Z+/4FKxeLoHrKEugKHEQsYwaAlz6yPFAsF9vIR0EfIQ8yLwjMbdtOew1olTkkaqETHM79G45ikgkZAOFZq6NgJuDmWwAinRW2UKppgMsUhHWoaYUGVm8+PL6xTrYytIJa6IrDm6u+JHAulMuHrToFhopa9mfifN0whuHJzFiUp0IgsFgUptyC2ZklYYyYpAZ5pgolk+laLTLDEBHReNR2Cs/zyKum1ms55s3V30Whfl3FU0TE6QWfIQZeojW5RB3URQRl6Rq/ozXgyXox342PRWjHKmTr6A+PzB8RalX4=</latexit>

Simulated LMC

M50
<latexit sha1_base64="gV1REod6INZYF0m2I1PcPtZcxYU=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0WXRjRuhgn1AG8JkOm2HTiZhZlIoIX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZE8ScKe0431ZpbX1jc6u8XdnZ3ds/sA+P2ipKJKEtEvFIdgOsKGeCtjTTnHZjSXEYcNoJJne535lSqVgknvQspl6IR4INGcHaSL5t90OsxwTz9CHz0ysn8+2qU3PmQKvELUgVCjR9+6s/iEgSUqEJx0r1XCfWXoqlZoTTrNJPFI0xmeAR7RkqcEiVl86TZ+jMKAM0jKR5QqO5+nsjxaFSszAwk3lOtezl4n9eL9HDGy9lIk40FWRxaJhwpCOU14AGTFKi+cwQTCQzWREZY4mJNmVVTAnu8pdXSbtecy9q9cfLauO2qKMMJ3AK5+DCNTTgHprQAgJTeIZXeLNS68V6tz4WoyWr2DmGP7A+fwBvspOG</latexit>

EN & Wechsler et al. 2020



Ultra-light Axion Constraints

• Dark matter masses below 
10-21 eV are in tension with MW 
satellite abundances

• Future facilities including the 
Vera C. Rubin Observatory will 
significantly improve near-field 
sensitivity to ultra-light DM

EN & Drlica-Wagner et al. 2020

• ULA models that create kpc-
scale cores in dwarf galaxies 
are strongly disfavored
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Attractive self-interactions

Repulsive self-interactions

N. Glennon, … EN 
et al. in prep.

Current predictions for soliton evolution within host halos do not include axion self-interactions.



Other Near-field and Low-Redshift Probes
Stellar stream perturbations

Dalal et al. 2021Safarzadeh & Spergel 2020
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Other Near-field and Low-Redshift Probes
Gilman et al. 2020

• Strong lensing probes the abundance 
and density profiles of low-mass halos 
within the lens and along the line of sight


• Recent flux ratio analyses use ~10 strong 
lenses: this number will increase soon! 

Nierenberg et al. 2019 CDM WDM



White papers of interest


• Dark matter physics from halo measurements: Google doc, Slack channel


• Dark Matter Facilities: Google doc, Slack channel


• Numerical simulations and systematics: Google doc, Slack channel 

CF03. Dark Matter: Cosmic Probes
• Covers uniquely astrophysical probes of dark matter, including via its impact 

on the structure and dynamics of galaxies, and through its interactions with 
astrophysical objects


• “If the dark matter or its direct products hit detectors on/around Earth, it’s 
CF01/CF02; otherwise, it’s CF03.”

https://docs.google.com/document/d/1ExDNNncAj4ukI6Jo2clg_X2RTjaUBiQqe7L8U3paasQ/edit?usp=sharing
https://snowmass2021.slack.com/archives/C01FFM57MR6
https://docs.google.com/document/d/1nYpOMXUSCskynHpyvTrwcTnpBxmzmX809vablkggdPs/edit?usp=sharing
https://snowmass2021.slack.com/archives/C01ES452JGM
https://docs.google.com/document/d/1wO0bQxZFtCWcJv8XthjuVRPn6PB9ypPiOYhP4muuI6U/edit?usp=sharing
https://snowmass2021.slack.com/archives/C01ENPAV3B7


Outlook

• Constraints on ultra-light axions will continue to improve with future 
facilities including the Vera C. Rubin Observatory

• Dark matter masses below 10-21 eV are in significant tension with the data; 
more detailed simulations including axion self-interactions are needed

• Other near-field and low-redshift probes including stellar streams and 
strong lensing provide complementary sensitivity to ULAs

• Near-field cosmological observables, including dwarf galaxy abundances 
and dynamics, are sensitive probes of ultra-light dark matter


