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In an idealized 1D world…
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In reality, the dynamics 
are non-Keplerian. Δ𝑣
must be computed 
numerically from Δ𝑃. 
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In reality, the dynamics 
are non-Keplerian. Δ𝑣
must be computed 
numerically from Δ𝑃. 

Additionally, the calculation of 𝛽
must account for 3D impact 
geometry. (See next talk)



What does 𝚫𝐏measure?
The change in orbit period is only sensitive to 𝚫𝒗𝑻, the “along-track” change in orbital 
velocity

Due to non-Keplerian dynamics & spin-orbit coupling, we use a Full Two-body Problem 
(F2BP) code to determine 𝚫𝒗𝑻 from 𝚫𝑷:
• General Use Binary Asteroid Simulator (GUBAS, Davis & Scheeres 2020)
• Assume dynamically-relaxed pre-impact state (circular orbit & tidally-locked)
• Neglect mass loss, time-dependent momentum transfer, etc.
• Rigid body dynamics evolved under 2nd-order mutual gravity
• Didymos and Dimorphos treated as uniform density ellipsoids
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Determining 𝚫𝐯𝐓: Monte Carlo approach coupled to 
F2BP simulations

Need to account for uncertainties in pre- and post-
impact state of Didymos system

1. Sample pre-impact system with uncertainties
2. Numerically determine the required mass of 

primary required to achieve sampled pre-
impact state

3. Numerically determine required Δ𝑣! to 
achieve sampled post-impact orbit period

4. Repeat ~100,000 times
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Parameter Value (1𝝈) Note

Didymos extents (x,y,z) [h] 851 ± 15,
849 ± 15,
620 ± 15

Sampled 
uniformly

Dimorphos extents (x,y,z) [m] 177 ± 2,
174 ± 4,
116 ± 2

Sampled 
uniformly 

Dimorphos density [kg/m3] 2400 ± 300 Sampled 
uniformly 
to 3𝜎

Pre-impact semimajor axis [m] 1206 ± 35 Gaussian

Pre-impact orbit period [h] 11.92148
± 0.000044

Gaussian

Post-impact orbit period [h] 11.372 ± 0.0055 Gaussian



Determination of 𝚫𝐯𝐓

Sub-mm/s measurement of Dimorphos’s 
change in velocity!
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Refining 𝚫𝐯𝐓
Largest source of uncertainty: pre-impact semimajor axis
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<latexit sha1_base64="dbfQAfytEbbNF1sJiCwqZPrakp8=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFclaTWx0YoutCNUME+oEnLZDpph04ezEyEEvIBbvwVNy4UcesHuPNvnLRdaOuBgcM553LnHjfiTCrT/DYWFpeWV1Zza/n1jc2t7cLObkOGsSC0TkIeipaLJeUsoHXFFKetSFDsu5w23eFV5jcfqJAsDO7VKKKOj/sB8xjBSkvdQtH2BCZJrVNOE9w5TtEFmigVO2KZeH2b6pRZMsdA88SakiJMUesWvuxeSGKfBopwLGXbMiPlJFgoRjhN83YsaYTJEPdpW9MA+1Q6yfiYFB1qpYe8UOgXKDRWf08k2Jdy5Ls66WM1kLNeJv7ntWPlnTsJC6JY0YBMFnkxRypEWTOoxwQlio80wUQw/VdEBlh3oXR/eV2CNXvyPGmUS9Zp6eSuUqxeTuvIwT4cwBFYcAZVuIEa1IHAIzzDK7wZT8aL8W58TKILxnRmD/7A+PwBplWavw==</latexit>

P 2

a3
=

4⇡2

GM
<latexit sha1_base64="Ie4HfySa25QUgD/oeDMfoZHEfN0=">AAACCnicbVC5TsNAEF2HK4TLQEmzECFRRXY4G6QIGsogkUPKpfVmnayyXlu7Y0RkuabhV2goQIiWL6Djb9gcBSQ8aaSn92Y0M8+LBNfgON9WZmFxaXklu5pbW9/Y3LK3d6o6jBVlFRqKUNU9opngklWAg2D1SDESeILVvMH1yK/dM6V5KO9gGLFWQHqS+5wSMFLH3m/6itCk3C6mCWkfp/gSN4E9QEJDqYFISDt23ik4Y+B54k5JHk1R7thfzW5I44BJoIJo3XCdCFoJUcCpYGmuGWsWETogPdYwVJKA6VYyfiXFh0bpYj9UpiTgsfp7IiGB1sPAM50Bgb6e9Ubif14jBv+ilXAZxcAknSzyY4EhxKNccJcrRkEMDSFUcXMrpn1isgGTXs6E4M6+PE+qxYJ7Vji9PcmXrqZxZNEeOkBHyEXnqIRuUBlVEEWP6Bm9ojfryXqx3q2PSWvGms7soj+wPn8AXZiauQ==</latexit>

P 2

a3
= constant

<latexit sha1_base64="a253zCwYQVkOv9PAtCiDH0XJQQU=">AAACE3icbVC7SgNBFJ2Nrxhfq5Y2g0GIFmE3mmgjBG0sI5gHZEOYnUySITO7y8xdMSz5Bxt/xcZCEVsbO//GyaPQxAMDh3Pu4c49fiS4Bsf5tlJLyyura+n1zMbm1vaOvbtX02GsKKvSUISq4RPNBA9YFTgI1ogUI9IXrO4Prsd+/Z4pzcPgDoYRa0nSC3iXUwJGatsnpO0Be4DEpEaXbsEpeZHEp8Wc62nek+QYT20sR2076+SdCfAicWcki2aotO0vrxPSWLIAqCBaN10nglZCFHAq2CjjxZpFhA5IjzUNDYhkupVMbhrhI6N0cDdU5gWAJ+rvREKk1kPpm0lJoK/nvbH4n9eMoXvRSngQxcACOl3UjQWGEI8Lwh2uGAUxNIRQxc1fMe0TRSiYGjOmBHf+5EVSK+TdUr54e5YtX83qSKMDdIhyyEXnqIxuUAVVEUWP6Bm9ojfryXqx3q2P6WjKmmX20R9Ynz/y/Zz1</latexit>

apre = 1206± 35(1�) m
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<latexit sha1_base64="dbfQAfytEbbNF1sJiCwqZPrakp8=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFclaTWx0YoutCNUME+oEnLZDpph04ezEyEEvIBbvwVNy4UcesHuPNvnLRdaOuBgcM553LnHjfiTCrT/DYWFpeWV1Zza/n1jc2t7cLObkOGsSC0TkIeipaLJeUsoHXFFKetSFDsu5w23eFV5jcfqJAsDO7VKKKOj/sB8xjBSkvdQtH2BCZJrVNOE9w5TtEFmigVO2KZeH2b6pRZMsdA88SakiJMUesWvuxeSGKfBopwLGXbMiPlJFgoRjhN83YsaYTJEPdpW9MA+1Q6yfiYFB1qpYe8UOgXKDRWf08k2Jdy5Ls66WM1kLNeJv7ntWPlnTsJC6JY0YBMFnkxRypEWTOoxwQlio80wUQw/VdEBlh3oXR/eV2CNXvyPGmUS9Zp6eSuUqxeTuvIwT4cwBFYcAZVuIEa1IHAIzzDK7wZT8aL8W58TKILxnRmD/7A+PwBplWavw==</latexit>

P 2

a3
=

4⇡2

GM
<latexit sha1_base64="Ie4HfySa25QUgD/oeDMfoZHEfN0=">AAACCnicbVC5TsNAEF2HK4TLQEmzECFRRXY4G6QIGsogkUPKpfVmnayyXlu7Y0RkuabhV2goQIiWL6Djb9gcBSQ8aaSn92Y0M8+LBNfgON9WZmFxaXklu5pbW9/Y3LK3d6o6jBVlFRqKUNU9opngklWAg2D1SDESeILVvMH1yK/dM6V5KO9gGLFWQHqS+5wSMFLH3m/6itCk3C6mCWkfp/gSN4E9QEJDqYFISDt23ik4Y+B54k5JHk1R7thfzW5I44BJoIJo3XCdCFoJUcCpYGmuGWsWETogPdYwVJKA6VYyfiXFh0bpYj9UpiTgsfp7IiGB1sPAM50Bgb6e9Ubif14jBv+ilXAZxcAknSzyY4EhxKNccJcrRkEMDSFUcXMrpn1isgGTXs6E4M6+PE+qxYJ7Vji9PcmXrqZxZNEeOkBHyEXnqIRuUBlVEEWP6Bm9ojfryXqx3q2PSWvGms7soj+wPn8AXZiauQ==</latexit>

P 2

a3
= constant

<latexit sha1_base64="CtgUhHCd8YiGu26DNjUPh/xubu0=">AAACOHicbVDLSgMxFM3UV62vqks3wSK4KjOtr41QdOPOCvYBnVoyaaYNzTxI7ohlmM9y42e4EzcuFHHrF5hOu+jDA4GTc88huccJBVdgmm9GZml5ZXUtu57b2Nza3snv7tVVEEnKajQQgWw6RDHBfVYDDoI1Q8mI5wjWcAbXo3njkUnFA/8ehiFre6Tnc5dTAlrq5G9tVxIaVzs2sCeIdTZ5KCUxmb6XE3yJ53yBglljKpSTTr5gFs0UeJFYE1JAE1Q7+Ve7G9DIYz5QQZRqWWYI7ZhI4FSwJGdHioWEDkiPtTT1icdUO04XT/CRVrrYDaQ+PuBUnU7ExFNq6Dna6RHoq/nZSPxv1orAvWjH3A8jYD4dP+RGAkOARy3iLpeMghhqQqjk+q+Y9oluCHTXOV2CNb/yIqmXitZZ8fTupFC5mtSRRQfoEB0jC52jCrpBVVRDFD2jd/SJvowX48P4Nn7G1owxyeyjGRi/f0Ecr7Y=</latexit>

P 2
pre

a3pre
=

P 2
post

a3post

<latexit sha1_base64="a253zCwYQVkOv9PAtCiDH0XJQQU=">AAACE3icbVC7SgNBFJ2Nrxhfq5Y2g0GIFmE3mmgjBG0sI5gHZEOYnUySITO7y8xdMSz5Bxt/xcZCEVsbO//GyaPQxAMDh3Pu4c49fiS4Bsf5tlJLyyura+n1zMbm1vaOvbtX02GsKKvSUISq4RPNBA9YFTgI1ogUI9IXrO4Prsd+/Z4pzcPgDoYRa0nSC3iXUwJGatsnpO0Be4DEpEaXbsEpeZHEp8Wc62nek+QYT20sR2076+SdCfAicWcki2aotO0vrxPSWLIAqCBaN10nglZCFHAq2CjjxZpFhA5IjzUNDYhkupVMbhrhI6N0cDdU5gWAJ+rvREKk1kPpm0lJoK/nvbH4n9eMoXvRSngQxcACOl3UjQWGEI8Lwh2uGAUxNIRQxc1fMe0TRSiYGjOmBHf+5EVSK+TdUr54e5YtX83qSKMDdIhyyEXnqIxuUAVVEUWP6Bm9ojfryXqx3q2P6WjKmmX20R9Ynz/y/Zz1</latexit>

apre = 1206± 35(1�) m
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<latexit sha1_base64="dbfQAfytEbbNF1sJiCwqZPrakp8=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFclaTWx0YoutCNUME+oEnLZDpph04ezEyEEvIBbvwVNy4UcesHuPNvnLRdaOuBgcM553LnHjfiTCrT/DYWFpeWV1Zza/n1jc2t7cLObkOGsSC0TkIeipaLJeUsoHXFFKetSFDsu5w23eFV5jcfqJAsDO7VKKKOj/sB8xjBSkvdQtH2BCZJrVNOE9w5TtEFmigVO2KZeH2b6pRZMsdA88SakiJMUesWvuxeSGKfBopwLGXbMiPlJFgoRjhN83YsaYTJEPdpW9MA+1Q6yfiYFB1qpYe8UOgXKDRWf08k2Jdy5Ls66WM1kLNeJv7ntWPlnTsJC6JY0YBMFnkxRypEWTOoxwQlio80wUQw/VdEBlh3oXR/eV2CNXvyPGmUS9Zp6eSuUqxeTuvIwT4cwBFYcAZVuIEa1IHAIzzDK7wZT8aL8W58TKILxnRmD/7A+PwBplWavw==</latexit>

P 2

a3
=

4⇡2

GM
<latexit sha1_base64="Ie4HfySa25QUgD/oeDMfoZHEfN0=">AAACCnicbVC5TsNAEF2HK4TLQEmzECFRRXY4G6QIGsogkUPKpfVmnayyXlu7Y0RkuabhV2goQIiWL6Djb9gcBSQ8aaSn92Y0M8+LBNfgON9WZmFxaXklu5pbW9/Y3LK3d6o6jBVlFRqKUNU9opngklWAg2D1SDESeILVvMH1yK/dM6V5KO9gGLFWQHqS+5wSMFLH3m/6itCk3C6mCWkfp/gSN4E9QEJDqYFISDt23ik4Y+B54k5JHk1R7thfzW5I44BJoIJo3XCdCFoJUcCpYGmuGWsWETogPdYwVJKA6VYyfiXFh0bpYj9UpiTgsfp7IiGB1sPAM50Bgb6e9Ubif14jBv+ilXAZxcAknSzyY4EhxKNccJcrRkEMDSFUcXMrpn1isgGTXs6E4M6+PE+qxYJ7Vji9PcmXrqZxZNEeOkBHyEXnqIRuUBlVEEWP6Bm9ojfryXqx3q2PSWvGms7soj+wPn8AXZiauQ==</latexit>

P 2

a3
= constant

<latexit sha1_base64="CtgUhHCd8YiGu26DNjUPh/xubu0=">AAACOHicbVDLSgMxFM3UV62vqks3wSK4KjOtr41QdOPOCvYBnVoyaaYNzTxI7ohlmM9y42e4EzcuFHHrF5hOu+jDA4GTc88huccJBVdgmm9GZml5ZXUtu57b2Nza3snv7tVVEEnKajQQgWw6RDHBfVYDDoI1Q8mI5wjWcAbXo3njkUnFA/8ehiFre6Tnc5dTAlrq5G9tVxIaVzs2sCeIdTZ5KCUxmb6XE3yJ53yBglljKpSTTr5gFs0UeJFYE1JAE1Q7+Ve7G9DIYz5QQZRqWWYI7ZhI4FSwJGdHioWEDkiPtTT1icdUO04XT/CRVrrYDaQ+PuBUnU7ExFNq6Dna6RHoq/nZSPxv1orAvWjH3A8jYD4dP+RGAkOARy3iLpeMghhqQqjk+q+Y9oluCHTXOV2CNb/yIqmXitZZ8fTupFC5mtSRRQfoEB0jC52jCrpBVVRDFD2jd/SJvowX48P4Nn7G1owxyeyjGRi/f0Ecr7Y=</latexit>

P 2
pre

a3pre
=

P 2
post

a3post

<latexit sha1_base64="UQxzLLYBWCHBSr08DcujpDgyY2w="></latexit>

apre =

✓
Ppre

Ppost

◆2/3

apost

<latexit sha1_base64="a253zCwYQVkOv9PAtCiDH0XJQQU=">AAACE3icbVC7SgNBFJ2Nrxhfq5Y2g0GIFmE3mmgjBG0sI5gHZEOYnUySITO7y8xdMSz5Bxt/xcZCEVsbO//GyaPQxAMDh3Pu4c49fiS4Bsf5tlJLyyura+n1zMbm1vaOvbtX02GsKKvSUISq4RPNBA9YFTgI1ogUI9IXrO4Prsd+/Z4pzcPgDoYRa0nSC3iXUwJGatsnpO0Be4DEpEaXbsEpeZHEp8Wc62nek+QYT20sR2076+SdCfAicWcki2aotO0vrxPSWLIAqCBaN10nglZCFHAq2CjjxZpFhA5IjzUNDYhkupVMbhrhI6N0cDdU5gWAJ+rvREKk1kPpm0lJoK/nvbH4n9eMoXvRSngQxcACOl3UjQWGEI8Lwh2uGAUxNIRQxc1fMe0TRSiYGjOmBHf+5EVSK+TdUr54e5YtX83qSKMDdIhyyEXnqIxuUAVVEUWP6Bm9ojfryXqx3q2P6WjKmmX20R9Ynz/y/Zz1</latexit>

apre = 1206± 35(1�) m
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<latexit sha1_base64="dbfQAfytEbbNF1sJiCwqZPrakp8=">AAACDHicbVDLSsNAFL3xWeur6tLNYBFclaTWx0YoutCNUME+oEnLZDpph04ezEyEEvIBbvwVNy4UcesHuPNvnLRdaOuBgcM553LnHjfiTCrT/DYWFpeWV1Zza/n1jc2t7cLObkOGsSC0TkIeipaLJeUsoHXFFKetSFDsu5w23eFV5jcfqJAsDO7VKKKOj/sB8xjBSkvdQtH2BCZJrVNOE9w5TtEFmigVO2KZeH2b6pRZMsdA88SakiJMUesWvuxeSGKfBopwLGXbMiPlJFgoRjhN83YsaYTJEPdpW9MA+1Q6yfiYFB1qpYe8UOgXKDRWf08k2Jdy5Ls66WM1kLNeJv7ntWPlnTsJC6JY0YBMFnkxRypEWTOoxwQlio80wUQw/VdEBlh3oXR/eV2CNXvyPGmUS9Zp6eSuUqxeTuvIwT4cwBFYcAZVuIEa1IHAIzzDK7wZT8aL8W58TKILxnRmD/7A+PwBplWavw==</latexit>

P 2

a3
=

4⇡2

GM
<latexit sha1_base64="Ie4HfySa25QUgD/oeDMfoZHEfN0=">AAACCnicbVC5TsNAEF2HK4TLQEmzECFRRXY4G6QIGsogkUPKpfVmnayyXlu7Y0RkuabhV2goQIiWL6Djb9gcBSQ8aaSn92Y0M8+LBNfgON9WZmFxaXklu5pbW9/Y3LK3d6o6jBVlFRqKUNU9opngklWAg2D1SDESeILVvMH1yK/dM6V5KO9gGLFWQHqS+5wSMFLH3m/6itCk3C6mCWkfp/gSN4E9QEJDqYFISDt23ik4Y+B54k5JHk1R7thfzW5I44BJoIJo3XCdCFoJUcCpYGmuGWsWETogPdYwVJKA6VYyfiXFh0bpYj9UpiTgsfp7IiGB1sPAM50Bgb6e9Ubif14jBv+ilXAZxcAknSzyY4EhxKNccJcrRkEMDSFUcXMrpn1isgGTXs6E4M6+PE+qxYJ7Vji9PcmXrqZxZNEeOkBHyEXnqIRuUBlVEEWP6Bm9ojfryXqx3q2PSWvGms7soj+wPn8AXZiauQ==</latexit>

P 2

a3
= constant

<latexit sha1_base64="CtgUhHCd8YiGu26DNjUPh/xubu0=">AAACOHicbVDLSgMxFM3UV62vqks3wSK4KjOtr41QdOPOCvYBnVoyaaYNzTxI7ohlmM9y42e4EzcuFHHrF5hOu+jDA4GTc88huccJBVdgmm9GZml5ZXUtu57b2Nza3snv7tVVEEnKajQQgWw6RDHBfVYDDoI1Q8mI5wjWcAbXo3njkUnFA/8ehiFre6Tnc5dTAlrq5G9tVxIaVzs2sCeIdTZ5KCUxmb6XE3yJ53yBglljKpSTTr5gFs0UeJFYE1JAE1Q7+Ve7G9DIYz5QQZRqWWYI7ZhI4FSwJGdHioWEDkiPtTT1icdUO04XT/CRVrrYDaQ+PuBUnU7ExFNq6Dna6RHoq/nZSPxv1orAvWjH3A8jYD4dP+RGAkOARy3iLpeMghhqQqjk+q+Y9oluCHTXOV2CNb/yIqmXitZZ8fTupFC5mtSRRQfoEB0jC52jCrpBVVRDFD2jd/SJvowX48P4Nn7G1owxyeyjGRi/f0Ecr7Y=</latexit>

P 2
pre

a3pre
=

P 2
post

a3post

<latexit sha1_base64="UQxzLLYBWCHBSr08DcujpDgyY2w="></latexit>

apre =

✓
Ppre

Ppost

◆2/3

apost

Well known
Hera!

<latexit sha1_base64="a253zCwYQVkOv9PAtCiDH0XJQQU=">AAACE3icbVC7SgNBFJ2Nrxhfq5Y2g0GIFmE3mmgjBG0sI5gHZEOYnUySITO7y8xdMSz5Bxt/xcZCEVsbO//GyaPQxAMDh3Pu4c49fiS4Bsf5tlJLyyura+n1zMbm1vaOvbtX02GsKKvSUISq4RPNBA9YFTgI1ogUI9IXrO4Prsd+/Z4pzcPgDoYRa0nSC3iXUwJGatsnpO0Be4DEpEaXbsEpeZHEp8Wc62nek+QYT20sR2076+SdCfAicWcki2aotO0vrxPSWLIAqCBaN10nglZCFHAq2CjjxZpFhA5IjzUNDYhkupVMbhrhI6N0cDdU5gWAJ+rvREKk1kPpm0lJoK/nvbH4n9eMoXvRSngQxcACOl3UjQWGEI8Lwh2uGAUxNIRQxc1fMe0TRSiYGjOmBHf+5EVSK+TdUr54e5YtX83qSKMDdIhyyEXnqIxuUAVVEUWP6Bm9ojfryXqx3q2P6WjKmmX20R9Ynz/y/Zz1</latexit>

apre = 1206± 35(1�) m



Conclusions
• DART significantly altered the binary orbit, 

reducing the orbital velocity by ~2.7 mm/s and 
the orbit period by ~33 min 

• The measurement of Δ𝑣! (and therefore 𝛽) can 
be substantially improved upon Hera’s arrival in 
late 2026

27 March 20238


