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New insights into the young stars at the 
Galactic Center: 

unveiling the inner structure of the young clockwise disk 



The mystery of the young stars at the galactic center

Hostile environment around a supermassive black hole (SMBH) should make star 
formation impossible (tidal forces, magnetic fields, etc.), yet there is a population 
of 3-8 Myr old stars within 0.5 parsecs (e.g. Ghez+2003, Lu+2009) Z. Haggard, 2
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Many of the young stars occupy specific dynamical structures

Massive star clockwise disk 
(CWD): Ordered circular orbits 
further from black hole (e.g. 
Genzel+2003, Levin & Beloborodov 2003, Yelda+2014, 
Jia+ 2021, von Fellenberg+ 2022)

Z. Haggard, 3



The current dynamics of young stars can help us solve this mystery

Studying current orbits c
an help us 

to understand formation mechanisms 

+ dynamical processes at the GC

Massive star clockwise disk 
(CWD): Ordered circular orbits 
further from black hole (e.g. 
Genzel+2003, Levin & Beloborodov 2003, Yelda+2014, 
Jia+ 2021, von Fellenberg+ 2022)
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With 30 years of data from W.M. Keck Observatory, we have an 
unprecedented sample of accelerating stars within 5” of the SMBH

- Larger acceleration radius: 
Around 2x the median radius at which 
we measure significant accelerations

Our sample’s typical 
accelerations
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Fellenberg+2022)

But, why are accelerations 

important?



plane of the sky (x, y)

Measured accelerations in the plane of the sky allow us to put constraints 
on the line-of-sight distance (z) to the SMBH

Projected distance 
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Measure an acceleration
at projected distance 

Measured accelerations in the plane of the sky allow us to put constraints 
on the line-of-sight distance (z) to the SMBH
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Measure an acceleration
at projected distance 

3D distance to SMBH

Measured accelerations in the plane of the sky allow us to put constraints 
on the line-of-sight distance (z) to the SMBH
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Knowledge of the line-of-sight distance (z) is the final piece that allows us 
to constrain the orbit of many young stars in our sample

6 kinematic parameters 
that describe motion

- Position and 2D velocity in 
sky (4) (astrometry)

- z-component of velocity 
(RV) (1)

- Last missing piece: 3D 
distance constrained from 
accelerations (z) (1)

Z. Haggard, 12



6 orbital elements*
- Semi-major axis (a)
- Inclination (I)
- Eccentricity (e)
- RA of ascending node (Ω)
- Argument of periapsis (ω)
- Time of periapsis (T0)

*This assumes fixing the gravitational potential based on the constraints from S0-2
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to constrain the orbit of many young stars in our sample
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Two orbital parameters define a star’s orbital plane and direction of 
angular momentum 

Plane of reference

Orbital plane

Reference direction

i
Ω

Normal vector (direction 
of angular momentum)
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Acceleration constrained stars have well characterized orbital planes

i = 180

Ω = 0Ω = 360

i = 0 Z. Haggard, 16

Stars with accelerations
Stars without accelerations

2-sigma contours plotted

Normal vectors to orbital plane



We see a very apparent clustering of stars’ orbital planes

2-sigma contours plotted

i = 180

Ω = 0Ω = 360

i = 0

Stars with accelerations
Stars without accelerations
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This is previously identified clockwise disk (CWD), but localized to 3 times 
smaller solid angle with greater density

stars per deg2

*We find no other structures with central 5”

i = 180

Ω = 0Ω = 360

i = 0Black contour: 
where density 
drops by 50%
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Overdensity of normal vectors to 
orbital plane



stars per deg2

*We find no other structures with central 5”

i = 180

Ω = 0Ω = 360

i = 0

40-50% of young 
stars have orbits 
near this 
overdensity

Black contour: 
where density 
drops by 50%

This is previously identified clockwise disk (CWD), but localized to 3 times 
smaller solid angle with greater density
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Overdensity of normal vectors to 
orbital plane



Because we have well constrained semi-major axes (a), we can look at how 
the disk structures change further from the black hole

Stars with a < 0.1 pc Stars with a > 0.1 pc
inner sample outer sample
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The outer sample (a > 0.1 pc) shows a relatively thin and densely populated 
disk structure

Orbital plane orientation 
over-densities (50% density 
contours)

Outer clockwise disk dominates 
overdensity map (>0.1 pc): 

- Populated by around 20 stars 
with nearly identical normal 
vectors

scale height ~ 0.08

Z. Haggard, 21

Haggard+ (in prep.)



On the other hand, we see evidence for newly observed structural changes 
in the inner portion (a < 0.1 pc) of the clockwise disk

The inner clockwise disk shows 
a different structure (<0.1 pc): 

- Shifted orbital orientation 
and larger spread in orbital 
elements (i.e. lower density)

Outer clockwise disk dominates 
overdensity map (>0.1 pc): 

- Populated by around 20 stars 
with nearly identical normal 
vectors

Orbital plane orientation 
over-densities (50% density 
contours)

scale height ~ 0.25
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If we consider stars with orbital planes consistent with overdensity 
contours, there is a clear evolution in the clockwise disk structure

Orbital semi-major axis (pc)

Orbital plane orientation 
over-densities (50% density 
contours)

Stars 
closer to 
black hole
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If we consider stars with orbital planes consistent with overdensity 
contours, there is a clear evolution in the clockwise disk structure
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If we consider stars with orbital planes consistent with overdensity 
contours, there is a clear evolution in the clockwise disk structure

Orbital semi-major axis (pc)

Orbital plane orientation 
over-densities (50% density 
contours)

inner

outer

Stars 
closer to 
black hole

Orbital semi-major axis (pc)

Orbital semi-major axis (arcsec)

Stars with accelerations
Stars without accelerations
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Orbital semi-major axis (arcsec)

We see evidence of both a 20 degree warping and thickening of the 
clockwise disk closer to the SMBH

Orbital semi-major axis (pc)

Inner disk 
2x as thick
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warping

Orbital plane orientation 
over-densities (50% density 
contours)

Stars with accelerations
Stars without accelerations
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We see evidence of both a 20 degree warping and thickening of the 
clockwise disk closer to the SMBH

Relatively flat 
outer-disk (>0.1 pc 
to end of sample 
field)

Warped and thickened 
inner disk (0.04 to 0.1 
pc)

Orbital semi-major axis (arcsec)

Orbital semi-major axis (pc)

Inner disk 
2x as thick
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Stars with accelerations
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One possible scenario is that the warp and the observed clockwise disk 
structure (warped + thicker inner disk) is a relic from star formation

Outer disk: Relatively flat outer-disk 
(>0.1 pc) that is warped with respect 
to inner disk

Inner disk: Thickened inner edge 
remnant (< 0.1 pc) due to changing inner 
disk orientation from infalling material

(Colliding clouds scenario: e.g. Nayaksin+2007, Hobbs+2009) Z. Haggard, 28



Summary 

More accelerations than ever before: Around 30 years of astrometric data (+ radial 
velocities) of the young stars in the galactic center (< 5”) enables the measurement of an 
unprecedented number of accelerations (2x more than previous works!)

Accelerations are the missing piece for complete orbits: With accelerations we have the 
missing piece for constraining a star’s orbit around the SMBH.

We find evidence for a new picture of the inner clockwise disk: Because of 
accelerations, we can look at the orbital structure. We find that the inner clockwise disk is 
warped and thickened relative to the outer sample. 

Thank you for listening!
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Bonus slides
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Acceleration constraints of sample

Radial acceleration information (in plane-of-sky)
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Example typical long period orbit (P > 1500)

- Bimodal due to fact can’t 
distinguish between z 
solutions (little constraint in 
vz or astrometry past accel.)

- Strongly accelerating star 
(12 sigma sig.)

- Typical errors on period are 
10-20% for these stars

Z. Haggard, 32



Example typical short(er) period orbit (P < 1500)

- One mode due to 
acceleration constraint in z

- Strongly accelerating star 
(18 sigma sig.)

- Typical errors on period are 
2-5% for these stars

Z. Haggard, 33



(“Bootstrapping”) Dropping astrometry + RV doesn’t appear to be large 
effect (< 10% change in error on all parameters)

Original 
chains

Dropping 
astrometry + 
RV trials
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Exploration of biases from sample selection show that it is easier to measure orbits 
with circular (lower angular momentum), but is not reflected in angles (i, Omega)

Z. Haggard, 35



Exploration of biases from sample selection show that it is easier to measure orbits 
with circular (lower angular momentum), but is not reflected in angles (i, Omega)
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Simulations in NStarOrbits appear to suggest robust orbits for sample

Example: 

One realization of long-period (P ~ 
2000 years with accel.) CWD-like 
star simulated orbit with injected 
parameters marked in blue
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Binarity has little to no impact in this period regime (a < 0.4)

Distribution of vz we sample from (which 
assumes Sana+2012)

Example star:
1. w/ binarity 

subtracted (100 
random samples)

2. Original chains
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No difference in eccentricity distribution between populations

Blue = inner

Black = outer disk
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