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• MHD-driven Jets & Outflows:  Launching,  Acceleration, and Feedback
(Kölligan & Kuiper 2018)

Emmy Noether Research Group on Massive Star Formation

• Radiation Forces & Photoionization:  Feedback in Time and Space
(Kuiper & Hosokawa 2018)

• UV-Line Scattering Forces:  Ablation, Disk Winds, and the Upper Mass Limit
(Kee, Owocki, & Kuiper 2018a,b;  Kee, Kuiper et al., in prep.)

• First Larson Cores from Low-mass Stars to Massive Stars
(Bhandare, Kuiper et al. 2018)

• Disk Fragmentation:  Variable Accretion, Luminosity Bursts and Binary Formation
(Meyer, Kuiper et al. 2018;  Kuiper et al., in prep.;  Ahmadi, Kuiper et al., in prep.)
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• Magneto-Hydrodynamics PLUTO 4.1 (Mignone et al. 2007, 2012)

Software Development

• Self-Gravity (Kuiper et al. 2010b)

• Stellar Evolution (Kuiper & Yorke 2013)

• Dust Evolution:  Sublimation and Evaporation

• Protostellar Outflows (Kuiper,  Yorke, & Turner 2015;  Kuiper, Turner, & Yorke 2016)

•Radiation
• Hybrid Scheme:  Stellar Irradiation + Continuum (Re-)Emission (Kuiper et al. 2010a)
• now also in FLASH 4 (Klassen, Kuiper et al. 2014) & ORION (Rosen et al. 2017)

• Photoionization:  Stellar Feedback + Recombination (Kuiper, Yorke, & Mignone, subm.)

• MHD-driven Jets & Outflows (Kölligan & Kuiper 2018)

• Grids:  log-radial  Spherical Coordinates and Cartesian, Cylindrical, stacked, …

‣ extremely high spatial resolution of the innermost object (disk, jet launching, first core)

• 1D spherical symmetry,  2D axial symmetry,  and 3D available

‣ long-term runs & parameter studies

• UV-Line Scattering (Kee, Owocki, & Kuiper 2018a,b)

• Variable Equation of State:  Thermal Dissociation and Ionization (Vaidya et al. 2015)



MHD-driven Jets & Outflows

• What is the driving source of observed large-scale outflows?

• Is jet launching an universal (mass-independent) process?

• Does magnetic braking prevent disk formation?

• What is the efficiency of the accretion-ejection process?

• Does the outflow carry angular momentum (enabling disk accretion)?

• What is the effect from/onto the stellar environment?

Kölligan & Kuiper (2018)
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MHD-driven  Jets & Outflows

• non-ideal MHD

• isothermal

• axial and midplane 
symmetry (2D)

• high-resolution: 
Rmin = 1 au,  Δx = 0.1 au; 
in comparison:  Cartesian AMR:  

sink particle 40 au, Δx = 10 au 
(Myers et al. 2013);
see also Matsushita et al. (2017): 
nested grid down to Δx = 1 au

Kölligan & Kuiper (2018)
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• early, single, broad, and massive outflow (as in Banerjee & Pudritz 2008)
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• two distinguished outflow components

• early collimated magneto-centrifugal jet (Blandford & Payne 1982)

• late disk-driven magnetic tower flow (Lynden-Bell 2003)

Kölligan & Kuiper (2018)→ see Poster 4D by Anders Kölligan

MHD-driven  Jets & Outflows



But do collimated jets around 
massive proto stars exist?
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A scaled-up view of star formation?!
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formation process, it must be erased in most sources. This may be
due to large-scale non-uniformity in the surroundings, either
density inhomogeneities in the parent molecular cloud, or intense
radiation from nearby massive stars. Alternatively, some older
bipolar jets exhibit velocity differences of a factor of two or so

between the two sides, indicating that anisotropies near the source,
such as pressure gradients in the collimation zone, may also play a
role in symmetry-breaking16.

The high degree of spatial symmetry in HH212 appears to rule
out the possibility that the features are imposed on an originally
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Figure 1 Molecular hydrogen images of HH212. Initial discovery observations

were made on 18 December 1993 at the 3-m NASA Infrared Telescope Facility on

Mauna Kea, Hawaii. The more sensitive observations presented here were taken

on the Calar Alto 3.5-m telescope on 18 November 1994, using the MAGIC

256 3 256pixel HgCdTe array camera35, through a 1% bandwidth filter centred on

the H2 v ¼ 1–0Sð1Þ line at 2.122 mm. The image scale was 0.322 arcsec per pixel

and field-of-view 82 3 82arcsec. The seeing was 0.7 arcsec. A series of 1-min

integrations were taken at positions along the jet, giving a total of 12min per pixel

over the full length. Images totallinga further 15minper pixelwere obtained for the

central part of the jet (NB2 to SB2) the following night in better seeing (0.6 arcsec).

Data reduction involved subtraction of nearby blank sky images and flat-fielding

with tungsten-illuminated dome images14. A mosaic covers the whole jet (a:

68 3 280 arcsec) with a uniform 12min per pixel while in the centre the many

overlapping images were carefully aligned to sub-pixel accuracy giving a deep

(27min per pixel), high-resolution (0.6 arcsec) view (b: 55 3 86 arcsec) of the

inner knots and bow shocks. Unrelated field stars are marked ‘S’ in b.

Continuum images were not subtracted, as our spectra (Fig. 2) establish that

the jet is emitting only in H2. For flux calibration, a bright standard star was

observed at similar airmasses (1.4–1.7) to HH212. The resulting 3j detection limits

are 5:5 3 102 19 and 3:7 3 102 19 Wm2 2 arcsec2 2 for the full image (a) and central

image (b), respectively. The total observed 2.122-mm flux from HH212 is

ð1:07 6 0:05Þ 3 102 15 Wm2 2, equivalent to 5:3 3 102 3 L( at a distance of 400 pc.

Spectra of the jet (Fig. 2), along with broad-band near-infrared observations of it

and surrounding field stars, yield at estimated extinction of AV < 20mag

(A2:122 mm < 2:8mag) towards the central knots, tapering off to AV < 2mag

(A2:122 mm < 0:28mag) at the outer bow shocks. Correcting for this non-uniform

extinction yields an intrinsic 2.122-mm flux of 3:63 3 102 15 W m2 2 or 0.018 L(. For

the derived jet excitation parameters (Fig. 2), the v ¼ 1–0Sð1Þ line accounts for

6.5% of the total H2 luminosity36, yielding a total inferredH2 luminosity for HH212 of

0.28L(. Cumulative errors are of the order of 650%.

HH 212

Zinnecker et al. 
(1998), Nature McLeod, Reiter, Kuiper, Klaassen, & Evans (2018), Nature
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Radiation & Photoionization Feedback

• Does feedback stop stellar accretion?

• Is the upper mass limit of stars due to feedback?

• Which feedback components dominate?

On what spatial scales? During which epochs?

Kuiper & Hosokawa (2018)
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Kuiper & Hosokawa (2018)

Radiation & Photoionization Feedback
Grid:

• Axial and midplane symmetry (2D)

• Δx = 0.3 au

Feedback Physics:

• Outflows (subgrid)

• Radiation Forces

• Photoionization → HII Region

Two different Initial Conditions:

• Finite 100 M� pre-stellar core (R = 0.1 pc)

• „Infinite“ 1000 M� mass reservoir (R = 1 pc)
= 100 M� pre-stellar core fed by large scales
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Finite Mass Reservoir "Infinite" Mass Reservoir

Outflow only

Outflow + Ionization

Outflow + Radiation
Outflow + Ionization + Radiation

Outflow only

Outflow 
+ Ionization

Outflow 
+ Radiation

Outflow 
+ Ionization 
+ Radiation

Controlled by mass loss of the reservoir:

✘ Outflows
✘ Photoionization
✔ Radiation Forces

Kuiper & Hosokawa (2018)

✔ Outflows
Controlled by radiation forces:

Radiation & Photoionization Feedback

→ see also Talk by Kei Tanaka

→ see also Talk by Anna Rosen



Disk Fragmentation

• Do massive accretion disks undergo fragmentation?

• Does disk fragmentation prevent/enhance stellar accretion?

• Does disk fragmentation yield multiplicity?
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Time

Klassen, Pudritz, 
Kuiper et al. (2016)

Figure 9. Analysis of the local stability of the entire protostellar disk from the 100 Me simulation. The rows show the state of the simulation at the stated times, which
are identical to the ones shown in Figure 3. The left column shows the column density of the disk. The center column shows the β stability parameter for the entire
disk. The right column shows the β stability parameter again, but with Toomre-stable regions (Q > 1) masked out. Colored in red, therefore, are only those regions
that are both Toomre-unstable and β-unstable. These are expected to be gravitationally unstable. The white contour in the panels of the middle and right columns
indicate those regions where the density exceeds the threshold for sink particle formation, ρthresh=1. 4×10−14 g cm−3.
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3000 AU

How massive stars get their mass 2563

Figure 7. Surface density projections of the accretion disc in run LamRT+FLD showing the disc’s time evolution. Each panel represents a projection of the
accretion disc, with the most massive star at the centre of the panel, that is (3000 au)2 in size. The projection is taken over a height of 1000 au above and below
the massive star. Stars with masses greater than 0.01 M⊙ are overplotted on all panels.

Figure 8. Stellar mass and accretion rates for runs LamRT+FLD and Lam-
FLD. Top panel: total mass in primary and companion stars as a function of
time for run LamRT+FLD (pink-solid and dot–dashed lines, respectively)
and run LamFLD (teal-dotted and dot–dashed lines, respectively). Bottom
panel: primary star accretion rate as a function of time for run LamRT+FLD
(pink-solid line) and run LamFLD (teal-dashed line).

see Fig. 1) while the Semenov et al. (2003) opacities used for the
FLD method in ORION range from ∼1 to 10 cm2 g−1 for molecular
gas at temperatures below T ! 1500 K. Run LamFLD follows the
same initial conditions as run LamRT+FLD but does not include the
adaptive ray tracing from the HARM2 algorithm. Figs 9 and 10 show
the time evolution for run LamFLD, and are analogous to Figs 2 and
7 for run LamRT+FLD.

In run LamFLD, the radiation-pressure-dominated bubbles be-
gin to expand along the polar directions (both above and below
the star) when the star reaches ∼18 M⊙ (not shown in Fig. 9),

whereas in run LamRT+FLD a radiation-pressure-driven bubble
began to expand above (below) the star when it reached a mass of
∼15 M⊙ (∼22 M⊙). Similarly, Kuiper et al. (2012) also found that
their massive star formation simulation, which only included FLD,
launched radiation-driven bubbles earlier than their comparison run
that included both ray tracing and FLD. Comparison of Figs 2 and
9 also shows that the direct radiation pressure is more efficient at
evacuating material interior to the bubble walls while also causing
substantial RT instabilities to begin to develop later. This is also
demonstrated in the top panel of Fig. 11, which shows the volume-
weighted mass density as a function of radial distance of a 3D cone
above the centre of the computational domain. In run LamFLD, the
bottom bubble becomes unstable and collapses on to the disc when
the star has reached a mass of ∼23.7 M⊙ while the bottom bubble
first becomes unstable in run LamRT+FLD and begins to collapse
when the star has a mass of ∼35 M⊙. This difference is due to
the fact that the direct radiation force falls off as r−2 so infalling
material will feel a greater force as it falls towards the star, caus-
ing the direct radiation to push the material back towards the shell;
whereas the diffuse radiation pressure is roughly constant in the
bubbles because it follows the radiation energy density. Therefore,
the diffuse radiation pressure is less likely to inhibit the non-linear
growth of RT instabilities allowing the shells to collapse earlier. As
the star becomes more luminous in both runs the bottom bubbles
re-expand. However, we find that, regardless of the radiation treat-
ment, the radiation-dominated bubbles eventually become unstable
and deliver mass to the star–disc system through RT instabilities.

In agreement with Kuiper et al. (2012), we also find that ne-
glecting the direct radiation field leads to underestimating the true
radiation force density. Fig. 12 shows volume-weighted projection
plots of the direct (top-left panel), diffuse (top-right panel), and total
radiation force densities (bottom-left panel) for a snapshot of run
LamRT+FLD when the primary star has a mass of 36.1 M⊙. The
bottom-right panel of Fig. 12 shows the total radiation force density
for run LamFLD at the same stellar mass for comparison. The top
two panels show that the radiation force density associated with the
direct radiation field is much greater than the diffuse component in
regions of the bubble shells where the direct component is absorbed
while comparison of the bottom two panels demonstrates that the

MNRAS 463, 2553–2573 (2016)
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material will feel a greater force as it falls towards the star, caus-
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see Fig. 1) while the Semenov et al. (2003) opacities used for the
FLD method in ORION range from ∼1 to 10 cm2 g−1 for molecular
gas at temperatures below T ! 1500 K. Run LamFLD follows the
same initial conditions as run LamRT+FLD but does not include the
adaptive ray tracing from the HARM2 algorithm. Figs 9 and 10 show
the time evolution for run LamFLD, and are analogous to Figs 2 and
7 for run LamRT+FLD.
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gin to expand along the polar directions (both above and below
the star) when the star reaches ∼18 M⊙ (not shown in Fig. 9),

whereas in run LamRT+FLD a radiation-pressure-driven bubble
began to expand above (below) the star when it reached a mass of
∼15 M⊙ (∼22 M⊙). Similarly, Kuiper et al. (2012) also found that
their massive star formation simulation, which only included FLD,
launched radiation-driven bubbles earlier than their comparison run
that included both ray tracing and FLD. Comparison of Figs 2 and
9 also shows that the direct radiation pressure is more efficient at
evacuating material interior to the bubble walls while also causing
substantial RT instabilities to begin to develop later. This is also
demonstrated in the top panel of Fig. 11, which shows the volume-
weighted mass density as a function of radial distance of a 3D cone
above the centre of the computational domain. In run LamFLD, the
bottom bubble becomes unstable and collapses on to the disc when
the star has reached a mass of ∼23.7 M⊙ while the bottom bubble
first becomes unstable in run LamRT+FLD and begins to collapse
when the star has a mass of ∼35 M⊙. This difference is due to
the fact that the direct radiation force falls off as r−2 so infalling
material will feel a greater force as it falls towards the star, caus-
ing the direct radiation to push the material back towards the shell;
whereas the diffuse radiation pressure is roughly constant in the
bubbles because it follows the radiation energy density. Therefore,
the diffuse radiation pressure is less likely to inhibit the non-linear
growth of RT instabilities allowing the shells to collapse earlier. As
the star becomes more luminous in both runs the bottom bubbles
re-expand. However, we find that, regardless of the radiation treat-
ment, the radiation-dominated bubbles eventually become unstable
and deliver mass to the star–disc system through RT instabilities.

In agreement with Kuiper et al. (2012), we also find that ne-
glecting the direct radiation field leads to underestimating the true
radiation force density. Fig. 12 shows volume-weighted projection
plots of the direct (top-left panel), diffuse (top-right panel), and total
radiation force densities (bottom-left panel) for a snapshot of run
LamRT+FLD when the primary star has a mass of 36.1 M⊙. The
bottom-right panel of Fig. 12 shows the total radiation force density
for run LamFLD at the same stellar mass for comparison. The top
two panels show that the radiation force density associated with the
direct radiation field is much greater than the diffuse component in
regions of the bubble shells where the direct component is absorbed
while comparison of the bottom two panels demonstrates that the
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Time

Klassen, Pudritz, 
Kuiper et al. (2016)

Figure 9. Analysis of the local stability of the entire protostellar disk from the 100 Me simulation. The rows show the state of the simulation at the stated times, which
are identical to the ones shown in Figure 3. The left column shows the column density of the disk. The center column shows the β stability parameter for the entire
disk. The right column shows the β stability parameter again, but with Toomre-stable regions (Q > 1) masked out. Colored in red, therefore, are only those regions
that are both Toomre-unstable and β-unstable. These are expected to be gravitationally unstable. The white contour in the panels of the middle and right columns
indicate those regions where the density exceeds the threshold for sink particle formation, ρthresh=1. 4×10−14 g cm−3.
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3000 AU

How massive stars get their mass 2563

Figure 7. Surface density projections of the accretion disc in run LamRT+FLD showing the disc’s time evolution. Each panel represents a projection of the
accretion disc, with the most massive star at the centre of the panel, that is (3000 au)2 in size. The projection is taken over a height of 1000 au above and below
the massive star. Stars with masses greater than 0.01 M⊙ are overplotted on all panels.

Figure 8. Stellar mass and accretion rates for runs LamRT+FLD and Lam-
FLD. Top panel: total mass in primary and companion stars as a function of
time for run LamRT+FLD (pink-solid and dot–dashed lines, respectively)
and run LamFLD (teal-dotted and dot–dashed lines, respectively). Bottom
panel: primary star accretion rate as a function of time for run LamRT+FLD
(pink-solid line) and run LamFLD (teal-dashed line).

see Fig. 1) while the Semenov et al. (2003) opacities used for the
FLD method in ORION range from ∼1 to 10 cm2 g−1 for molecular
gas at temperatures below T ! 1500 K. Run LamFLD follows the
same initial conditions as run LamRT+FLD but does not include the
adaptive ray tracing from the HARM2 algorithm. Figs 9 and 10 show
the time evolution for run LamFLD, and are analogous to Figs 2 and
7 for run LamRT+FLD.

In run LamFLD, the radiation-pressure-dominated bubbles be-
gin to expand along the polar directions (both above and below
the star) when the star reaches ∼18 M⊙ (not shown in Fig. 9),

whereas in run LamRT+FLD a radiation-pressure-driven bubble
began to expand above (below) the star when it reached a mass of
∼15 M⊙ (∼22 M⊙). Similarly, Kuiper et al. (2012) also found that
their massive star formation simulation, which only included FLD,
launched radiation-driven bubbles earlier than their comparison run
that included both ray tracing and FLD. Comparison of Figs 2 and
9 also shows that the direct radiation pressure is more efficient at
evacuating material interior to the bubble walls while also causing
substantial RT instabilities to begin to develop later. This is also
demonstrated in the top panel of Fig. 11, which shows the volume-
weighted mass density as a function of radial distance of a 3D cone
above the centre of the computational domain. In run LamFLD, the
bottom bubble becomes unstable and collapses on to the disc when
the star has reached a mass of ∼23.7 M⊙ while the bottom bubble
first becomes unstable in run LamRT+FLD and begins to collapse
when the star has a mass of ∼35 M⊙. This difference is due to
the fact that the direct radiation force falls off as r−2 so infalling
material will feel a greater force as it falls towards the star, caus-
ing the direct radiation to push the material back towards the shell;
whereas the diffuse radiation pressure is roughly constant in the
bubbles because it follows the radiation energy density. Therefore,
the diffuse radiation pressure is less likely to inhibit the non-linear
growth of RT instabilities allowing the shells to collapse earlier. As
the star becomes more luminous in both runs the bottom bubbles
re-expand. However, we find that, regardless of the radiation treat-
ment, the radiation-dominated bubbles eventually become unstable
and deliver mass to the star–disc system through RT instabilities.

In agreement with Kuiper et al. (2012), we also find that ne-
glecting the direct radiation field leads to underestimating the true
radiation force density. Fig. 12 shows volume-weighted projection
plots of the direct (top-left panel), diffuse (top-right panel), and total
radiation force densities (bottom-left panel) for a snapshot of run
LamRT+FLD when the primary star has a mass of 36.1 M⊙. The
bottom-right panel of Fig. 12 shows the total radiation force density
for run LamFLD at the same stellar mass for comparison. The top
two panels show that the radiation force density associated with the
direct radiation field is much greater than the diffuse component in
regions of the bubble shells where the direct component is absorbed
while comparison of the bottom two panels demonstrates that the
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Figure 7. Surface density projections of the accretion disc in run LamRT+FLD showing the disc’s time evolution. Each panel represents a projection of the
accretion disc, with the most massive star at the centre of the panel, that is (3000 au)2 in size. The projection is taken over a height of 1000 au above and below
the massive star. Stars with masses greater than 0.01 M⊙ are overplotted on all panels.

Figure 8. Stellar mass and accretion rates for runs LamRT+FLD and Lam-
FLD. Top panel: total mass in primary and companion stars as a function of
time for run LamRT+FLD (pink-solid and dot–dashed lines, respectively)
and run LamFLD (teal-dotted and dot–dashed lines, respectively). Bottom
panel: primary star accretion rate as a function of time for run LamRT+FLD
(pink-solid line) and run LamFLD (teal-dashed line).

see Fig. 1) while the Semenov et al. (2003) opacities used for the
FLD method in ORION range from ∼1 to 10 cm2 g−1 for molecular
gas at temperatures below T ! 1500 K. Run LamFLD follows the
same initial conditions as run LamRT+FLD but does not include the
adaptive ray tracing from the HARM2 algorithm. Figs 9 and 10 show
the time evolution for run LamFLD, and are analogous to Figs 2 and
7 for run LamRT+FLD.

In run LamFLD, the radiation-pressure-dominated bubbles be-
gin to expand along the polar directions (both above and below
the star) when the star reaches ∼18 M⊙ (not shown in Fig. 9),

whereas in run LamRT+FLD a radiation-pressure-driven bubble
began to expand above (below) the star when it reached a mass of
∼15 M⊙ (∼22 M⊙). Similarly, Kuiper et al. (2012) also found that
their massive star formation simulation, which only included FLD,
launched radiation-driven bubbles earlier than their comparison run
that included both ray tracing and FLD. Comparison of Figs 2 and
9 also shows that the direct radiation pressure is more efficient at
evacuating material interior to the bubble walls while also causing
substantial RT instabilities to begin to develop later. This is also
demonstrated in the top panel of Fig. 11, which shows the volume-
weighted mass density as a function of radial distance of a 3D cone
above the centre of the computational domain. In run LamFLD, the
bottom bubble becomes unstable and collapses on to the disc when
the star has reached a mass of ∼23.7 M⊙ while the bottom bubble
first becomes unstable in run LamRT+FLD and begins to collapse
when the star has a mass of ∼35 M⊙. This difference is due to
the fact that the direct radiation force falls off as r−2 so infalling
material will feel a greater force as it falls towards the star, caus-
ing the direct radiation to push the material back towards the shell;
whereas the diffuse radiation pressure is roughly constant in the
bubbles because it follows the radiation energy density. Therefore,
the diffuse radiation pressure is less likely to inhibit the non-linear
growth of RT instabilities allowing the shells to collapse earlier. As
the star becomes more luminous in both runs the bottom bubbles
re-expand. However, we find that, regardless of the radiation treat-
ment, the radiation-dominated bubbles eventually become unstable
and deliver mass to the star–disc system through RT instabilities.

In agreement with Kuiper et al. (2012), we also find that ne-
glecting the direct radiation field leads to underestimating the true
radiation force density. Fig. 12 shows volume-weighted projection
plots of the direct (top-left panel), diffuse (top-right panel), and total
radiation force densities (bottom-left panel) for a snapshot of run
LamRT+FLD when the primary star has a mass of 36.1 M⊙. The
bottom-right panel of Fig. 12 shows the total radiation force density
for run LamFLD at the same stellar mass for comparison. The top
two panels show that the radiation force density associated with the
direct radiation field is much greater than the diffuse component in
regions of the bubble shells where the direct component is absorbed
while comparison of the bottom two panels demonstrates that the
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Figure 7. Surface density projections of the accretion disc in run LamRT+FLD showing the disc’s time evolution. Each panel represents a projection of the
accretion disc, with the most massive star at the centre of the panel, that is (3000 au)2 in size. The projection is taken over a height of 1000 au above and below
the massive star. Stars with masses greater than 0.01 M⊙ are overplotted on all panels.

Figure 8. Stellar mass and accretion rates for runs LamRT+FLD and Lam-
FLD. Top panel: total mass in primary and companion stars as a function of
time for run LamRT+FLD (pink-solid and dot–dashed lines, respectively)
and run LamFLD (teal-dotted and dot–dashed lines, respectively). Bottom
panel: primary star accretion rate as a function of time for run LamRT+FLD
(pink-solid line) and run LamFLD (teal-dashed line).

see Fig. 1) while the Semenov et al. (2003) opacities used for the
FLD method in ORION range from ∼1 to 10 cm2 g−1 for molecular
gas at temperatures below T ! 1500 K. Run LamFLD follows the
same initial conditions as run LamRT+FLD but does not include the
adaptive ray tracing from the HARM2 algorithm. Figs 9 and 10 show
the time evolution for run LamFLD, and are analogous to Figs 2 and
7 for run LamRT+FLD.

In run LamFLD, the radiation-pressure-dominated bubbles be-
gin to expand along the polar directions (both above and below
the star) when the star reaches ∼18 M⊙ (not shown in Fig. 9),

whereas in run LamRT+FLD a radiation-pressure-driven bubble
began to expand above (below) the star when it reached a mass of
∼15 M⊙ (∼22 M⊙). Similarly, Kuiper et al. (2012) also found that
their massive star formation simulation, which only included FLD,
launched radiation-driven bubbles earlier than their comparison run
that included both ray tracing and FLD. Comparison of Figs 2 and
9 also shows that the direct radiation pressure is more efficient at
evacuating material interior to the bubble walls while also causing
substantial RT instabilities to begin to develop later. This is also
demonstrated in the top panel of Fig. 11, which shows the volume-
weighted mass density as a function of radial distance of a 3D cone
above the centre of the computational domain. In run LamFLD, the
bottom bubble becomes unstable and collapses on to the disc when
the star has reached a mass of ∼23.7 M⊙ while the bottom bubble
first becomes unstable in run LamRT+FLD and begins to collapse
when the star has a mass of ∼35 M⊙. This difference is due to
the fact that the direct radiation force falls off as r−2 so infalling
material will feel a greater force as it falls towards the star, caus-
ing the direct radiation to push the material back towards the shell;
whereas the diffuse radiation pressure is roughly constant in the
bubbles because it follows the radiation energy density. Therefore,
the diffuse radiation pressure is less likely to inhibit the non-linear
growth of RT instabilities allowing the shells to collapse earlier. As
the star becomes more luminous in both runs the bottom bubbles
re-expand. However, we find that, regardless of the radiation treat-
ment, the radiation-dominated bubbles eventually become unstable
and deliver mass to the star–disc system through RT instabilities.

In agreement with Kuiper et al. (2012), we also find that ne-
glecting the direct radiation field leads to underestimating the true
radiation force density. Fig. 12 shows volume-weighted projection
plots of the direct (top-left panel), diffuse (top-right panel), and total
radiation force densities (bottom-left panel) for a snapshot of run
LamRT+FLD when the primary star has a mass of 36.1 M⊙. The
bottom-right panel of Fig. 12 shows the total radiation force density
for run LamFLD at the same stellar mass for comparison. The top
two panels show that the radiation force density associated with the
direct radiation field is much greater than the diffuse component in
regions of the bubble shells where the direct component is absorbed
while comparison of the bottom two panels demonstrates that the
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Previous Disk Fragmentation Studies

Sink Particle Routine (Krumholz et al. 2004):

• Jeans-Length λJ < 8 Δx = 160 au

Sink Particle Routine (Federrath et al. 2010):

• Jeans-Length λJ < 8 Δx = 80 au

• Local Collapse faster than Shear (Toomre 1964)

• …
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Kuiper et al. (in prep.);   Ahmadi, Kuiper et al. (in prep.)

No sink particles!
• spatially resolve the disk’s 

pressure scale height & 
Jeans length

‣ log-radial + cos-polar grid:

• 4.4 x 107 grid cells total
• 107 grid cells in the disk

(dynamic range Vdisk / Vcloud ~ 10-5)

naturally includes …
• fragmentation / local collapse

• shear

• migration / grav. torques
• merging

• orbital interaction

• mass transfer

Disk Fragmentation
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Gas Density [g cm-3] Gas Temperature [K] 

Fragmentation  &  Star Formation

→ see Talks by Katharine Johnston & Henrik Beuther
→ see Poster 1C by Aida Ahmadi
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Time

Migration

• Accretion Bursts! (Meyer, Vorobyov, Kuiper, Kley 2017) 600 AU

• Formation of Spectroscopic Binaries! (Meyer, Kuiper, Kley, Johnston, Vorobyov 2018)

observational counterpart:  Caratti o Garatti et al. (2016) & Stecklum et al. (2017)

→ see Poster 7C by Bringfried Stecklum

→ see Talk by Stefan Kraus



First Larson Cores

• Mass dependence of first Larson core properties

• How important is rotation?

• How important are magnetic fields?

Bhandare, Kuiper et al. (2018)
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First Larson Cores

Bhandare, Kuiper et al. (2018)→ see Poster 3A by Asmita Bhandare

�0.5 0.0 0.5 1.0 1.5 2.0

log (Initial cloud mass / M�)

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

lo
g

(F
ir

st
co

re
lif

et
im

e
/y

ea
rs

) / M�0.5

/ M�2.5

�0.5 0.0 0.5 1.0 1.5 2.0

log (Initial cloud mass / M�)

0

2

4

6

8

10

12

M
ea

n
fir

st
co

re
ra

di
us

[a
u]



UV-Line Scattering Feedback

• How is the gas accreted from the disk onto the stellar surface?

• How important is feedback on these smallest accretion scales?

• Boundary layer vs. magneto-spheric accretion?

Kee, Owocki, & Kuiper (2018a,b);  Kee, Kuiper et al, in prep.
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UV-Line Scattering Feedback

Kee, Owocki, & Kuiper (2018a,b);  Kee, Kuiper et al, in prep.
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UV-Line Scattering Feedback

Kee, Owocki, & Kuiper (2018a,b);  Kee, Kuiper et al, in prep.
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UV-Line Scattering Feedback

Kee, Owocki, & Kuiper (2018a,b);  Kee, Kuiper et al, in prep.
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Density 
[g cm-3]

R [Rstar]

Kee, Owocki, & Kuiper (2018a,b);  Kee, Kuiper et al, in prep.
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UV-Line Scattering Feedback

→ see Poster 2C by Nathaniel Dylan Kee
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Summary / Overview

�0.5 0.0 0.5 1.0 1.5 2.0

log (Initial cloud mass / M�)

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

lo
g

(F
ir

st
co

re
lif

et
im

e
/y

ea
rs

) / M�0.5

/ M�2.5

R
ad

ia
tio

n 
&

 P
ho

to
io

ni
za

tio
n 

Fe
ed

ba
ckMHD-driven Jets & Outflows

Disk Fragmentation

First Larson Cores

UV-Line Scattering Feedback

Poste
r 4

D

Poste
r 3

A

Poste
r 2

C
Poste

r 1
C



 Rolf Kuiper Accretion and Feedback in the Formation of Massive Stars September 04,  2018  

 A parsec-scale Jet from a Massive Young Star

McLeod, Reiter, Kuiper, Klaassen, & Evans, Nature

Large Magellanic Cloud - N180 HH 1177

VLT, MUSE 
red [SII] 673nm
green H
blue [OIII] 501nm

α VLT, MUSE 
red/blue Hα


