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Motivation



Tan et al. (2014), PPVI: 
„… a few caveats are in order. 
First, no code yet includes all of these physical processes.“

Eric Keto, EPoS 2014: 
„If it does not form an HII region, it is not a massive star.“
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Physics

Feedback Physics:

• Protostellar Outflows

• Photoionization 

• Radiation Forces

Code Development:

• Hydrodynamics (Pluto; Mignone et al. 2007, 2012)

• log-radial spherical grid;  axial and midplane symmetry

Simulation Series:
✔

✘

✘

✔

✔

✘

✔

✘

✔

✔

✔

✔

• Photoionization (Kuiper,  Yorke, & Mignone 2018 subm.)

• Protostellar Outflows (Kuiper et al. 2015, 2016)

• Radiation Transport (Kuiper et al. 2010b, 2018 subm.)

• Dust Evaporation and Sublimation (Bhandare et al. 2018 subm.)

• Stellar Evolution (Hosokawa & Omukai 2009)

• Stellar Atmosphere (Kurucz 1979)

• Self-Gravity (Kuiper et al. 2010b)
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Two Accretion Scenarios
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"Infinite" Mass Reservoir:
• sustained accretion
• ram pressure

Finite Mass Reservoir:
• "archetype" of a monolithic 

pre-stellar core



Kuiper & Hosokawa (2018)
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Result:  Stellar Mass
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Finite Mass Reservoir "Infinite" Mass Reservoir

Outflow only

Out + Photoionization

Out + Radiation Forces

Out + Ion + Rad

Outflow only

Out + Ion

Out + Rad
Out + Ion + Rad

• controlled by mass loss of the reservoir ✘ Outflows
✘ Photoionization
✔ Radiation Forces

Mstar = 95 M ,  tacc ~ 126 kyr

Rres ~ 0.24 pc,  Mres ~ 240 M
Kuiper & Hosokawa (2018)
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Result:  Outflow Broadening

Kuiper & Hosokawa (2018)
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Result:  Outflow Broadening

Cluster
1.0 pc

Core
0.1 pc

Disk
0.01 pc
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Out

Out + Ion

Out + Rad

Out + Ion + Rad

Disk Structure sets Opening Angle
✘ Photoionization
✔ Radiation Forces

Ram Pressure collimates Outflow Cavity
Radiation Forces > Photoionization

Photoionization > Radiation Forces
HII Region Expansion decreases Infall by 50%

Kuiper & Hosokawa (2018)
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Emmy Noether Research Group
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Emmy Noether Research Group

• Disk Fragmentation (Meyer et al. 2017, 2018)

→ see Poster by Rolf Kuiper

Midplane Gas Mass Density
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Emmy Noether Research Group

• Disk Fragmentation (Meyer et al. 2017, 2018)

• Observational Comparison / CORE  (Ahmadi, Kuiper et al.,  in prep.)

→ see Poster by Aida Ahmadi #P2

→ see Poster by Rolf Kuiper #P23
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Emmy Noether Research Group

• UV-line Scattering Feedback onto the near-star Disk (Kee et al. 2018, + subm.)

Density 
[g cm-3]

Velocity 
[cm s-1]

R [Rstar]R [Rstar]
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Emmy Noether Research Group

• MHD-driven Jets and Outflows (Kölligan & Kuiper,  in prep.)
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Emmy Noether Research Group

• First Larson Cores (Bhandare, Kuiper,  Henning, Fendt, Marleau, Kölligan, subm.)

→ see Poster by Asmita Bhandare #P5
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Emmy Noether Research Group

• Disk Fragmentation (Meyer et al. 2017, 2018)

• Observational Comparison / CORE  (Ahmadi, Kuiper et al.,  in prep.)

• UV-line Scattering Feedback onto the near-star Disk (Kee et al. 2018, + in prep.)

• MHD-driven Jets and Outflows (Kölligan & Kuiper,  in prep.)

• First Larson Cores (Bhandare, Kuiper,  Henning, Fendt, Marleau, Kölligan, subm.)

→ see Poster by Aida Ahmadi #P2

→ see Poster by Rolf Kuiper #P23

→ see Poster by Asmita Bhandare #P5



Jets
 & Outflows

Radiation Forces

Photoionization
& HII Regions

Summary

→ finite 
mass

 res
erv

oirs

→ late epochs + large scales

→ terminate stellar accretion

Obstacles / Open Questions:
• 2D long-timescale vs. 3D high-resolution

• broad parameter space / initial conditions



 Rolf Kuiper First Hydrodynamics Simulations of Radiation Forces and Photoionization Feedback in Massive Star Formation May 14,  2018  

Photoionization feeding the Disk

Time

20 kyr 30 kyr 40 kyr 50 kyr

2000 AU

Photoionization's positive Feedback:

• Protostar keeps bloated until ~30 Msol (~30 kyr)
(Hosokawa & Omukai 2009, Kuiper & Yorke 2013)

‣Thermal Pressure Feedback 
acts like Scissor Handles

‣HII Region fills Bipolar Outflow Cavity

Kuiper & Hosokawa (2018)
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Feedback from First Stars

Kuiper & Hosokawa (2018)

photoevaporation, allowing the H II region to expand in
equatorial directions (Figure 7(d)), and accretion onto the star
is effectively shut off for M*;67.4 :M at t=8×104 years.

In Figure 8, we plot the evolution of the stellar mass for case
D (solid black line). For comparison, we show the stellar mass
growth for case D-NF (blue dashed line), for which all UV
feedback effects had been turned off. We see that mass
accretion onto the protostar is significantly reduced by UV

feedback effects. This figure also displays the stellar mass
growth for a test case (case D-DF) that only included
photodissociation (FUV) feedback (solid magenta line).
Comparing these mass growth histories we conclude that
FUV feedback does hinder mass accretion somewhat, but its
impact is much weaker than EUV feedback.
Figure 9 shows the variation of the envelope temperature–

density–velocity structure with differing UV feedback effects.
For case D-NF with neither EUV nor FUV feedback (Figure 9
(a)), the disk is surrounded by a warm (T;300–500 K)
envelope, where compressional heating due to gas infall is
balanced by H2 molecular line cooling. The gas temperature is
higher (T;5000 K) in a central region r103 au, where H−

free-bound emission is the main cooling process. For case
D-DF with only FUV feedback (Figure 9(b)), the warm
envelope is larger, because FUV radiation reduces the
abundances of efficient coolants via H2 photodissociation and
H− photodetachment. However, this only occurs in polar
regions. Because the bulk of stellar FUV radiation is blocked
by the disk, the envelope structure is hardly affected in
equatorial directions, where the disk mostly accretes gas from
the envelope. As seen in Figure 9(c) EUV feedback
dramatically changes the envelope structure. In addition to
the bipolar photoevaporation flow within the H II region,
portions of the envelope outside the H II region are expelled
from the computational grid as shocks propagate through the
envelope and spread the pressure excess of ionized gas.

Figure 7. Time evolution of the temperature distribution in a plane containing the polar axis for case D. The stellar mass and evolutionary time are given in the insets
of panels (a)–(d). The color scale for temperature is the same as in Figure 4. The 3D white and red contours delineate the structure of dissociation and ionization fronts,
within which the hydrogen atomic and molecular fractions are below 0.5 and 10−4, respectively.

Figure 8. Example of the impact of differing stellar UV feedback on stellar
mass growth. The black solid (case D), magenta solid (case D-DF), and blue
bashed lines (case D-NF) represent the cases including both the ionizing and
dissociating feedback, with the dissociating feedback only, and without UV
feedback, respectively.
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Present-Day Star Formation
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First Stars

Hosokawa, Hirano, Kuiper, et al. (2016)
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 A parsec-scale Jet from a Massive Young Star

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

Large Magellanic Cloud - N180 HH 1177

Halphaoptical
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 A Disk around a Massive Young Star

Johnston, Robitaille, Beuther, Linz, Boley, 
Kuiper, Keto, Hoare, & van Boekel (2015)

AFGL 4176 p-V diagrams

however in the K = 7, 8 lines. A similar blue asymmetry is seen
in the PV diagrams of the low-excitation K-lines of CH3CN
J = 12–11 observed by Cesaroni et al. (2014) and Hunter et al.
(2014), whereas the high-excitation lines are either symmetrical
or exhibit a red asymmetry. The CH3CN J = 19–18 K = 2 PV
diagram of G35.03+0.35 HMCA also shows this blue
asymmetry (Beltrán et al. 2014). This has been suggested to
be due to an asymmetric disk structure; however, the fact that
so many objects exhibit the same features in their PV diagrams
suggests this is more likely due to a radiative transfer effect
and/or a geometry that is present in all sources.

To check whether a Keplerian-disk model is consistent with
our observations, we ran a grid of self-consistent gas and dust
radiative transfer models, where the line and continuum
radiative transfer were performed using the codes MOLLIE

(assuming LTE; Keto & Caselli 2010) and HYPERION

(Robitaille 2011), using the Milky Way dust properties from
Draine (2003a, 2003b) with RV = 5.5, respectively. To fit the
models to the line and continuum observations, we fit the
profiles of the continuum and CH3CN J = 13–12 K = 2–8
emission collapsed along the major and minor axes, as well as
the integrated spectra for the lines. The models were convolved
to the observed beam before fitting.

Panels (e)–(h) of Figure 4 show the CH3CN J = 13–12 PV
diagrams for a model that provides a good fit to the line and
continuum data. The model consists of a Keplerian flared disk
of radius 2000 AU (the inner radius is set to be the dust
sublimation radius, which in this case is 31.3 AU), total gas
mass 12Me, with a surface density decreasing as r−1.5, and an

inclination of 30°. The scale height of the disk is given by
z 6.7 100 AU 1.29v= ( ) AU, where ϖ is the cylindrical radius
and the constants were determined in order for the disk to be in
hydrostatic equilibrium. The model includes a rotationally
flattened infalling envelope (Ulrich 1976) with an infall rate of
4.6 × 10−4Me yr−1 and an outer radius of 150,000 AU. The
central object is a 25Me zero-age main-sequence O7 star, with
properties determined from Meynet & Maeder (2000) and
Martins et al. (2005), specifically T= 36,872 K and R= 6.71Re.
The Keplerian velocity field in the model accounts for the
circumstellar mass interior to a given radius. The abundance of
CH3CN relative to H2 is taken to be 10

−8 at>100K, dropping to
5 × 10−9 for 90K < T < 100K, and again to 10−10 for <90 K
(Collings et al. 2004; Gerner et al. 2014). The grid of models as
well as more detailed results will be presented in a future
publication (K. G. Johnston et al. 2016, in preparation).
We note that the model disk mass of 12Me differs from that

derived using the single temperature of 190 K (8Me) because it
accounts for the expected variance in temperature and optical
depth over the disk and is the best fit from a discrete set of disk
masses. In addition, a Gaussian fit to the continuum model
image gives a major FWHM of 880 AU, in good agreement
with the fit to the observations (FWHM = 870 AU), which
indicates the Gaussian fit underestimates the actual disk size.

4. CONCLUSIONS

We present ALMA observations that uncover the presence of
a Keplerian-like disk around an O-type star, detected in both
1.21 mm continuum and CH3CN. The velocity structure as traced

Figure 3. Panels (a) and (b) show first- and second-moment maps of the CH3CN J = 13–12, K = 3 emission from AFGL 4176 mm1 in colorscale. Panels (c)–(f) show
the results of the CASSIS pixel-to-pixel spectrum fitting. Continuum emission (starting at 10σ) similar to that shown in Figure 1 is overplotted as contours in all panels
except (d), which shows the integrated K = 3 emission at 10%, 30%, 50%, 70%, and 90% of the peak. The beam is shown in the bottom left corner of all panels. Panel
(f) shows the positions of the Class II methanol masers from Phillips et al. (1998).
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by CH3CN moment maps and LTE line modeling shows a clear
velocity gradient and evidence of higher velocities at small radii,
as expected for a Keplerian disk. In addition, we present a
radiative transfer model that agrees with our ALMA observations
not only in terms of the morphology of the PV diagram, but also
in terms of the absolute flux of the lines and the continuum, and
corroborates that we have uncovered the best example to date of
a disk in Keplerian-like rotation around a forming O-type star.

We thank the referee for insightful comments that helped
improve this Letter. We are grateful to have been able to
observe with ALMA and APEX on Llano de Chajnantor,
Chile. ALMA is a partnership of ESO (representing its member
states), NSF (USA) and NINS (Japan), together with NRC
(Canada), NSC and ASIAA (Taiwan), and KASI (Republic of
Korea), in cooperation with the Republic of Chile. The Joint
ALMA Observatory is operated by ESO, AUI/NRAO and
NAOJ. We thank Frank Wyrowski, Miguel Angel Requena

Torres, and our ALMA contact scientist Edwige Chapillon.
P.B. acknowledges support from the Russian Science Founda-
tion, grant No. 15-12-10017.
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Figure 4. Panels (a)–(d): position–velocity diagrams of CH3CN
J = 13–12 K = 2, 4, 6, and 8 averaged along a cut centered on the mm1
continuum peak position, with PA = 61°. 5 and width = 1″. The horizontal and
vertical dashed lines mark the position of the continuum peak and a velocity of
−52 km s−1. The crosses in the bottom left of each panel show the
observational spatial and spectral resolution. Panels (e)–(h): position–velocity
diagrams of the same lines for the model described in the text. Contour levels
are 10%, 20%, 30%,..., 90% of the peak flux, except for K = 8, which instead
starts at 30%.

5

The Astrophysical Journal Letters, 813:L19 (5pp), 2015 November 1 Johnston et al.CH3CN


