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[Introduction] Baryon-Dark Matter Streaming Motion

.. pressure of photon-baryon fluid generates the Baryonic Acoustic Oscillations.
This acoustic motion = the streaming motion

Before z = 1090, …
200 Mpc/

At z = 1090,

�v = 28(z/1000) [km/s]
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(Tseliakovic and Hirata 2010)



At z = 1000,
200 Mpc/h

1 Mpc/h 1 Mpc/h
No-streaming region Streaming  regions

�v = 28(z/1000) [km/s]
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[Introduction] Baryon-Dark Matter Streaming Motion

At z = 200, At z = 200,



No-streaming region



Streaming region



Structure Formation with Streaming Effect
No streaming

GADGET-2 with 2×2563 ptls GADGET-2 with 2×2563 ptls

vcb = 2.5�v = (z/1000)70 km/s
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GADGET-2 with 2×2563 ptls

vcb = �v = (z/1000)28 km/s
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Typical streaming Extreme streaming

Impacts of the streaming motion?



Gas Fraction in Halos

Harder for gas to accrete into ~106 M⊙ halos. Minimal impact on > 108 M⊙ halos.

At z = 30,

vstr = (z/1000) 70 km/s

vstr = 0

At z = 6,

Impacts of the streaming motion?



 Delayed Beginning of Reionization 

❖ Early stage of reionization is driven by minihalos (~ 106 M⊙),  
but late stage is driven by larger ones (> 108 M⊙). 

→ The beginning is delayed, but the end is unaffected.
 

No minihalo (stong-vcb case)

With minihalos (no-vcb limit)

(Park et al. 2013, Ahn et al. 2013)

Impacts of the streaming motion?
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21cm Fluctuations at z≈20

(Muñoz 2019)

300 Mpc

How can we observe the impact?

Pop III star-formation rate 21cm signal

Anti-c
orrelation

Correlation



(Muñoz 2019)

21cm Fluctuations at z≈20

A strong BAO-like feature can be observed by Tianlai, SKA and HERA in near future.

Lya coupling signal Heating signal

(Muñoz 2019)

How can we observe the impact?

HERA

SKA
Tianlai



Direct Collapse Blackhole Induced by Streaming Effect?

No streaming case 

Streaming case

Direct collapse
blackhole
(~105 M⊙)

Stellar blackhole 
(~10 M⊙)

Giant protostar

Pop III stars

More impact?



Simulations

Gas accretion onto the star occurred sporad-
ically owing to the combined effect of the tem-
perature structure of the infalling gas and mass
accretion through the circumstellar disk, where
the gravitational torque dominated the angular
momentum transport (19, 20). The mass accre-
tion rate fluctuated around the critical value of
0:04 M⊙ year–1 for the first 300,000 years (Fig. 3B).

During the early phase, the star contracted and its
UV emissivity increased temporarily when the ac-
cretion rate fell below the critical value (Fig. 3, C
and D). However, gravitational fragmentation of
the cloud and subsequent merging of the frag-
ments caused accretion bursts, and the star quick-
ly recovered to have an extended envelope (21–23).
Because successive accretion bursts occurred at

short time intervals in the late accretion phase,
the stellar envelope remained extended because
there was insufficient time for it to contract.
The hydrogen molecules formed along the

dense filament (Fig. 1E) were dissociated by the
far-UV radiation emitted by the central star. A
bipolar ionized atomic hydrogen (H II) region
appeared temporally (red contour in Fig. 1F) due
to the increasing intensity of the stellar UV radi-
ation. The surrounding dense gas filament frag-
mented to yield a gas clump (Fig. 1G), but it did
not cool and contract further because it con-
tained few hydrogen molecules, and gradually
approached the central star, avoiding the bipolar
H II region. The clump finally reached the center
(Fig. 1H), activated an accretion burst (Fig. 3B)
onto the star, and weakened the radiative feedback.
After the protostellar mass reached ~10,000M⊙, it
evolved as a stable supergiant protostar without
radial contraction and continued growing steadily
up to 34,000M⊙. Run-A and Run-C also showed
the formation of massive primordial stars with
100,000 and 4400 the mass of the Sun at the
simulation end. Such very massive accreting stars
undergo direct collapse to produce equally mas-
sive BHs owing to the general relativistic in-
stability or exhaustion of nuclear fuel, depending
on the accretion rate (11, 24).
A 34,000 M⊙ BH formed at z = 30.5 must

grow at about 55% of the canonical Eddington
rate until z = 7.1 to acquire a mass of 2 × 109

M⊙, matching the estimated mass of the SMBH

Hirano et al., Science 357, 1375–1378 (2017) 29 September 2017 2 of 3

Fig. 1. Large-scale density distribution and the structure around an
accreting protostar. (A) Projected density distribution of dark-matter
component around the star-forming cloud at redshift z = 30.5 in Run-B.The
box size is 2500 pc on a side.The virial mass of the main dark-matter halo
located at the center is 2.2 × 107 M⊙. (B to D) Projected density distribution
of the gas component in regions of 2500, 500, 100, and 10 pc on a side, from
left to right.The horizontal arrow in (B) shows the direction of the initial

supersonic gas stream.The dashed circle in (D) indicates the Jeans length,
within which the cloud is gravitationally unstable given itsmass of 26,000M⊙.
(E toH) Evolution of the temperature and density structure in the protostellar
accretion phase after the protostar formation. Colored in white, red, and
magenta are the isocontours of gas density (at 106, 105, and 3 × 104 cm–3),
photoionized hydrogen abundance with ≥50% (H II region), and the number
fraction of hydrogen molecules with ≥0.2%.
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Fig. 2. Thermal evolution of the collapsing cloud.The red, blue, green, and black lines show our Run-
A, B, C, and Ref, respectively. In each run, the cloud became Jeans-unstable at the points marked by
the circles.The background colored regions are distinguished by themajor coolant: atomic hydrogen (H)
and molecular-hydrogen (H2). In all the cases, H2 cooling operated at densities greater than ~100 cm–3.
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Streaming v in overdense region makes DCBH at z ~ 50!

Gas accretion onto the star occurred sporad-
ically owing to the combined effect of the tem-
perature structure of the infalling gas and mass
accretion through the circumstellar disk, where
the gravitational torque dominated the angular
momentum transport (19, 20). The mass accre-
tion rate fluctuated around the critical value of
0:04 M⊙ year–1 for the first 300,000 years (Fig. 3B).

During the early phase, the star contracted and its
UV emissivity increased temporarily when the ac-
cretion rate fell below the critical value (Fig. 3, C
and D). However, gravitational fragmentation of
the cloud and subsequent merging of the frag-
ments caused accretion bursts, and the star quick-
ly recovered to have an extended envelope (21–23).
Because successive accretion bursts occurred at

short time intervals in the late accretion phase,
the stellar envelope remained extended because
there was insufficient time for it to contract.
The hydrogen molecules formed along the

dense filament (Fig. 1E) were dissociated by the
far-UV radiation emitted by the central star. A
bipolar ionized atomic hydrogen (H II) region
appeared temporally (red contour in Fig. 1F) due
to the increasing intensity of the stellar UV radi-
ation. The surrounding dense gas filament frag-
mented to yield a gas clump (Fig. 1G), but it did
not cool and contract further because it con-
tained few hydrogen molecules, and gradually
approached the central star, avoiding the bipolar
H II region. The clump finally reached the center
(Fig. 1H), activated an accretion burst (Fig. 3B)
onto the star, and weakened the radiative feedback.
After the protostellar mass reached ~10,000M⊙, it
evolved as a stable supergiant protostar without
radial contraction and continued growing steadily
up to 34,000M⊙. Run-A and Run-C also showed
the formation of massive primordial stars with
100,000 and 4400 the mass of the Sun at the
simulation end. Such very massive accreting stars
undergo direct collapse to produce equally mas-
sive BHs owing to the general relativistic in-
stability or exhaustion of nuclear fuel, depending
on the accretion rate (11, 24).
A 34,000 M⊙ BH formed at z = 30.5 must

grow at about 55% of the canonical Eddington
rate until z = 7.1 to acquire a mass of 2 × 109

M⊙, matching the estimated mass of the SMBH

Hirano et al., Science 357, 1375–1378 (2017) 29 September 2017 2 of 3

Fig. 1. Large-scale density distribution and the structure around an
accreting protostar. (A) Projected density distribution of dark-matter
component around the star-forming cloud at redshift z = 30.5 in Run-B.The
box size is 2500 pc on a side.The virial mass of the main dark-matter halo
located at the center is 2.2 × 107 M⊙. (B to D) Projected density distribution
of the gas component in regions of 2500, 500, 100, and 10 pc on a side, from
left to right.The horizontal arrow in (B) shows the direction of the initial

supersonic gas stream.The dashed circle in (D) indicates the Jeans length,
within which the cloud is gravitationally unstable given itsmass of 26,000M⊙.
(E toH) Evolution of the temperature and density structure in the protostellar
accretion phase after the protostar formation. Colored in white, red, and
magenta are the isocontours of gas density (at 106, 105, and 3 × 104 cm–3),
photoionized hydrogen abundance with ≥50% (H II region), and the number
fraction of hydrogen molecules with ≥0.2%.
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Fig. 2. Thermal evolution of the collapsing cloud.The red, blue, green, and black lines show our Run-
A, B, C, and Ref, respectively. In each run, the cloud became Jeans-unstable at the points marked by
the circles.The background colored regions are distinguished by themajor coolant: atomic hydrogen (H)
and molecular-hydrogen (H2). In all the cases, H2 cooling operated at densities greater than ~100 cm–3.
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Conversion



Observational Consequence

Helps explaining ~109 M⊙ quasars at z = 6. 

Direct Collapse Blackhole from Streaming motion

LISA can see them!



Wrong way (what most people do)
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1) Solve using old IC generators.

2) Add a constant velocity to 
gas velocity field.

+

How to implement streaming motion



Solve
Difference

Streaming effect between z = 1000 and 200.

How to implement streaming motion

Correct way (what should be done)

using “BCCOMICS”.
(Ahn et al. 2018)

Interested in using? 
Look for it on Github!

Need help? 
Contact us!



Accounting for streaming motion between z = 1000 and 200 makes a significant difference at lower z’s! 

Difference at z=30
How to implement streaming motion

Baryon fraction in halosDensity power spectrum



Summary

❖ … suppresses star-formation in minihalos, but not larger halos.

❖ … delays the beginning of reionization, but not the end. 

❖ … imprints a BAO signature in the 21cm power spectrum at z~20.

❖ … might make ~105 M⊙ blackhole of at z ~ 50.

Baryon-dark matter streaming velocity … I am working on …
❖ … initial condition generator that accounts for the streaming effect. 

(Contact us if you need help with making IC!)

❖ … revisiting previous works.

❖ (more to present on next Monday at SJTU)


