
Supermassive black holes and jets

Galaxy formation in the early, distant universe – simulations meet observations

University of Tsukuba  | Center for Computational Sciences

https://www.ccs.tsukuba.ac.jp/

Solving the Mysteries of the Universe with Computational Astrophysics

Recently, the Event 
Horizon Telescope 
(EHT) captured the first 
image of a black hole 
shadow confirming the 
existence of a 
supermassive black 
hole at the center of 
M87. 

Observing galaxies in the distant, early universe is challenging as they become rarer and fainter, but recent observations
at infrared and ultraviolet wavelengths of massive, gas- and dust-rich galaxies with extreme star-formation rates are
challenging our theoretical understanding of the formation of some of the earliest galaxies.

We performed multi-waveband radiative transfer calculations through high-
resolution cosmological hydrodynamical simulations that follow the formation
and evolution of the first galaxies. We produced synthetic observational
images of what the galaxies would look like in the infrared and UV. The
infrared and UV brightness can vary tremendously in response to the energetic
feedback by supernovae.
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Every galaxy is thought to contain a supermassive black hole (SMBH) at its center. Their existence is deduced indirectly
through their gravitational interactions with surrounding stars and gas. SMBH have also been predicted to cast shadows
outlined by a ring of confined light. Sometimes, SMBH launch magnetized powerful jets.

We implemented a new recipe for the energy and momentum injection due
to supernovae in our cosmological smooth-particle hydrodynamics code,
with which we modelled with unprecedented detail galactic winds driven by
supernovae. The simulations successfully reproduced complex observations,
e.g., the distribution of metals (all elements other than hydrodgen and
helium) in isolated galaxies.

Supermassive black holes and jets

We succeeded in producing a synthetic image (above) of the
black hole shadow through a combination of general
relativistic magnetohydrodynamic simulations and radiative
transfer of polarized light, predicting regions of linearly
polarized light. New EHT observations of polarized light can
reveal the topology of the magnetic fields around the SMBH.
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Volume render of jet- galactic disc system
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Synthetic image with
polarization vectors

of the M87 SMBH shadow

The powerful jets from SMBH at the centers of
galaxies interact strongly with the interstellar
medium of the galaxy. We captured these
complicated effects with relativistic hydrodynamic
simulations showing how the turbulence and
outflows generated through the interactions affect
the star formation history of a galaxy.
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F i g u r e 1 . M aps of the main galaxy in H alo-11 run at z ⇠ 6. Top panels: Column density of gas ( left) , stars (m iddle) and dust (right) .

Bottom panels: Dust temperature ( left) , surface brightness of the rest-frame UV continuum (m iddle) and the observed-frame sub-mm

continuum (right) . T he pixel size is ⇠ 0.02 arcsec. T he spatial scale of 5 kpc (physical) is displayed in the bottom left panel.

stellar mass, gas mass, and dust mass in this halo are M ? =
2.4 ⇥ 109 h− 1M , M g as = 2.5 ⇥ 10

10 h− 1M , and M d u st =
2⇥ 107 h− 1M .

T he top left panel shows the total gas column den-
sity, which is extended over about 20 kpc (physical) with
complex fi lamentary structure. T he gas distribution is dis-
turbed by multiple galaxy mergers and high gas inflow rate,
and its motion is turbulent. T he green, pink, and white re-
gions correspond to hydrogen column densities of NH ⇠
1020 , 1021 , 1022 cm − 2 , respectively. T he pink and white re-
gions would certainly correspond to damped Ly↵ systems
(DLAs), which will produce a deep absorption trough if we
were to have a bright quasar behind this system as a back-
ground source.

T he top m iddle panel shows a massive stellar system in
the center of this halo with M ? ⇠ 10

9h− 1M , and there is
another relatively large satell ite galaxy in the lower left side
of the panel with M ? ⇠ 3⇥10

8h− 1M which wil l soon merge
with the central system , where we identify satell ite galaxies
with subf ind algorithm (Springel et al. 2001). T he m iddle
bottom panel shows the UV surface brightness, which traces
the young stellar population. Here, the brightest white pixels
have mA B ⇠ 24.1 mag arcsec

− 2 , corresponding to the local
projected star formation rate of about 49 M yr− 1 arcsec

− 2
.

T he top right panel shows the projected dust mass dis-
tribution, which largely traces the stellar distribution, but
with interesting o↵sets on small scales. T he observed sub-

mm surface brightness reflects the underlying dust distribu-
tion, and 850 µm surface brightness is shown in the bottom
right panel. Here, the brightest pixel has 0.84 mJy arcsec− 2 ,
and most of the UV radiation are absorbed by dust in such
a region. T he brightest pixel of observed sub-mm band is in
the main galaxy, meanwhile that of rest-UV band is in the
satell ite galaxy on the lower left side of the panel, resulting
in a large o↵set of ⇠ 1.4 arcsec between them , which corre-
sponds to a physical separation of 8 kpc at z = 6. Such an
o↵set has been discovered in the observed galaxies at z ⇠ 7
(Bowler et al. 2018; Hashimoto et al. 2018) . T his suggests
that some star-form ing regions are obscured by dust, while
others are optically thin to the UV radiation.

I n the right-column panels, there is also an interest-
ing bubble-l ike structure around the satell ite galaxy on the
lower left side of the panel, which presumably was caused by
the SN feedback from nearby starburst. W e will study the
dynam ics of these SN bubbles in the future furthermore.

3. 2 SF R an d E scap e Fr act ion

The upper and middle panels of F igure 2 show the redshift
evolution of SFR and gas density at the galactic center of
Halo-11 at z = 6 − 15. Since Y 17 already discussed them ,
here we explain only the important points briefly. T he fig-
ure shows the interm ittent star formation of Halo-11, which
is driven by the cycle of following processes: (1) the central
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Infrared surface brightness of a
simulated high-redshift galaxy
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