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Abstract. Observational results suggest the co-evolution relationship between the
supermassive black holes (SMBHs) and their host galaxies. However, the definitive conclusion
of the correlation between the star formation rate (SFR) and central black hole accretion rate
(BHAR) remains unclear. In this paper, the correlation between the BHAR and SFR is
investigated in terms of cosmological simulation IllustrisTNG100-1. In simulation, BHs are
divided into 2 types (quasar state and kinetic state) based on their accretion speed and the
feedback mechanisms between the two are different. The strong positive correlation between
BHAR and SFR for quasar state BHs and low-mass kinetic state BHs is revealed. However, for
high mass kinetic-state BHs, the SFR manifestation a BHAR and BH mass-independent
randomly distribution. According to the analysis, this phenomenon is attributed to the
environmentally insensitive, self-regulate accretion rate for high mass BHs at late time. The
properties of these BHs are described, which offers a guideline for high mass AGNs
observation and theorical investigations on their accretion and feedback.

1. Introduction

According to observational results, supermassive black holes (SMBHSs) are considered to reside in all
massive galaxy center. Accreting BHs in the center of galaxies, also known as active galactic nuclei
(AGN), can inject large amount of energy to their host galaxies, which is a process called AGN
feedback. Observational studies have shown the correlations between the masses of SMBHs and the
properties of their host galaxies. Some scholars argued that the mass of SMBHSs is strongly correlated
with the mass of their host bulges [1, 2]. Other study results imply the co-evolution of central BHs and
stellar mass of host galaxies [3-5].

Both star formation and BHs accretion need a supply of gas, thus observational studies are
expected to manifest the correlation between the two. Several studies have aimed on the link between
black hole accretion rate (BHAR) and star formation rate (SFR). However, a definitive conclusion
remains unknown. Many reports an increase in the average BHAR-SFR relation for high luminosity
AGNs [6-8], while others find low correlation between the two [9, 10]. There are also some studies
that includes low luminosity AGNs reports that the significant correlation between BHAR and SFR
only exists in galaxies with high luminosity AGNs at low redshift, and there are no correlations at
lower luminosities at high redshift [11, 12].

Possible reasons for these contradictory results include selection bias, sample size, difficulties of
estimating SFR and BHAR through photometric measurements, and the co-dependence of SFR and
BHAR on host galactic stellar mass [13]. For example, Page et al. reported a suppression correlation
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between the SFR and BHAR for samples with X-ray luminosities higher than 10%** erg/s [14].
Harrison et al., however, found no such suppression when studying on a statistically larger sample size,
proving that the negative correlation reported by Page et al. was biased owing to the small sample size
[15].

Modern cosmological numerical simulations, on the other hand, provide big sample size without
the difficulty estimating SFR and BHAR form observational data. Cosmological simulations have
made tremendous progress over the last decade. Based on the results, it is possible to get structure
similar to observational results, in terms of galaxy star formation rates, sizes and morphologies, etc.
[16-19]. With modern high-resolution simulations, studies on SMBHs and host galaxy properties can
test our idea of AGN feedback models and provide guideline for observational studies.

In this paper, the correlation between the SFR and BHAR will be investigated based on
cosmological simulation IllustrisTNG. Since most observational studies focus on local universe, the
results at redshift z=0 are mainly discussed, but higher redshift results are still provided. The rest part
of the paper is organized as follows. Section 2 describes the database and corresponding methods
utilized in this paper. In section 3, the correlations between SFRs and BHs properties are investigated
and analyzed. Eventually, a brief summary will be given in Section 4.

2. Database & Methodology

2.1. HlustrisTNG

llustrisTNG is the successor of Illustris simulation. It runs with the adaptive mesh refinement code
Arepo assuming a ACDM universe with cosmology parameter reported by Planck 2015 [20]: Q5 ¢ =
0.6911, Qp,0=0.3089, Qo= 0.0486, og =0.8159, ng =0.9667 and h =0.6774 . The
MlustrisTNG project consists of three flagship runs, with three different simulation sizes: cubes of 300,
100, and 50 Mpc side length, which are identified as TNG300, TNG100, and TNGS50, respectively.
The TNG100 (which is used in this paper) and TNG300 simulations were presented in 5 papers almost
simultaneously [21-26]. The details of galaxy formation model and black hole feedback can be found
in Refs. [21, 23]. Here, only a brief overview is given. The BHs in TNG are seeded with Mgy =
8 X 10°Mh ™! in all FoF halos with mass larger than 5 x 101°Moh~. BHs then grow through pure
Bondi accretion, with an upper limit set by the Eddington rate. The AGN feedback affects the host
galaxy in two modes. The BHs in high-accretion state correspond to a quasar-like mode thermal
feedback that heats the nearby gas, while the kinetic mode corresponding to the low-accretion state
aims to test the idea of black hole-driven kinetic winds. The transition from the low to high accretion
state feedback modes happens when:

MBondi > 1 (1)
Mgqq
where
M “
, BH
= 0.02 0.1 2
¥ = min < T 08MO> 2

For high-accretion mode, the liberated feedback energy is
AEhigh = Ej;highErMBchr (3)

where Mgy is the estimated black hole mass accretion rate, €, is the radiation efficiency (is set to 0.2 in
TNG), and €gp,;gn = 0.1. For low-accretion kinetic mode, the feedback energy is parameterized as

AEZOW = EﬁkinMBHCZJ (4)

where
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€ Chin = min [— ’
Fhan O'OSpSFthresh
p is the gas density around the black hole particle and psp hresh 1S the density threshold for star
formation.

With the exception of AGN feedback, IllustrisTNG also includes supernova (SN) feedback, which
is implemented through wind particle. Unlike the original Illutris model, the direction of wind particles
in TNG model is initialized randomly, making the winds isotropic. The initial velocity is

Hy \/3

vy = max [KWO-DM (m) B vw,min] B (6)

where k, = 7.4, opy is the local dark matter velocity dispersion (one-dimensional) and vy, yin =

350km/s the injection velocity floor. The wind velocity floor prevents wind mass loading factor from
becoming unphysically large in low-mass halos, which is written as:

2
NMw = _zew(l - Tw)f (7)
Uw

where parameter Ty, is thermal energy fraction, e, is metallicity dependent efficiency factor, making
the mass loading factor bigger in low metallicity environments.

2.2. API and data sample

The TNG Subhalos (can be seen as galaxies) are identified using the Subfind algorithm. For this work,
only the subhalo data from TNG100-1 is used. For the SFR and subhalo star mass, the sum within
twice the stellar half mass radius are utilized (SubhaloSFRinRad and SubhaloMassInRadType4,
respectively). According to the TNG Data specifications, the Eddington accretion rate is calculated as

. 4G Mpym
Meaq = —Eraihc' = (8)
Here, €, = 0.2 is the radiative efficiency parameter, o is the Thomson scattering cross section, C is
light speed in vacuum and my, is proton mass.
For comparison with observational studies, the BH bolometric luminosity is computed based on the
BH model given by Churazov et al. [27]. For radiatively efficient BHs with Eddington ratio Agqq >
0.1, the bolometric luminosity is calculated as

Loy = —T— My c? 9
bol 1—¢ BHY

T

For radiatively inefficient BHs with Eddington ratio Agqq < 0.1, the bolometric luminosity is
calculated as

Lpor = 0.1Lggq(10A549)% = 10Ag44€, Mppc? (10)

A total of 25329 subhalos with Mgy > 10°Mg /h are selected at redshift z = 0. All of them are
considered to have only 1 center black hole since the total amount of BHs with mass above 106Mg /h
is 25353. Therefore, the number of subhalos contain more than 1 BH is no larger 24, or 0.09%. For
redshift z = 0, these numbers are 16259, 16294, 35, 0.2% and for redshift z = 4, they are 3124, 3134,
10, 0.3%, respectively. The Mg, — Mgy diagrams of our sample are shown in Figure 1.
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Figure 1. BH populations in BH mass versus total stellar mass of BH host subhalos diagrams in
TNG100-1 at different redshift (a)z=0, (b)z=2, (c)z=4, color code by the Number of subhalos.

3. Results & Discussion

3.1. SFR versus BH Accretion Properties

The relationship between SFR and BH bolometric luminosities Ly (derived from BH accretion rate,
according to (8)(9)) are investigated. The results show significant positive correlation between SFR
and Ly with the spearman coefficient p= 0.592, p= 0.792, p= 0.811 at redshift z=0, z=2, z=4,
respectively. The positive correlation is much stronger especially at higher redshift, as shown in Figure.
2. Red fitting lines using the ordinary least square fitting with 95% confidence region give:

J1o0 M / z=0 . - Y- . - Y 0910 ero/s
0910 Mo/ % z=2 ' ' l ' 910 ei"g/S
J1o0 M /y_r z=4 O L U, . T U. 0d10 orals

The overall population distribution in SFR-Ly,; diagram tends to move from top-right to bottom-left,
indicating a general slower star formation and BH accretion at a lower redshift, as depicted in Figure 3.
The SFR scales also with BH Eddington ratio (seen from Figure 4). The spearman coefficients at
redshift z=0, z=2, z=4 are p = 0.391, p = 0.668, p = 0.743, respectively. However, this strong
positive correlation is largely predictable, due to the strong correlation between Eddington ratio Agqq
and bolometric luminosity Ly, .

Here the spearman coefficient of SFR-Eddington ratio correlation at z=0 is obviously lower than at
higher redshift, and the same phenomenon can also be found in SFR-Ly,; correlation. One of the
reasons is the samples distribution tends to spread out at lower redshift. Additionally, some subhalos
behave special. In z=0 and z=2 diagram, a part of massive subhalos is distinguished from the others
with a clear behavior difference. They don't follow the positive correlation presented in Eqgs. (11)-(13).
As illustrated in Figs. 2 and 4, they clear split from the band that most of lower mass BHs lay in.
These massive subhalos will be investigated in the following subsection.

3.2. Some Abnormal Massive BHs
In SFR-Mg,,, diagram and SFR - Mgy diagrams are exhibited in Fig. 5, where the abnormal subhalos
are revealed clearly. SFR distribution “main-band” disappears when BH mass is big enough. Besides,
in massive subhalos, the SFR become unpredictable and completely random other than a clear upper-
limit which is same as the “main-band”.

These subhalos share some common properties. They all have central BH with Mgy larger than a
redshift-dependent mass (for z = 0, it’s around Mgy = 1.3 X 108M and for z=2, it’s around My =
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2.5 X 108M). Moreover, these BHs have resemble Eddington rate and bolometric luminosity. In
addition, all these BHs are in low-state feedback mode(kinetic), with Agqq < x (given in Egs. (1) and
(2)). It should be noted that not all BHs in low-state mode behaves like these massive BHs. On the
contrary, as shown in Fig. 6, the Eddington rate and bolometric luminosity of low-mass BHs in low-
state mode gradually change with BH mass. Besides, their SFR tends to converge to the high mode
“main-band”. The difference also exists in SFR - Ly relation between low mass and high mass BHs
in low-state mode. As presented in Fig. 7, for low mass low-state samples, they still have a generally
strong positive SFR-Ly,; correlation, but no such correlation is found for high mass low-state samples.
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Figure 2. SFR as a function of BH bolometric luminosities (equivalently, BH accretion rate)
diagrams at different redshift (a) z = 0, (b) z = 2, (c) z = 4, color code by subhalo stellar mass
Mg, . At the bottom-right corner, the corresponding spearman coefficient p and
corresponding p-value are given. The red line in each panel is the best fit line using least
square fitting.
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Figure 3. Average SFR and Average BH bolometric luminosities
Lyo; Versus redshift. The red line represents average SFR, and the
green line represents average BH bolometric luminosity.

3 3 3 1010
E 2 z=0 E 2l z=2 - 2 z2=2
S
3 3 o 10
s . = o =, ze
o =) |l o 8 =
] e e 10° %
8\ -1 g\ -14 g\ -1 E‘D
T - & 7| T~ 107
h -3 & 34 & -
P -1 p = 0.668 L
- Y 5 4 -’; 0 4 Y % Y 7r2>< = s Y S 4 10°
10910 A£dd 10910 Aedd 10910 A£dd

Figure 4. SFR versus Eddington ratio at redshift (a)z=0, (b)z=2, (c)z=4, color-coded
by Mgy. At the bottom-right corner, the corresponding spearman coefficient p and
corresponding p-value are given.
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Figure 5. Top row. SFR versus subhalo stellar mass Mg, diagrams at different redshift (a) z

=0, (b) z=2, (c) z=4; 2. Bottom row: SFR versus BH mass Mgy diagrams at different

redshift (d) z=0, (e) z =2, (f) z = 4, color code by BH bolometric luminosity Lj,;.
Overall, these BHs at z=0 are all in low-state accretion mode, with Eddington ratio no larger than
10~*, BH mass larger than 1.3 X 108Mg, and the bolometric luminosity within 1038~10*2 erg/s. The
possible reason for this SFR random distribution phenomenon in these subhalos is that the self-
regulate accretion rate for high mass BHs at late times. With the fact that high mass BHs in high-state
(quasar) are barely found in the sample, making these BH accretion not sensitive to surrounding
environment. Hence, the SFR in these subhalos show no correlation with BHAR. On the other hand, in
low mass case, the factor of slow BH accretion is mainly considered as the surrounding gas density,
which will lead to an SFR-related BHAR.
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Figure 6. SFR versus BH mass Mgy in (a)high, (b) low feedback mode at redshift z
=0, color-coded by BH bolometric luminosity L;,;.
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Figure 7. SFR versus BH bolometric luminosity L,,; diagram of BHs in low-
state feedback mode(kinetic) at z=0. Left panel: BH mass Mpy < 1.3 X 108M;
Right panel: BH mass Mgy > 1.3 x 108 M. Here, the separation based on mass
is a roughly estimation, and there is no clear threshold, so some high luminosity
high mass BHs behaves like low mass BHs.

3.3. Limitation

Nevertheless, the results presented in this paper has some limitations and drawbacks. Due to the lack
of the data of high mass BHs at early time in simulation, the threshold mass is only roughly estimated
and provide no numerical information about the threshold mass—redshift correlation. Besides, the
trigger of this self-regulate accretion and the underlying physical mechanism is unclear. The history of
these high mass BHs can be tracked in future work to provide more information about their co-
evolution with host galaxies. Finally, one of the most important things is that whether this self-regulate
accretion exists and the way it effects host-galaxy star formation in real universe remains to be
conformed in observational studies. However, the relatively low BH bolometric luminosity (around
1038~10%2 erg/s) making it hard to detect and be distinguished from other source radiations.

4. Conclusion

In summary, this paper investigates the SFR-BHAR correlation based on TNG100-1 at different
redshift with 25353 samples for z=0, 16259 for z=2 and 3124 for z=0. All data used are within twice
the stellar mass radius assuming only one central BH in a subhalo. As for the results, to be specific,
they show strong positive correlation between SFR and BHAR for quasar-state BHs and low mass
kinetic-state BHs. However, for high mass kinetic-state BHs, the SFR manifestation a BHAR and BH
mass-independent randomly distribution. According to the analysis, this phenomenon is due to the
environmentally insensitive, self-regulate accretion rate for high mass BHs at late time. Nevertheless,
the underlying physical mechanism and whether this phenomenon exists in real universe is unclear. In
the future, the history of these self-regulate BHs can be tracked in TNG and in other cosmological
simulations to further investigate the underline physics. Overall, these results offer a guideline for high
mass SMBHs observation and theorical studies on their accretion.
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