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Abstract. As a matter of fact, N body simulations are widely used in cosmology and astrophysics. 
Thanks to the rapid development of computer resources, it is available to carry out galaxy simulations 
including magnetic evolution, for example, the project of IllustrisTNG and THESAN. In this case, 
based on the data collected from IllustrisTNG API, investigations into the star formation main 
sequence (SFMS) of dark matter (DM) halos are carried out by querying the accomplished simulation 
tasks. To be specific, multiple linear relation among the star formation rate (SFR) of DM halos, the 
stellar mass of DM halos and cosmological red shift are discovered. According to the analysis, a 
polynomial relation between the SFR and the stellar mass of DM halos is revealed, in which the 
coefficients are related to the redshift. Overall, these results shed light on guiding further exploration 
of star and galaxy formation based on analysis of the simulation results. 
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1. Introduction 

A well-established theory called the Λ cold dark matter (ΛCDM) paradigm explains that, as the 

Universe ages and expands, galaxies build up in DM halos due to the uneven distribution of matter 

in the early Universe [1]. Related simulations have been done, utilizing a model of particles with 

gravity to describe the behavior of DM [2-4]. These simulations showed several typical patterns of 

the distribution and evolution of DM in the DM halos. 

While gained a fairly thorough understanding of how DM evolves, little do mankind knows about 

the evolution and formation of the baryon part of DM halos. Thus, scholars never stopped researching 

into this subject. Theories of star and galaxy formation have been brought up [5-7], and observations 

about morphologies and formation laws of stars as well as galaxies have been done [8-11]. A few 

years ago, the idea of SFMS was raised [12]. The tactfully established SFMS reveals a tight relation 

between the SFR and the stellar mass of galaxies that are conceiving new stars, and it applies to a 

wide range of redshift (0<z<6, where z denotes the cosmological redshift) [13, 14]. A linear relation 

was also found between the SFR and the stellar mass of galaxies at redshift of around 1 and below 

[13, 15, 16]. 

In this paper, a linear relation between the logarithm of SFR and the logarithm of stellar mass of 

DM halos (so-called “subhalos” in Illustris simulations) is found using simulation data from Illustris-

3. According to the analytical result, this relation applies to an even wider range of redshift (0<z<10). 

Relation between the linear coefficients and redshift is then further investigated. Results in this paper 

is trustable because similar analysis about SFMS in Illustris simulations has been done before [17]. 

2. Data and Method 

This paper uses part of Illustris-3 simulation results collected from IllustrisTNG API using Python 

code [18]. SFR and stellar mass of all subhalos in each snapshot is collected and properly processed. 

There are over 5,000,000 pieces of SFR and stellar mass data, and 136 snapshots of the simulated 

Universe at different redshift in total. When organizing the collected data, it was easy to realize that 

most subhalos have stellar mass of 1010~1012 𝑀𝑆𝑢𝑛, where 𝑀𝑆𝑢𝑛 denotes the mass of the Sun. For 

example, in snapshot No. 125 (𝑧 = 0.1258), of all 123933 subhalos, up to 91.6% have stellar 

mass that is distributed between 1010~1012 𝑀𝑆𝑢𝑛 . Data about SFR, stellar mass and mass 
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distribution of subhalos in snapshot No. 125 is shown in the Fig. 1, where 𝑀𝐺  denotes the sum of 

stellar mass of all the galaxies in a subhalo. Thus, in this paper, only subhalos that have stellar mass 

of 1010~1012 𝑀𝑆𝑢𝑛 are taken account of. This approach proves to be effective in cancelling noise 

data while analysing. Linear fitting method is used in all analyses in this paper. As for non-linear 

relations, logarithm or reciprocal of certain variables are derived to form linear relations. All these 

analyses are done with the help of numpy.polyfit() function in NumPy Python package [19]. 

  

Figure 1. Data of subhalos in snapshot No. 125. 

3. Relation between SFR and Subhalo Mass 

As one can see in the example of snapshot No. 125, there are over 100,000 subhalos in it, meaning 

that there are over 100,000 points in Fig. 1. Troubles were encountered when analysing such huge 

data, and the relation between SFR and subhalo mass was not easy to find. Another approach of 

processing the data is applied. Firstly, subhalos with stellar mass under 1010 𝑀𝑆𝑢𝑛  or over 

1012 𝑀𝑆𝑢𝑛 are excluded. Then, an approach of dividing the x-axis (which stands for lg MG/MSun) 

into small, equal-length intervals is applied to deal with the data. In this paper, each interval has a 

length of 0.1. All subhalos located in each interval generate a mean value of SFR according to the 

formula: 

 

𝑆𝐹𝑅𝑖 =
1

𝑁𝑖
∑ 𝑆𝐹𝑅𝑗10+0.1𝑖

<lg 𝑀𝐺𝑗/𝑀𝑆𝑢𝑛

<10+0.1(𝑖+1)

, 0 ≤ 𝑖 < 20,
                    (1) 

 

Where 𝑆𝐹𝑅𝑖 and 𝑁𝑖 denote the mean SFR and the count of all subhalos in the 𝑖’th interval, 

MG𝑗 and 𝑆𝐹𝑅𝑗 denote the stellar mass and the 𝑆𝐹𝑅 of 𝑗’th subhalo in the 𝑖’th interval. The Fig. 2 

shows the processed data of snapshot No. 125. 
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Figure 2. Processed data of snapshot No. 125 

After the preliminary processing, the natural logarithms of all the mean SFR values are derived. 

This operation is based on the knowledge of the linear relation between the SFR and the stellar mass 

of galaxies around and under redshift 𝑧 = 1 [13, 15, 16]. Then, linear fitting of 𝑙𝑜𝑔 𝑆𝐹𝑅  and 

lg MG/MSun is applied according to the equation 

 

𝑙𝑜𝑔 𝑆𝐹𝑅 = 𝛼 𝑙𝑔(𝑀𝐺/𝑀𝑆𝑢𝑛) + 𝛽,                        (2) 

 

 

 

Figure 3. Linear fitting results of four typical examples 
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Where 𝛼 and 𝛽 are two coefficients to be determined. Fitting results illustrated in Fig. 3 show 

that in a range of redshift as wide as 0 < 𝑧 < 10, 𝑙𝑜𝑔 𝑆𝐹𝑅 is linearly related to lg MG/MSun, which 

means that in this range of redshift, SFR is related to stellar mass in a polynomial manner. Linear 

fitting results of snapshot No. 32 (𝑧 = 9.9966), No. 50 (𝑧 = 4.9394), No. 125 (𝑧 = 0.1258) and No. 

135 (𝑧 = 2.2 × 10−16) are shown below as four typical examples. Fitting coefficients α and β of the 

four examples are listed in the Table 1. 

Table 1. Fitting coefficients of the four examples 

Snapshot No. 𝒛 𝜶 𝜷 

32 9.9966 6.1 ± 0.3 −65 ± 3 

50 4.9394 4.1 ± 0.1 −45 ± 1 

125 0.1258 4.6 ± 0.1 −54 ± 1 

135 2.2 × 10−16 4.7 ± 0.1 −55 ± 1 
 

From the fitting equation, one can get the relation between 𝑆𝐹𝑅 and MG as below 

 

𝑆𝐹𝑅 = 𝑒𝛽 (
𝑀𝐺

𝑀𝑆𝑢𝑛
)

𝛼

𝑙𝑜𝑔 10
,                            (3) 

 

Which Is a polynomial relation. It can be further confirmed that, for snapshots at around 𝑧 = 2, 

𝛼 reaches its minimum value of about 3.6 (take snapshot No. 68 for example, 𝑧 = 2.0020, 𝛼 =
3.62 ± 0.05). At around this redshift, the exponent of 𝑀𝐺  on the right side of the equation equals 

approximately to 1.5, which is rather close to the linear relation between SFR and stellar mass 

mentioned in the Introduction part. However, 1.5 is still not close enough to 1. Besides, when 

redshift drops below 2, the exponent of 𝑀𝐺  continues to rise, driving the relation even farther away 

from linear. This is possibly because of the difference between galaxies and subhalos, which are two 

very distinct astronomical structures. 

4. Relation between Coefficients 𝜶, 𝜷 and Redshift 

Plotting the relation between 𝛼, 𝛽 and redshift, it’s easy to notice that 𝛼 reaches its minimum 

and 𝛽 reaches its maximum at the same time, when redshift is around 𝑧 = 2. In fact, there are only 

104 points in each plot of Fig. 4. Though data of 136 snapshots was collected. This is because when 

redshift is very high (𝑧 > 10), it means that the Universe is not aged enough to form structures like 

stars, galaxies or subhalos. In this paper, only snapshots that contains enough subhalos (about 1,000 

and above) are taken account of. 

 

Figure 4. Plotted relation between 𝛼, 𝛽 and redshift 
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Minimum value of 𝛼 occurs precisely at 𝑧𝑚 = 2.4442. It’s not hard to notice that when 𝑧 > 𝑧𝑚, 

relation between the coefficients 𝛼, 𝛽 and redshift tends to be linear; when 𝑧 < 𝑧𝑚, the relation 

tends to be reciprocal. Thus, linear fitting without and with deriving the reciprocal of the coefficients 

are applied to the two cases of 𝑧 > 𝑧𝑚 and 𝑧 < 𝑧𝑚 respectively, according to the fitting equations 
(4) and (5) 

 

𝛼 = 𝐴1𝑧 + 𝐵1, 𝛽 = 𝐴2𝑧 + 𝐵2,                         (4) 

 

𝛼−1 = 𝐴3𝑧 + 𝐵3, 𝛽−1 = 𝐴4𝑧 + 𝐵4,                       (5) 

 

Where 𝐴1~𝐴4 and 𝐵1~𝐵4 are coefficients to be determined. Fitting results are shown in the Fig. 

5 and Table. 2. 

 

Figure 5. Fitting results at 𝑧 > 𝑧𝑚 (left panel) and 𝑧 < 𝑧𝑚 (right panel). 

 

Table 2. Fitting results at 𝑧 > 𝑧𝑚 and 𝑧 < 𝑧𝑚 

𝑨𝟏 𝑩𝟏 𝑨𝟐 𝑩𝟐 

𝟎. 𝟑𝟐 ± 𝟎. 𝟎𝟏 2.6 ± 0.1 −3.2 ± 0.1 −30 ± 1 

𝑨𝟑 𝐵3 𝐴3 𝐵3 

𝟎. 𝟎𝟑𝟒𝟓 ± 𝟎. 𝟎𝟎𝟏𝟔 0.2215 ± 0.0015 −0.0036 ± 0.0001 −0.0189 ± 0.0001 
 

The results fit well, though there is not a good reason why reciprocal of 𝛼 and 𝛽 are derived at 

𝑧 < 𝑧𝑚. This operation is purely experiential. Another problem is that, it’s still ambiguous how SFR 

actually relates to redshift. To show the actual relation between SFR and redshift, a certain 𝑀𝐺  

(𝑀𝐺 = 5 × 1011𝑀𝑆𝑢𝑛, which is approximately the same order of the mass of Milky Way [20]) is 

selected and applied to equation (3) with changing 𝛼 and 𝛽, as in 

 

𝑆𝐹𝑅(𝑧) = 𝑒𝛽(𝑧) (
𝑀𝐺

𝑀𝑆𝑢𝑛
)

𝛼(𝑧)

𝑙𝑜𝑔 10
.                         (6) 

 

Plotted relation between 𝑆𝐹𝑅 and 𝑧 is shown in the Fig. 6. Linear fitting results of 𝑙𝑜𝑔 𝑆𝐹𝑅 

and 𝑧 are shown in the Fig. 7 and Table. 3. The fitting equation is 

 

𝑙𝑜𝑔 𝑆𝐹𝑅 = 𝐶1𝑧 + 𝐶2,                             (7) 

 

Where 𝐶1 and 𝐶2 are coefficients to be determined. 
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Figure 6. Plotted relation between SFR and redshift. 

 

 

Figure 7. Linear fitting results of 𝑆𝐹𝑅 and 𝑧. 

 

Table 3. Linear fitting results of 𝑆𝐹𝑅 and 𝑧 

𝐶1 𝐶2 

0.55 ± 0.01 0.28 ± 0.03 

5. Conclusion 

In summary, the relation between the SFR and the stellar mass of subhalos are investigated, as 

well as the relation between linear fitting coefficients 𝛼, 𝛽 and redshift, and the relation between 

SFR and redshift. In a range of redshift 0 < 𝑧 < 10 , linear relations between 𝑙𝑜𝑔 𝑆𝐹𝑅  and 

lg MG/MSun, coefficients (𝛼 and 𝛽) and redshift at 𝑧 > 𝑧𝑚, reciprocals of coefficients (𝛼−1 and 

𝛽−1) and redshift at 𝑧 < 𝑧𝑚 , 𝑙𝑜𝑔 𝑆𝐹𝑅  and redshift are discovered respectively. The discovered 

linear relations further revealed a polynomial relation between SFR and stellar mass of subhalos. The 

investigations above provide an insight into SFMS of DM halos. 
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