
中国科学技术大学

本科毕业论文

星系的重子物质质量-尺寸关系

作者姓名： 华紫辰

学 号： PB21020565

专 业： 天文学

导 师： Federico Lelli 容昱特任研究员

完成时间： 2025年 6月 3日



中国科学技术大学本科毕业论文

摘 要
星系质量-尺寸关系的研究通常仅单独考虑恒星或气体成分。本文使用总重

子物质质量 (𝑀bar)和重子半质量半径 (𝑅50,bar)，首次系统研究星系的重子质量-尺

寸关系，。我们分析 SPARC数据库中的恒星形成星系 (Sa至 dI)，并汇编宁静星

系 (E、S0、dE、dSph及所谓 UDGs)样本——对于后者，重子质量-尺寸关系退

化为常规的恒星质量-尺寸关系。本文主要结论如下：

(1)恒星形成星系在 𝑀bar − 𝑅50,bar 平面呈现两条清晰的序列：高面密度 (HSD)、

恒星主导的 Sa-Sc星系序列，与低表面密度 (LSD)、气体主导的 Sd-dI星系序列。

LSD星系的质量-尺寸关系斜率接近 2，表明其平均表面密度恒定；而 HSD星系

斜率接近 1，显示较小质量漩涡星系更为致密。

(2) 这种二分性在重子 Tully-Fisher 关系 (𝑀bar 与平坦旋转速度 𝑉f 的关系) 中消

失，但在角动量关系 (𝑀bar与 𝑉f × 𝑅50,bar的关系)中部分显现，说明该现象源于

固定𝑀bar下 𝑅50,bar的差异。因此，重子质量-尺寸关系是区分星系类型和研究演

化的最佳经验工具。

(3)巨椭圆星系与 SPARC星系以及透镜星系的核球构成独立序列，位于恒星形成

HSD盘序列上方，表明漩涡星系需通过并合才能演化至该序列。与此同时，透

镜星系盘的序列与 HSD星系盘的序列部分重合。这可能暗示着，漩涡星系在气

体耗尽后自然演化为透镜星系。

(4)宁静矮星系 (dE/dSph/UDG)形成独立序列，位于恒星形成 LSD盘序列下方。

若移除 LSD星系的气体成分，其恰好落在宁静矮星系序列上，暗示气体剥离是

主导演化机制。次要演化效应可能是恒星成分适度膨胀 (2-3倍)，促成从富气体

到贫气体矮星系 (包括 UDGs)的形态转变。

关键词：星系形成与演化，星系结构，星系动力学，星系类型
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ABSTRACT
The mass-size relations of galaxies are generally studied considering only stars or

only gas separately. Here we study the baryonic mass-size relation of galaxies, using

the total baryonic mass (𝑀bar) and the baryonic half-mass radius (𝑅50,bar). We consider

star-forming galaxies (Sa to dI) from the SPARC database. We also build a compilation

of passive galaxies (E, dE, S0, dSph, and the so-called UDGs) for which the baryonic

mass-size relation reduces to the usual stellar one. Our results can be summarized as

follows:

(1) Star-forming galaxies define two distinct sequences in the 𝑀bar − 𝑅50,bar plane: one

formed by high-surface-density (HSD), star-dominated, Sa-to-Sc galaxies, and one by

low-surface-density (LSD), gas-dominated, Sd-to-dI galaxies. The 𝑀bar − 𝑅50,bar re-

lation of LSD galaxies has a slope close to 2, pointing to a constant average surface

density, whereas that of HSD galaxies has a slope close to 1, indicating that less mas-

sive spirals are progressively more compact.

(2) The HSD-LSD dichotomy is absent in the baryonic Tully-Fisher relation (𝑀bar ver-

sus flat circular velocity 𝑉f) but moderately seen in the angular-momentum relation

(approximately 𝑀bar versus 𝑉f × 𝑅50,bar), so it is driven by variations in 𝑅50,bar at fixed

𝑀bar. Thus, the baryonic mass-size relation is the most effective empirical tool to dis-

tinguish different galaxy types and study their evolution.

(3) Giant ellipticals, SPARC bulges and S0 bulges from a sequence that is offset from

that of star-forming HSD disks to higher masses, so spirals may potentially move there

only through mergers. Meanwhile, lenticular galaxies partially overlap with the HSD

sequnce. This suggests that spirals simply evolve into lenticulars as they run out of gas.

(4) Passive dwarfs (dE, dSph, UDG) form a sequence that is offset from that of star-

forming LSD disks to lower masses. If one removes the gas content from star-forming

LSD galaxies, they end up along the sequence of passive dwarfs, suggesting that gas

stripping is the dominant evolutionary effect. A secondary evolutionary effect may be a

moderate expansion of the stellar component (by a factor of 2-3) for a full morphological

transformation from gas-rich to gas-poor dwarfs (including UDGs).
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Notation
𝑀𝑥 The mass of 𝑥−component, 𝑥 can be “bar” (baryons), “disk”,

“bul” (bulges), “star” or “gas”

𝑅50,x The radius inclosing 50% of the total mass of 𝑥−component

Σ50,𝑥 The average surface density of 𝑥−component within 𝑅50,x

Υ𝐴
𝑥 The mass-to light ratio of 𝑥−component in 𝐴−band. If 𝐴 is not

specified, it means the mass-to-light ratio in the Spizter 3.6𝜇𝑚
band.

𝛼 The best-fit slope of a relation

𝛽 The best-fit intercept of a relation

𝜎int The intrinsic scatter of a relation

𝐻0 The Hubble constant. In this thesis, 𝐻0 = 73 km ⋅ s−1 ⋅ Mpc−1.
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Chapter 1 Introduction

1.1 Galaxy formation and evolution

Galaxies are self-gravitating systems that consist of stars, gas, dust, and dark mat-

ter. As the building blocks of our universe, their formation and evolution mecahnisms

are one of the key questions in the field of astronomy.

The first step tackling this problem is to classify galaxies. The earliest classifica-

tion of galaxies was proposed by Hubble [1] , who divided them into three main mor-

phological classes: ellipticals, spirals, and irregulars. Elliptical galaxies are spheroidal

systems with smooth light profiles, while spiral galaxies have disk-like structures with

spiral arms, and irregular galaxies lack a well-defined structure. Sprial galaxies with

bars were later added as a fourth class parallel to the spiral galaxies [2] , and lenticu-

lars were introduced as a transitional class between ellipticals and spirals [3] . As shown

in Fig. 1.1, this classification scheme is known as the Hubble tuning fork, which has

been widely used in the astronomical community. Originally, Hubble [1] considerd that

galaxies may evolve from the lef-hand side of the tuning fork to the right-side, which,

however, is not the case in reality.

In the second half of 20th centry, after the discovery of the dark matter [4-5] , several

pioneering studies (e.g., Fall et al. [6], Fall [7], White et al. [8] ) proposed the Cold Dark

Matter (CDM) paradigm of galaxy formation and evolution. In this framework, dark

matter haloes form through gravitational instability, creating gravitational wells that at-

tract baryonic matter (gas and dust). Then, as the gas cools, it falls into the center of

the haloes and start to form stars. Meanwhile, the baryons, along with the dark matter

haloes, acquire angular momentum from cosmological tidal torques (e.g. Hoyle [9], Pee-

bles [10], Doroshkevich [11], White [12] ). If the angular momentum is high enough, the

baryons may form a disk-like structure, which might be the origin of spiral galaxies

(e.g., Mo et al. [13] ). On the contrary, if the angular momentum is too low, the baryons

may collapse rapidly, forming a spheroidal structure and extensively consuming the

cold gas, which might be the origin of elliptical galaxies [14-16] .

Further studies addedmoremechanisms to this framework. The first issue that may

strongly influence the formation and evolution of galaxies is the environment. When a

4
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Figure 1.1 The Hubble tuning fork.

galaxy falls into a dense environment, such as a galaxy cluster, it may experience tidal

interactions, harassement, and/or ram-pressure stripping. These processes can strip the

gas from the galaxy, quenching its star formation and transforming it into a passive

galaxy (see Boselli et al. [17] for a review). Another important mechanism is the feed-

back processes. Active galactic nuclei (AGN) and supernovae (SNe) can inject energy

into the interstellar medium, heating the gas and preventing it from cooling and forming

stars (see Fabian [18], Veilleux et al. [19] for reviews). Such a process may also lead a

star-forming galaxy to become a passive galaxy. These processes are more vital when

considering galaxies with small masses (stellar mass 𝑀⋆ < 109.5 𝑀⊙), i.e., the dwarf

galaxies (e.g., Dekel et al. [20], Mac Low et al. [21], McQuinn et al. [22] ). The potential

wells of these dwarf galaxies are shallow, so it is more difficult for them to maintain

their gas reservoirs when facing environmental effects or feedback processes. Finally,

mergers may also play a role in galay evolution, as they can change the configurations

of galaxies extrodinarily (see Barnes et al. [23] for a review).

Along with the dicovery of the dark energy (Λ) [24-25] , this current model of galaxy
formation and evolution is known as the Λ Cold Dark Matter (ΛCDM) paradigm, as

5
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depicted in Fig. 1.2. Although ΛCDM has successfully explained many properties of

galaxies we observed and is considered as the standard model of galaxy formation and

evolution (e.g. Mo et al. [26] ), it is not the end of the story. ΛCDM is also facing

some challenges, such as the “missing satellite” problem (e.g., Klypin et al. [27], Moore

et al. [28] ), “cusp or core” problem (e.g., Flores et al. [29] ), and the “too big to fail”

problem (e.g., Boylan-Kolchin et al. [30], Brooks et al. [31] ). A very recent study on the

clustering of dwarf galaxies [32] also raised a severe challenge to ΛCDM, suggesting

that dark matter may be self-interacting.

Other alternative theories without the need of CDM also exist. At the same time

when CDM paradigm was born, Milgrom [33] proposed an alternative theory, the Mil-

gromian dynamics (or Modified Newtonian Dynamics, MOND), which modifies the

standard laws of gravity and/or inertia rather than adding dark matter. In this paradigm,

the behaviour of the gravity deviates from the Newtonian one where the acceleration 𝑎
is below a critical value 𝑎0 ≃ 1.2 × 10−10 m s−2. By modifying the laws of gravity as,

𝑎 = √𝑎0𝑎N, 𝑎N ≪ 𝑎0, (1.1)

where 𝑎N is the Newtonian acceleration, MOND can account for dark matter as an ob-

servational effect of the modified gravity. Meanwhile, MOND can also explain many

observational phenomena of galaxies naturally, e.g.,

1. The flatness of the rotation curves [33] ,

2. The stability of the galactic disks [33] ,

3. The slope and the tightness of the baryonic Tully-Fisher relation (BTFR, Mil-

grom [33], McGaugh et al. [34], Lelli et al. [35,36] ),

4. The radial acceleration relation (RAR, Milgrom [33], McGaugh et al. [37], Lelli

et al. [38] ), and

5. The central-density relation (CDR, Lelli et al. [39], Milgrom [40] ).

Especially,ΛCDM suffers from the “fine-tuning problem” (e.g., McGaugh [41,42] ) when

explaining the BTFR, RAR and CDR. This makesMOND a promising alternative to the

ΛCDM paradigm. However, MOND itself is facing some crutial challenges. Therefore,

the nature of dark matter and gravity is still an open question in astronomy.

In conclusion, studying the formation and evolution of galaxies is a fundamental

task in astronomy. Not only will it deepen our understanding of the galaxies thmselves,

6
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Figure 1.2 The logic flow chart of galaxy formation and evolution in the ΛCDM paradigm [26] .

it may also help us to understand the nature of gravity, one of the most fundamental and

challenging tasks in modern physics. It may also contribute to our understandings of

the evolution of the universe itself, which is of highest importance in both science and

philosophy.

1.2 Studies on the mass-size relation

As discussed in Section 1.1, studying the formation and evolution of galaxies is

of great importance. Among the tools acheiving this, a classic approach is studying

the structural relationships between total luminosity (proxy for the total stellar mass,

𝑀⋆), physical size, and surface brightness. For example, passive “quenched” galax-

ies in galaxy clusters follow different luminosity-size-surface brightness relationships

(e.g., Kormendy [43], Binggeli et al. [44] ): one set by giant ellipticals (E) and one by

dwarf ellipticals (dE). This fact indicates that dE are not a “miniature” version of giant

E, despite their similar morphology and resulting historical nomenclature. Rather, dE

follow the same structural relations of dimmer dwarf spheroidals (dSph) in the Local

7
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Group and other nearby groups. This evidence has led Kormendy et al. [45] to rename

passive dwarfs (dE and dSph) as “spheroidals” in contrast to classic giant “ellipticals”.

In addition, Kormendy et al. [46] proposed a revised Hubble tuning fork (following van

den Bergh [47] ), in which lenticulars (S0) and dE/dSph form a parallel sequence to the

classic one of spirals (S) and dwarf irregulars (dI), as depicted in Fig. 1.3. For star-

forming galaxies (S and dI), a similar separation between “dwarfs” and “giants” has

been found by studying the stellar mass-size plane [48] and the main sequence of star

formation [49] .

Figure 1.3 The revised Hubble tuning fork [46] .

Over the past decades, many studies focused on the stellar mass-size relation that

relates𝑀⋆ to the effective radius𝑅50,⋆, which encompasses half of the stellar mass (the

half-mass radius) or luminosity (the half-light radius). Strictly speaking, the effective

radius 𝑅50,⋆ is not a measurement of “size” with the usual intuitive meaning of “max-

imum spatial extension” of an object because galaxies do not have a hard boundary.

Rather, the effective radius is a measurement of how concentrated the stellar mass or

stellar light is [50] . Other possible definitions of “galaxy sizes” consider isophotal or

isodensity radii, which are taken at some fixed surface brightness (e.g., the Holmberg

radius) or surface density value (e.g., Trujillo et al. [51] ). In this paper, we will consider

different types of half-mass radii and refer to them as “size” for simplicity.

The stellar mass-size relation has been studied in relation to other galaxy prop-

erties, such as morphology (e.g., Schombert [48], Shen et al. [52], Bernardi et al. [53] ),

surface brightness (e.g., Greene et al. [54] ), specific star formation rates (e.g., Nedkova

et al. [55] ), specific angular momentum (e.g., Kim et al. [56], Rong et al. [57] ), environ-

ment (e.g., Fernández Lorenzo et al. [58], Rodriguez et al. [59], Afanasiev et al. [60] ),

mergers and tidal interactions (e.g., Du et al. [61], Liao et al. [62] ). In addition, one can

8
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probe the assembly history of galaxies by observing the evolution of the stellar mass-

size relation with redshifts (e.g., Nedkova et al. [55], Afanasiev et al. [60], van der Wel

et al. [63], Roy et al. [64], Mowla et al. [65], Yang et al. [66] ). One can also study the dis-

tinct mass-size relations of different stellar components in galaxies, such as bulges and

disks, so trace their evolutionary paths separately (e.g., Nedkova et al. [55] ).

Another well-studied structural relation is the H I mass-size relation of late-type

galaxies [67] . Given that atomic hydrogen largely dominates the gas budget of star-

forming galaxies (e.g., Cortese et al. [68] ), the H I mass-size relation is effectively the

gaseous counterpart of the stellar mass-size relation. For historical reasons, the H I ra-

dius (𝑅HI) is not defined as the radius that contains 50% of the H I mass, but rather as

the radius where the H I surface density equals 1 𝑀⊙/pc2 (after correction to face-on
view), so it is effectively an isophotal radius. Interestingly, the H I mass-size relation

has a slope close to 2, indicating that the average surface densities of H I disks are ap-

proximately constant [69-75] . This phenomenon may be related to the transformation of

H I into H2
[76] , which is a crucial step in the star-formation process.

1.3 This study

Previous studies of the mass-size relation of galaxies focused only on stars or only

on gas, but galaxies consist of both mass components. In passive “quenched” galax-

ies (E, S0, and dE/dSph), the amount of gas is often negligible (but see Serra et al. [77]

for several counter examples), so the stellar mass-size relation is virtually equivalent

to the baryonic one. The situation is very different in star-forming galaxies, especially

in low-mass dwarfs where the gas mass can be much higher than the stellar mass (e.g.,

Lelli [78] ). Therefore, in star-forming galaxies, neither the gaseous mass-size relation

nor the stellar mass-size relation can thoroughly trace the matter distribution in their

disks. Therefore, it is important to study the baryonic mass-size relation of star-forming

galaxies, linking the total baryonic mass (𝑀bar = 𝑀⋆ + 𝑀gas) with the baryonic effec-

tive radius (𝑅50,bar) that encloses half of 𝑀bar.

Additionally, the baryonic mass-size relation can be used to study the potential for-

mation mechanisms of passive galaxies. The basic idea is simple. If a galaxy converts

its gas into stars in a close-box fashion, it will move across the stellar plane but stay

9
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nearly at the same location of the baryonic plane (apart from minor variations in 𝑅bar,50

depending on where the star formation occurs). Instead, if a galaxy suddenly loses its

gas due to external mechanisms, it will move across the baryonic mass-size plane but

stay almost at the same location of the stellar mass-size plane, unless the gas loss take

place together with a significant change in the stellar distribution.

Furthermore, the baryonic mass-size relation may provide a new prespective on

the nature of the dark matter and the gravity. In the standard ΛCDM paradigm, galaxies

reside in halos consist of dark matter, and the baryonic mass is a small fraction (∼
5% − 10% [13] ) of the total mass. Therefore, the propeties of the dark matter haloes

determine the observed properties of galaxies. Current studies suggest that the most

important quantity connecting the baryonic properties of galaxies and their dark matter

haloes is 𝑀⋆ (e.g. Guo et al. [79], Behroozi et al. [80], Kravtsov [81] ). Hence, the stellar

mass-size relation is extensively studied in ΛCDM, in particular in relation with the

halo spin [13,56-57,62,82] and/or halo virial radius [59,81,83-84] . However, in MOND the

dynamics of galaxies are determined merely by the baryons. So in MOND context,

the baryonic mass-size relation is expected to be a more fundamental relation than the

stellar mass-size relation. As discussed in Section 1.1, there is a chracteristic accelration

scale 𝑎0 ≃ 1.2×10−10 m s−2 in MOND, below which the gravitational force is modified

(e.g., Lelli et al. [38], Lelli [78] ), whereas no accleration scale is predicted in the ΛCDM
context. Since 𝑎0 can be recasted as a critical surface density [85-86] ,

ΣM = 𝑎0
2𝜋𝐺 ≃ 137 𝑀⊙ pc−2, (1.2)

it may lead to observable consequences in the baryonic mass-size relation that are not

present in theΛCDMparadigm. Therefore, the baryonicmass-size relationmay provide

a new perspective to distinguish the two paradigms and help us to better understand the

nayture of gravity.

In this thesis, we study the baryonicmass-size relation of galaxies. In Chapter 2, we

present the data-analysis and the resulting baryonic mass-size relation of star-forming

galaxies. We find that star-forming galaxies follow two sequences: high surface density

(HSD) disks and low surface density (LSD) disks. We further connect this result with

other scaling relations to show that the baryonic mass-size relation is a powerful tool to

study galaxy formation and evolution. Next, in Chapter 3, we present the baryonicmass-
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size relation of passive galaxies and discuss its potential evolutionary connection with

star-forming galaxies. Then, in Chapter 4, we discuss the potential connection between

the baryonic mass-size relation and MOND. Finally, in Chapter 5, we summarize the

main results of this thesis and discuss the future work.

11
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Chapter 2 Star-forming galaxies

In this chapter, we first show how we derive 𝑀bar and 𝑅50,bar in Section 2.1. Then,

in Section 2.2, we exhibit the resulting baryonic mass-size Relation, showing that there

are two distinct sequences, LSDs and HSDs, on the 𝑅50,bar − 𝑀bar plane. Next, we

discuss the physical inference of the two galaxy populations in section 2.3. Finally, in

Section 2.4, we show that the dichotomy observed in the baryonic mass-size plane can

well explain the features in the the angular momentum relation [7,87-88] . This indicates

that the baryonic mass-size relation can serve as a powerful tool in studying galaxy

formation and evolution.

2.1 Data analysis

The half-mass radius can be measured by either fitting a parametric function (such

as the Sérsic 89 profile) to the matter distribution, or by constructing the so-called “curve

of growth” (CoG) that gives the cumulative mass as a function of radius 𝑅. In general,
the baryonic mass distribution of galaxies cannot be described by a simple parametric

function, so we compute 𝑅50,bar by constructing the baryonic CoG (Fig. 2.1). This

requires the gas and stellar surface density profiles corrected for face-on view.

The Surface Photometry and Accurate Rotation Curves (SPARC) sample is the

ideal dataset for our purposes because it contains 175 disk galaxies (Sa to dI)① with

both near-infrared (NIR) images at 3.6 𝜇𝑚 from Spitzer, tracing the stellar mass distri-

bution, and interferometric H I data, tracing the gas distribution and kinematics [72] . The

first SPARC data release [72] , however, did not provide the H I surface density profiles

because the gravitational contribution of the gas disk (parametrized via the expected

circular velocity 𝑉gas) was directly taken from previous works. Thus, we searched the

literature and found H I surface density profiles for 169 galaxies out of 175 galaxies.

Unfortunately, for the remaining six galaxies (D512-2, D564-8, D631-7, NGC5907,

NGC7339, UGC06818), the H I rotation-curve references do not provide the H I sur-

face density profiles. The references for the H I surface density profiles are listed in
①The SPARC database contains three S0s (NGC4138, UGC2487, UGC6786) that are detected in the ultraviolet

and/or in the H𝛼 line, suggesting recent star formation. For simplicity, in the following, we will consider them as
early-type spirals (Sa-Sc).

12
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Table A.1.

To obtain the face-on H I surface density profiles, we followed the same procedure

applied by Lelli et al. [72] to the NIR surface brightness profiles. In short, we run the task

Rotmod in the Gipsy software [90] , which takes the observed surface brightness profile

and total disk mass as inputs, then returns the expected circular velocity and face-on

surface density (integrated along the 𝑧 axis of the disk) as outputs. We use the same H I

masses and distances given in Lelli et al. [72] . In addition, we assumed an exponential

vertical density profile with scale height of 100 pc, but this assumption plays virtually

no role in our results.

The H I and NIR data have different spatial resolutions, so the resulting surface

brightness profiles are sampled at different radii. To sum up the two components,

the profiles are linearly interpolated and sampled on a common radial grid. Differ-

ent choices in the interpolation play virtually no role in the final measurement of the

half-mass radii. During this analysis, we also revisited some bulge-disk decomposi-

tions and outer extrapolations of the stellar profiles to ensure that the resulting CoGs

are well-behaved with no unphysical jumps or discontinuities. We recall that SPARC

bulge-disk decompositions are non-parametric and assign non-axisymmetric structures

(bars, lenses, pseudo-bulges) to the stellar disk [72] .

The final step to build the baryonic CoG is to choose appropriate mass-to-light

ratios for the stellar disk (Υ⋆, disk) and the stellar bulge (Υ⋆, bul), as well as the factor to

correct the H Imass for the contribution of heavier elements (𝑀gas/𝑀H I). In analogy to

previous SPARC papers, we assume Υ⋆, disk = 0.5, Υ⋆, bul = 0.7, and 𝑀gas/𝑀H I = 1.33
for all galaxies. The choice of constant values provides the most empirical represen-

tation of the data because it just puts gas mass and stellar mass on a common physical

scale, without any model-dependent variation from galaxy to galaxy. Of course, it is

possible to choose variable mass-to-light ratios [91-92] and gas correction factors [93] ; we

may implement such improvements in future work.

Formally, ourmeasurements of𝑀bar and𝑅50,bar neglect molecular gas. In practice,

however, molecular gas has a similar spatial distribution (on kpc scales) as the stellar

disk, so its contribution can be implicitly included in the stellar density profile. On

average, the molecular gas mass of nearby galaxies is 7% of the stellar mass [93] , so ac-

counting for molecular gas would be equivalent to assumingΥ⋆, disk = 0.535 rather than

13
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Υ⋆,disk = 0.5, which would make no difference to our results. This statistical correction
is smaller than expected variations in Υ⋆,disk due to differences in the star-formation

history [94] , chemical enrichment history [91] , or stellar initial mass function [95] , which

are ultimately the most relevant uncertainties in the measurements of 𝑀bar and 𝑅50,bar.

Fig. 2.1 shows the baryonic CoG for three characteristic galaxies: a gas-dominated

case, a star-dominated case, and an intermediate case. For the gas-dominated galaxy, the

baryonic half-mass radius is nearly identical to the gaseous half-mass radius (𝑅50,gas).

Conversely, for the star-dominated galaxy, one has𝑅50,bar ≃ 𝑅50,⋆. For the intermediate

case, 𝑅50,bar is somewhat in between 𝑅50,gas and 𝑅50,⋆, highlighting the importance of

considering both stars and gas when studying galaxy sizes.

2.2 Results

2.2.1 Two sequences in the baryonic mass-size plane
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Figure 2.1 Measurements of 𝑅50,gas, 𝑅50,⋆, and 𝑅50,bar for three example galaxies: a gas-dominated
one (UGC731), a star-dominated one (NGC2903), and an intermediate case (NGC5585). The upper
panels show the surface density profiles for gas (blue points), stars (red points), and total baryons
(black line); the stellar profile is extrapolated at large radii with an exponential function (red dashed
line). The lower panel shows the curve of growth of gas (blue line), stars (red line) and total baryons
(black line); the dashed lines show the location of the corresponding half-mass radii.

Fig. 2.2 shows the gaseous, stellar, and baryonic mass-size relations of SPARC

galaxies. The gaseous mass-size relation is a tight power law (in log space), in

agreement with previous studies that used the “isophotal” H I radius (e.g., Broeils

et al. [69], Verheijen et al. [70], Swaters et al. [71], Lelli et al. [72], Wang et al. [73] ). The

stellar mass-size relation, instead, displays two distinct sequences, which were noted

by Lelli et al. [72] in the luminosity-size plane (their Fig. 2) and are in agreement with
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the seminal work of Schombert [48] . These two sequences roughly correspond to high

surface brightness (HSB), star-dominated, early-type spirals (Sa to Sc) and to low sur-

face brightness (LSB), gas-dominated, late-type disks (Sd to dI). The baryonic mass-

size relation makes the two sequences even more evident. The LSB sequence, indeed,

becomes tighter because it mostly consists of gas-dominated objects, highlighting the

importance of adding the gas component in the mass-size relation. In the following, we

will consider baryonic surface densities rather than surface brightnesses, so wewill refer

to the two distinct populations as high-surface-density (HSD) and low-surface-density

(LSD) galaxies.

The existence of two distinct sequences is confirmed by the Dbscan algorithm [96] ,

which can rigorously identify clusters of points. This algorithm is robust against irregu-

lar boundaries and does not need a-priori information about the number of clusters. We

use Dbscan in a normalized five-dimensional space, consisting of log(𝑀bar), log(𝑅bar),
gas fraction 𝑓gas, Hubble type 𝑇 , and effective surface density log(Σ50,bar). The gas

fraction is defined as 𝑓gas = 𝑀gas/𝑀bar, while the baryonic effective surface density

as Σ50,bar = 𝑀bar/(2𝜋𝑅2
50,bar). We set the input parameters of Dbscan as Eps = 0.239

and Minpts = 10 (see Ester et al. [96] for details). As expected, Dbscan divides our

sample of galaxies into two groups. Figure 2.3 shows that the two groups separate

around 𝑓gas ≃ 0.3, 𝑇 ≃ 5, and log(Σ50,bar/[M⊙ kpc−2]) ≃ 8.1. We use the characteristic

Σc ≃ 125 M⊙ pc−2 to divide our sample galaxies into LSDs (Σ50,bar < Σc) and HSDs

(Σ50,bar ≥ Σc). Using the characteristic 𝑓gas or 𝑇 instead of Σc provides similar results

(see AppendixA).
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Figure 2.2 The gaseous (left panel), stellar (middle panel) and baryonic (right panel) mass-size
relations of SPARC galaxies. Data points are color-coded by the gas fraction 𝑓gas; the error bars
denote the 1𝜎 errors. The three panels span the same dynamic range on both axes. Two sequences
are evident in the stellar and baryonic mass-size relations.
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Figure 2.3 The distributions of 𝑓gas, Σ50,bar, and 𝑇 for the two groups identified by Dbscan, which
are represented by the red and blue histograms. The filled histogram shows the number counts, while
the open histograms the number density of each group normalized to the total number of galaxies in
each bin. The black-dashed lines show the separation values reported in Table A.2.

2.2.2 Best-fit baryonic mass-size relations
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Figure 2.4 Baryonic mass-size relations considering all baryons (left panel) and the baryonic-
disk only (excluding stellar bulges, right panel). Galaxies are color-coded by the gas fraction 𝑓gas.
Crosses represent S0-to-Sc galaxies (Hubble type 𝑇 ≤ 5), while circles represent Sd-to-dI galaxies
(𝑇 > 5). The red and the blue solid lines show the best-fit relations to the HSD and LSD sequences,
respectively; the red and blue shaded areas indicate the best-fit intrinsic scatters. Dashed lines cor-
respond to constant surface densities for multiples of Σc = 125 M⊙ pc−2 (see Sect. 2.2 for details).

We fit each galaxy group with a straight line:

log𝑀bar = 𝛼 log𝑅50,bar + 𝛽, (2.1)

where 𝛼 is the slope, 𝛽 is the intercept. Fitting a straight line to data points with intrinsic
scatter and errors on both variables is not a trivial exercise. For example, the BayesLine-

Fit software [36] uses a Markov-Chain Monte-Carlo approach in a Bayesian framework,

assuming that the two variables are independent. In the case of the mass-size relation,

however, the two variables are not independent because they both vary with galaxy dis-

tance 𝐷 (𝑀bar ∝ 𝐷2 and 𝑅50,bar ∝ 𝐷). Thus, we use the Roxy package [97] that can

take the covariance between the variables into account. Details on the estimation of
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the covariance matrix are given in Appendix B. The current implementation of Roxy,

however, can fit only for the vertical intrinsic scatter, not the orthogonal intrinsic scatter

perpendicular to the best-fit line. Appendix A of Lelli et al. [36] discusses the systematic

differences between the two approaches.

The best-fit relations are shown in Fig. 2.4 (left panel). The baryonic mass-size

relation of LSD galaxies has 𝛼 = 1.95±0.12, while that of HSD galaxies has 𝛼 = 1.08±
0.18. This indicates that LSD galaxies share a similar Σ50,bar ≃ 13 M⊙ pc−2, which

is largely driven by the gas component. On the other hand, HSD galaxies become less

dense and compact as their𝑀bar increase. Interestingly, the intrinsic scatters (𝜎int) of the
two sequences are the samewithin the errors. TheHSD sequence shows higher observed

scatter (evident by eye) because𝑀bar is dominated by the stellar mass, which has higher

uncertainties than the gas mass dominating 𝑀bar in the LSD sequence. Intrinsically,

however, the two sequences may be similarly tight.

2.2.3 The effect of stellar bulges

One may wonder whether the HSD-LSD dichotomy is driven by the presence of

stellar bulges because HSD galaxies mostly have early Hubble types (Sa-Sc), whereas

LSD galaxies are virtually bulgeless (Sd-dI). Lelli et al. [72] performed bulge-disk de-

compositions for 28 HSD galaxies out of 51 (mostly Sa-Sb types), whereas bulge-disk

decompositions were performed for only two peculiar LSD galaxies out of 118. We

use these bulge-disk decompositions to measure the baryonic CoG of the baryonic disk

(stars plus gas) and its half-mass radius, 𝑅50,disk, excluding the bulge component.

Fig. 2.4 (right panel) shows the baryonic-disk mass-size relation, excluding stellar

bulges. The two HSD-LSD sequences are still evident by eye, and formally confirmed

by the Dbsacan algorithm. Thus, the HSD-LSD dichotomy is not driven by the presence

of bulges. Note, however, that the non-parametric bulge-disk decompositions of Lelli

et al. [72] assign stellar bars, ovals, and pseudo-bulges to the disk component. These

structures are mostly present in HSD galaxies, which are clearly more prone than LSD

galaxies to gravitational instabilities driven by the disk self-gravity and its secular evo-

lution.
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2.3 A dichotomy in star-forming galaxy disks

The existence of two sequences in the 𝑀bar − 𝑅50,bar plane suggests that there

is a dichotomy in star-forming disks: galaxies tend to be either HSD or LSD, so tend

to avoid intermediate surface densities around 100 M⊙ pc−2. It is then natural to ask

whether the observedHSD-LSD dichotomymay be driven by potential selection effects.

The SPARC sample is the result of decades of interferometric H I observations from

different groups (see Lelli et al. [72] for references), so it does not have a well-defined

selection function. However, selection effects should generally bias against LSD or

LSB galaxies, which are instead very well represented in SPARC. We cannot identify

any sensible observational effect that would bias against intermediate surface densities.

The upcoming BIG-SPARC database [98] , which will combine H I observations with

NIR photometry for thousands of galaxies, will clarify the situation.

Reassuringly, the same dichotomywas found by Schombert [48] studying the stellar

mass-size plane of a different galaxy sample. In addition, a similar dichotomywas found

in terms of the disk central surface brightness 𝜇0,disk in other independent studies [99-103] .

Clearly, a dichotomy in 𝜇0,disk has a similar physical meaning of a dichotomy in Σ50,bar.

Indeed, if we run Dbscan replacing Σ50,bar with 𝜇0,disk (see Sect. 2.2.1), we still find two

distinct groups of galaxies in the 𝑀bar − 𝑅50,bar plane (see Fig. 2.3, rightmost panel).

The surface density of baryons (stars plus gas) is a more physical quantity than the

surface brightness in some optical or NIR band. Moreover, it allows us to account for

the dominant gas component in LSD galaxies, so we urge (when possible) to use Σ50,bar

and the baryonic mass-size plane.

The dichotomy between HSD and LSD galaxies relates to other fundamental prop-

erties of galaxies, such as their gas fractions and gas depletion times. HSD galaxies tend

to have low gas fractions (≲ 30% of their baryonic mass), so have been very efficient

in converting gas into stars during the Hubble time. Indeed, HSD galaxies will run out

of gas in a few Gyr (e.g., McGaugh et al. [49] ), unless their gas reservoir is constantly

replenished to sustain the current star-formation rates (e.g., Sancisi et al. [104], Mari-

nacci et al. [105] ). On the other hand, LSD galaxies have high gas fractions (30 − 90% of

their baryonic mass), so have been very inefficient in forming stars. Their gas depletion

times are remarkably large; LSD galaxies could keep forming stars for another 10-100
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Gyr without any need of accreting new gas (e.g., McGaugh et al. [49], van Zee [106] ).

Another key difference between HSD and LSD galaxies regards their morpholog-

ical properties, as indicated by their Hubble types. HSD galaxies (Sa-Sc) can have

bulges, spiral arms, bars, and bar-driven structures (such as stellar lenses, rings, and

pseudo-bulges). On the contrary, LSD galaxies usually lack these morphological fea-

tures and their optical morphology is characterized by irregular and clumpy star forma-

tion. These morphological differences are likely driven by the different dynamical state

of their baryonic disks. In HSD galaxies, the stellar disk is basically self-gravitating in

the inner regions (near maximal, e.g., van Albada et al. [107], Starkman et al. [108] ), so

it can sustain spiral arms and form stellar bars [109-110] . In LSD galaxies, instead, the

stellar disk is not self-gravitating: the baryonic mass is dominated by the gas, while the

total mass is dominated by dark matter (in the standard cosmological paradigm) down

to small radii (e.g.,Tully et al. [99], de Blok et al. [111] ). Both effects make the baryonic

disk relatively stable against the propagation of density waves and formation of bars.

Interestingly, the gap between the two populations may suggest that the co-domination

of baryons and dark matter is avoided [99] .

The LSD-HSD dichotomy suggests that the two galaxy populations form and

evolve along different paths. If the initial baryonic disk is relatively heavy and dense

(the HSD case), gravitational instabilities may lead to the formation of spiral arms, bars,

bulges, and pseudo-bulges (e.g., Lin et al. [109], Sellwood et al. [110], Sellwood [112] ).

These structures will then trigger gas condensations and shocks, thus efficient star for-

mation and gas consumption (e.g., Roberts [113], Kim et al. [114], Yu et al. [115] ). Con-

versely, if the initial baryonic disk is relatively light and diffuse (the LSD case), large-

scale gravitational instabilities are less effective, resulting in inefficient star formation

and abundant gas content (e.g., Wyder et al. [116] ). Importantly, a LSD galaxy evolving

in isolation will continue to be a LSD galaxy for at least another 10-100 Gyr. In this

evolutionary scenario, the ability (or not) of sustaining density waves may be crucial

because spiral arms are a very efficient mechanism to convert gas into stars. It remains

unclear, however, why there should be a gap between the two populations.

The gap between HSD and LSD may potentially represent a rare and rapid tran-

sitional stage, in which galaxies transform from LSD to HSD. Given the low star for-

mation rates and high gas depletion times of LSD galaxies (e.g., McGaugh et al. [49] ),
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it will take more than a Hubble time for them to reduce their gas fractions toward those

of HSD galaxies. The transformation of LSD into HSD galaxies (if any) must necessar-

ily involve external mechanisms, such as galaxy interactions, which can trigger spiral

arms, bars, and gas inflows (e.g., Ramón-Fox et al. [117], Peschken et al. [118] ). Some

studies [99,102] found that galaxies in the transition region tend to have close neighbours,

suggesting that galaxy interactions may indeed play a key role in such a transformation.

2.4 Relations with dynamical scaling laws
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Figure 2.5 Scaling relations of galaxy disks: the baryonic Tully-Fisher relation (left panel), the
baryonic mass-size relation (middle panel), and the baryonic angular-momentum relation (right
panel). The three panels cover the same dynamic range on the y-axis, so one have the same scales
on both axes. The circles and squares are the same as those in Fig. 2.4, colorcoded by the effective
baryonic surface density Σ50,bar. The blue and gold solid lines are the best-fit lines for LSDs and
HSDs, respectively. The left panel: the BTFR. The medium panel: the 𝑀bar − 𝑅50,bar relation. The
dashed-black line in the right panel is the best-fit line for all the 157 galaxies.

One may wonder whether the HSD-LSD dichotomy is imprinted in other scaling

relations of galaxies. In the following, we consider (1) the baryonic Tully-Fisher rela-

tion (BTFR) that links 𝑀bar with the mean velocity along the flat part of the rotation

curve 𝑉f (e.g., McGaugh et al. [34], Lelli et al. [35,36], McGaugh [41] ); and (2) the angular

momentum relation (AMR) that links 𝑀bar with the specific angular momentum 𝑗bar
(e.g., Mancera Piña et al. [87,88] ). To this aim, we adopt a subsample of 157 galaxies

with high-quality rotation curves (𝑄 ≠ 3, see Lelli et al. [72] ). We take 𝑉f from Lelli

et al. [36] . For some galaxies without measured 𝑉f (due to rising rotation curves up to the
last measured point), we use the outermost velocity point as a first-order approximation,

so that the same 157 galaxies appear in both dynamical scaling relations.

To a first-order approximation, 𝑗bar is given by [7,119-120] :

𝑗bar ≃ 𝑉f × 𝑅50,bar. (2.2)
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In this approximation, the AMR is the mathematical convolution of the BTFR with the

𝑀bar − 𝑅50,bar relation, so it cannot contain extra information [36] . In the following,

differently from Lelli et al. [36] , we compute 𝑗bar in a more rigorous way by integrating
the rotation curve and baryonic surface density profiles, following similar procedures

as Posti et al. [121] and Mancera Piña et al. [88] .

Figure 2.5 shows the three scaling relations. Importantly, the vertical axes cover

the same dynamic range in 𝑉f, 𝑅bar,50, and 𝑗bar, so that the scatter around the relations
and any eventual dichotomy can be visually assessed. It is evident that the tightest

among the three is the BTFR, as already pointed out and quantified in Lelli et al. [36] .

The BTFR does not distinguish between LSD and HSD galaxies. Even if we fit

the two galaxy populations separately, we recover the same best-fit relation within the

uncertainties. This is in agreement with previous studies, which do not find additional

correlations between the BTFR residuals and other galaxy properties (e.g., Lelli et al. [35,

36], Ponomareva et al. [122], Desmond et al. [123], Hua et al. [124] ). The BTFR seems to

have irreducible scatter; adding any additional variable to 𝑉f at fixed 𝑀bar will only

degrade the original relation.

The AMR relation displays a moderate dichotomy: HSD and LSD galaxies follow

different AMRs with a small offset in normalization. This offset must be driven by

differences in the baryonic distribution (so in 𝑅50,bar) at fixed 𝑀bar because the 𝑀bar −
𝑉 relations display no residual correlations for each and every radius at which 𝑉 is

measured [123] . In other words, the dichotomy in 𝑀bar − 𝑗bar plane is the same as that in
the 𝑀bar − 𝑅50,bar plane, but appears less evident because the optimal variable (𝑅50,bar)

is effectively multiplied by another variable (𝑉f) that has a near-perfect correlation with
𝑀bar.

The moderate dichotomy in the AMR is in agreement with the results of Mancera

Piña et al. [87] , who found that gas-rich galaxies have a larger intercept than gas-poor

ones. Gas fraction is known to correlate with surface brightness or surface density (see,

e.g., Fig, 2.2), so the offset found byMancera Piña et al. [87] is the same as the HSD-LSD

dichotomy. Importantly, the 𝑗bar−𝑀bar−𝑓gas plane proposed byMancera Piña et al. [87]

seems to be the result of a circular argument. Essentially, one takes an intrinsically thin

relation (the BTFR) and multiply it with a radial variable (such as 𝑅50,bar) to obtain a

new relation with increased scatter (the AMR). Next, the increased scatter in the AMR
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is reduced considering a fourth variable (𝑓gas) that correlate with Σ50,bar and/or𝑅50,bar at

fixed 𝑀bar, effectively removing the extra dependency that was introduced in building

the AMR in the first place.

The previous reasoning is confirmed by a simple mathematical exercise. The “ef-

fective” AMR relation is given by

log(𝑉f × 𝑅50,bar) = 𝑆 × log(𝑀bar) + 𝑁 (2.3)

where the slope 𝑆 is the sum of the slopes of the BTFR and 𝑀bar − 𝑅50,bar relation. By

fitting LSD and HSD galaxies separately, we find that ∼0.64 for LSDs and ∼0.72 for
HSDs. This is roughly in agreement with the best-fit slopes of the AMR relation (∼0.73
for LSD and ∼0.83 for HSD galaxies). Of course, the slopes are not exactly the same

because 𝑗bar is not calculated as 𝑉f × 𝑅50,bar but by integrating across the rotation curve

and surface density profiles.

As we discussed in Section 2.3, the HSD-LSD dichotomymay indicate two distinct

evolution paths of galaxies. Thus, the 𝑀bar − 𝑅50,bar plane may be a better probe of

galaxy evolution than the 𝑀bar−𝑗bar plane because the two galaxy populations separate
the most in the former one, leaving little space for ambiguity.
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Chapter 3 Passive galaxies

In this chapter, we will first introduce our sample and data analysis in Section 3.1.

We will then present our results, and discuss the evolutionary links betwen passive

galaxies and star forming galaxies in Section 3.2.

3.1 Data analysis

In Section 2.1, we do not separate galaxies by their morphology. However, as

introduced in Sections 1.1 and 1.2, passive galaxies with different morphologies may

evolve through distinct paths. Therefore, in this section, we will analyse E, S0, dE/dSph

and UDG separately.

3.1.1 Ellipticals

We consider 140 ellipticals (Es) from Schombert [125] that have Spitzer images at

3.6 𝜇m. This dataset is fully consistent with the SPARC dataset in terms of photometric

band and photometric procedures. To derive 𝑀⋆, we adopt Υ⋆ = 0.9 M⊙/L⊙
[38,91] .

This value comes from the same stellar population models that set 𝑀⋆ for SPARC

galaxies, so the two datasets are on a common stellar mass scale. In the following,

we will refer to this dataset as “Spitzer Es”.

Some of these Es are in the field and contain atomic gas. However, the H I mass

fraction is very small (typically ≲ 0.01 [77] ), so we can safely assume that 𝑀bar ≃ 𝑀⋆

and 𝑅50,bar ≃ 𝑅50,⋆ to a good approximation.

3.1.2 Lenticulars

We consider a sample of lenticulars (S0s) that have available bulge-disk decom-

positions from the literature:

(a) twelve S0s from Lelli et al. [38] . These galaxies have Spitzer images at 3.6 𝜇m,
and the bulge-disk decompositions performed in the same way as SPARC galax-

ies. We estimate 𝑀diak and 𝑀bul using the same Υ⋆ = 0.8 𝑀⊙/𝐿⊙ following

Lelli et al. [38] . 𝑅50,disk and 𝑅50,bul are estimated following the same procedures

as SPARC galaxies.

23



中国科学技术大学本科毕业论文

(b) seven S0s from Kormendy et al. [46] . Specifically, we select only S0s with “clas-

sical bulges” to be consistent with the SPARC bulge-disk decompositions, which

assign “pseudo-bulges” to the disk component (see Lelli et al. [72] ). Kormendy

et al. [46] provides the 𝑉 −band absolute magnitude, so we compute 𝑀bul and

𝑀disk assuming Υbul = Υdisk = 5 M⊙/𝐿⊙ in the 𝑉 −band [91] . This value comes
from the same stellar population models that set 𝑀⋆ in SPARC galaxies, so the

galaxies are on a common stellar mass scale, but we note that the uncertainties in

𝑀⋆ from 𝑉 -band data are significantly larger than those from Spitzer data at 3.6

𝜇m.
(c) ten S0s from Rizzo et al. [126] . This work provides three different estimates of

𝑀⋆. For consistency with the SPARC sample, we use 𝑀⋆ from the 𝐾-band

luminosity assuming 𝐻0 = 73 km s−1 Mpc−1 and ΥK
⋆ = 1 for both bulge and

disk. This value is consistent with the SPARC stellar mass scale because ΥK
⋆ ≃

1.29Υ[3.6]
⋆ with no significant color term [127] , so Υ[3.6]

⋆ = 0.8 [38] translates into
Υ𝐾

⋆ ≃ 1.0. To derive 𝑀bul and 𝑀disk separately, we use the 𝑟−band 𝐵/𝑇 from

Rizzo et al. [126] . 𝑅50,bul and𝑅50,disk are estimated by a parametric decomposition

in the 𝑟−band as described by Rizzo et al. [126] .
Most of these S0s are in galaxy clusters, so we can assume that they have negligible

gas fractions [77] and that 𝑀bar ≃ 𝑀⋆ and 𝑅50,bar ≃ 𝑅50,⋆. Lenticulars in the field

environment, instead, could have significant amounts of atomic and molecular gas (e.g.,

Shelest et al. [128] ).

3.1.3 Dwarf ellipticals and dwarf spheroidals

We consider passive dwarfs (dEs/dSphs) in the core regions of galaxy clusters, so

we can assume that they are devoid of gas and that 𝑀bar ≃ 𝑀⋆ and 𝑅50,bar ≃ 𝑅50,⋆. In

particular, we consider galaxies with available photometry from the following surveys:

(a) 404 galaxies from the Next Generation Virgo Cluster Survey (NGVS [129] ). 𝑅50,⋆

is given by the effective radius of a Sersic fit to the 𝑔−band surface brightness
profile.

(b) 627 galaxies from the Next Generation Fornax Cluster Survey (NGFS), specifi-

cally 243 from Eigenthaler et al. [130] and 384 from Ordenes-Briceño et al. [131] .

𝑅50,⋆ is estimated from 𝑖−band images.
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Given the availability of 𝑖 and 𝑔 magnitudes, we calculate stellar masses using the

relation from Taylor et al. [132] :

log(
𝑀⋆
𝑀⊙ ) = log(

𝐿𝑖
𝐿⊙ ) + 0.68 (𝑔 − 𝑖) , (3.1)

For low-mass galaxies, this relation is virtually the same as the one from Schombert

et al. [91]see their Fig. 3 , so these stellar masses are again on the same mass scale as SPARC

galaxies. The catalog from Ordenes-Briceño et al. [131] does not provide (𝑔 − 𝑖) values,
so we assume (𝑔 − 𝑖) = 0.85 that is the average value of dEs/dSphs from Eigenthaler

et al. [130] .

Finally, we exclude 22 galaxies from Ferrarese et al. [129] because they are Es/S0s

rather than dEs/dSphs. In fact, they have 𝑀⋆ > 109 𝑀⊙ using Eq.3.1 (their stellar

mass may be even higher because the stellar population models of Schombert et al. [91]

give higher M⋆ than those of Taylor et al. [132] for red colors typical of Es/S0s). We

do not consider these galaxies in our sample of S0s because they do not have available

bulge-disk decompositions. Thus, we have a final sample of 1009 dEs/dSphs.

3.1.4 Ultra-diffuse galaxies in galaxy clusters

The term “ultra-diffuse galaxies” (UDGs) has been introduced by van Dokkum

et al. [133] to describe galaxies with central surface brightness lower than 24.5 mag

arcsec−2 in the 𝑔 band and effective radius larger than 2.5 kpc. It is debated whether

UDGs are a new type of galaxies (such as “failed L⋆ galaxies”, van Dokkum et al. 133 ),

or just the extension of usual dwarf galaxies to lower surface brightnesses (e.g.,

Rong et al. [57,57], Conselice [134], Chilingarian et al. [135], Iodice et al. [136], Marleau

et al. [137], Rong et al. [138], Li et al. [139], Wright et al. [140], Zöller et al. [141], Lelli [142] ).

In the following, we will use the term “UDGs” to simply distinguish them from the

historical population of dEs/dSphs.

We consider a sample of UDGs in the Coma cluster [133] and a sample of UDGs

in other clusters compiled by Gannon et al. [143] . Similarly to cluster dEs/dSphs, these

UDGs can be assumed to be devoid of gas, so that 𝑀bar ≃ 𝑀⋆ and 𝑅50,bar ≃ 𝑅50,⋆. For

the Coma UDGs, 𝑅50,⋆ comes from 𝑔−band images and 𝑀⋆ is derived using Eq. (3.1)

with 𝑔 − 𝑖 = 0.8 [133] . For the UDGs from Gannon et al. [143] , both 𝑅50,⋆ and 𝑀⋆

are directly taken from their catalog. As we will show in Section 3.2, the data are
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approximately on the same mass scale without any strong systematics.

−1.0 −0.5 0.0 0.5 1.0 1.5

log(R50,bar/kpc)

4

5

6

7

8

9

10

11

12

lo
g(
M

b
ar
/M
�)

0.
00

1Σ
c

0.
01

Σ c

0.
1Σ

c

10
.0

Σ c

1.
0Σ

c

10
0.

0Σ
c

Σc ' 125 M�/pc2(a)

Baryonic M-R: Passive galaxies

Spitzer Es

Sa-Sb bulges

S0 bulges

S0 disks

dEs/dSphs

dEs/dSphs (N)

Cluster UDGs

−1.0 −0.5 0.0 0.5 1.0 1.5

log(R50,bar/kpc)

4

5

6

7

8

9

10

11

12

lo
g(
M

b
ar
/M
�)

0.
00

1Σ
c

0.
01

Σ c

0.
1Σ

c

10
.0

Σ c

1.
0Σ

c

10
0.

0Σ
c

Σc ' 125 M�/pc2(b)

Baryonic M-R: Passive & SF galaxies

Spitzer Es

Sa-Sb bulges

S0 bulges

S0 disks

HSD disks

LSD disks

dEs/dSphs

dEs/dSphs (N)

Cluster UDGs

−1.0 −0.5 0.0 0.5 1.0 1.5

log(R50,?/kpc)

4

5

6

7

8

9

10

11

12

lo
g(
M

?
/M
�)

0.
00

1Σ
c

0.
01

Σ c

0.
1Σ

c

10
.0

Σ c

1.
0Σ

c

10
0.

0Σ
c

Σc ' 125 M�/pc2(c)

Stellar M-R: Passive & SF galaxies

Spitzer Es

Sa-Sb bulges

S0 bulges

S0 disks

HSD disks

LSD disks

dEs/dSphs

dEs/dSphs (N)

Cluster UDGs

−1.0 −0.5 0.0 0.5 1.0 1.5

log(R50,?/kpc)

4

5

6

7

8

9

10

11

12

lo
g(
M

?
/M
�)

0.
00

1Σ
c

0.
01

Σ c

0.
1Σ

c

10
.0

Σ c

1.
0Σ

c

10
0.

0Σ
c

Σc ' 125 M�/pc2(d)

Stellar M-R: Expanded LSD disks

Spitzer Es

Sa-Sb bulges

S0 bulges

S0 disks

HSD disks

LSD disks

dEs/dSphs

dEs/dSphs (N)

Cluster UDGs

Figure 3.1 Mass-size relations of galaxies. Panel (a): The 𝑀bar − 𝑅50,bar plane of passive galaxies
and bulges of star-forming galaxies. Panel (b): Same as panel (b) but adding the disks of star-forming
galaxies. Panel (c): The 𝑀⋆ −𝑅50,⋆ plane for our entire galaxy sample. Panel (d): Same as panel (c)
but shifting the 𝑅50,⋆ of LSD disks to simulate an expansion of the stellar component, as discussed
in Sect. 3.2.2. The grey-dashed lines are the same as those in Fig. 2.4. The black dot-dashed lines
in panels (c) and (d) are the best-fitting lines of the passive dwarf galaxies.

3.2 Results

Figure 3.1 shows the mass-size plane in terms of both the total baryonic mass (top

panels) and the stellar mass (bottom panels). For clarity, we start with passive galaxies

only and subsequently add star-forming galaxies to the picture. Comparing the various

panels of Fig. 3.1 provides key information on the possible evolutionary links between

galaxies, as we now discuss.
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3.2.1 General results of passive galaxies

Panel (a) of Fig. 3.1 considers passive galaxies devoid of substantial amounts of

gas, so that the stellar and baryonic mass-size planes are nearly identical. We also con-

sider the “classical” bulges of spiral galaxies (mostly Sa-Sb) and those of S0s, which

can be considered as a population of passive spheroids.

The dichotomy between Es and dEs/dSphs [43-45] is evident. In addition, stellar

bulges form a continuous sequence with Es but distinct from dEs/dSphs, in agreement

with previous studies (e.g., Kormendy et al. [45,46] ).

Interestingly, nucleated and non-nucleated dEs/dSphs seem to follow two different

𝑀bar − 𝑅50,bar relations. The non-nucleated dEs/dSphs approximately lie on a line of

constant Σ50,bar ≃ 1 M⊙ pc−2, whereas nucleated dEs/dSphs tend to be more massive

and show a steeper slope in the 𝑀bar − 𝑅50,bar plane. In particular, there is a rarer

population of bright and compact dEs with log(𝑀⋆/𝑀⊙) ≃ 8.5 − 9.5. These bright
dEs partially fill the gap region around Σ50,bar ≃ 100 M⊙ pc−2, so they have led some

authors to challenge the E-dE dichotomy (e.g., Graham et al. [144], Gavazzi et al. [145] )

and propose that passive galaxies form a continuous but non-monotonic sequence in

the stellar mass-size plane [130] . These bright dEs tend to have inner nuclei and Sersic

indexes higher than 1 [44] , which progressively increase with luminosity connectingwith

those of Es [146] . Possibly, bright nucleated dEs may form a different “breed” than non-

nucleated dEs, which are instead of the same “breed” as dSphs and UDGs (see also

Jerjen et al. [146] ).

UDGs extend the sequence of non-nucleated dEs/dSphs to larger half-light radii,

along the line of constant Σ50,bar ≃ 1 M⊙ pc−2. This suggests that UDGs do not consti-

tute a distinct population from passive (non-nucleated) dwarfs, which has already been

pointed out by several authors [134-135,137,141] . Clearly, UDGs do not appear to be “failed

Milky-Way-like galaxies” [133] but just normal dwarf galaxies.

3.2.2 High-mass galaxies

Panel (b) of Fig. 3.1 add star-forming galaxies to the 𝑅50,bar − 𝑀bar plane. The

star-forming disks of Sa-Sc galaxies lie below the sequence of Es, in line with the ob-

vious fact that ellipticals cannot form by merely depleting gas in spirals. Indeed, the
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majority of Es probably form and quench in the early Universe (𝑧 ≃ 10) through very
rapid processes (e.g., McGaugh et al. [147] ), differently from disk galaxies that form at a

slower pace. Occasionally, however, two spiral galaxies maymerge (e.g., Toomre [148] ),

changing their structure from disks to spheroids (or developing a classical bulge), dou-

bling their baryonic mass, and moving towards the elliptical sequence in the baryonic

mass-size plane.

There is some overlap between the disks of S0 and those of Sa-Sc. This may in-

dicate that star-forming HSD disks naturally evolve into S0 as they run out of gas, in

agreement with previous studies [46,126,128] . This result lends support to the classifica-

tion scheme proposed by van den Bergh [47] , in which S0s and spirals form two parallel

sequences.

3.2.3 Low-mass galaxies

In the baryonic mass-size plane (Panel b of Fig. 3.1), passive dwarfs

(dEs/dSphs/UDGs) form a third distinct sequence, below that of star-forming dwarfs

(Sd-dI). In the stellar mass-size plane (Panel c of Fig. 3.1), instead, the most massive

dEs/dSphs (𝑀⋆ ≃ 107−109) approximately overlap with the least massive star-forming

dwarfs. This confirms the well-known fact that the stellar component of star-forming

dwarfs is similar to that of passive dwarfs (e.g., Ferguson et al. [149] ).

A possible interpretation is that passive dwarfs arise from star-forming dwarfs that

have lost their gas component, moving down in the baryonic mass-size plane but stay-

ing almost in the same position of the stellar mass-size plane. In this context, we note

that star-forming dwarfs consume their gas in a very inefficient way and have gas de-

pletion times much longer than the Hubble time (e.g., McGaugh et al. [49] ). In addition,

there is mounting evidence that stellar feedback is unable to eject substantial amounts

of gas from the potential wells of dwarf galaxies (e.g., Lelli et al. [150,151], Concas

et al. [152], Marasco et al. [153] ). Thus, star-forming dwarfs evolving in isolation will

probably remain on the LSD sequence of the mass-size plane for most of their life-

time. The only way to remove the dominant gas component of star-forming dwarfs

is to have some external mechanisms due to the environment. For example, there is

overwhelming evidence for gas stripping in galaxy clusters due to a variety of differ-

ent mechanisms, such as ram-pressure stripping, tidal stripping, and galaxy harassment
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(e.g., Boselli et al. [17] ). Similar mechanisms may also be effective in galaxy groups,

as suggested by the strong morphology-density relation of dwarf galaxies (e.g., Tolstoy

et al. [154] ).

A long-standing issue with the proposed evolutionary scenario is that the overlap

between star-forming and passive dwarfs mostly occurs in the mass range where dEs

are nucleated, whereas dIs rarely show nuclei [155-156] . One possibility is that some star-

forming dwarfs experience a starburst before losing their gas and evolving into a dEs,

creating a central nuclei [151] . Another possibility is that star-forming dwarfs evolve

into non-nucleated dwarfs, but this would require an overall expansion of the stellar

component of dIs to have a proper overlap with non-nucleated dwarfs in the𝑀⋆ −𝑅50,⋆

plane (see panel c of Fig. 3.1).

We evaluate the possible amount of stellar expansion in the following way. We

first fit the 𝑅50,⋆ − 𝑀⋆ relation of passive dwarfs using the roxy package [97] . Then,

we shift star-forming dwarfs along the 𝑥−axis using a constant factor 𝜂. We determine

the optimal value of 𝜂 by minimizing the residuals along the best-fit relation of passive
dwarfs. The result is shown in panel (d) of Fig. 3.1). We find that 𝜂 ≃ 2 when we fit

the 𝑅50,⋆ − 𝑀⋆ relation of all passive dwarfs (nucleated and non-nucleated), whereas

𝜂 ≃ 2.6 when considering only non-nucleated dwarfs. Therefore, the average amount

of stellar expansions must be a factor of ∼ 2 − 3 to turn the population of star-forming
LSD galaxies into that of passive dwarfs in galaxy clusters.

An intuitive interpretation for such expansion is that cold gas takes up a large bud-

get in the baryons of LSDs (see Fig. 2.4). Therefore, when the gas is removed, the

gravity potentials of these galaxies becomes shallower. Then, stars must occupy orbits

with larger radii in order to keep the dynamical equilibrium, leading to an expansion

of the stellar disks. However, it remains unclear whether the expansion due to the gas

removal is sufficient to explain 𝜂 we observe. Simulations of such processes are needed
to clarify this issue.
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Chapter 4 Connections with MOND

The previous discussion is largely independent of the current cosmological model

and the nature of dark matter. Our findings, however, have a potential connection with

MOND. As discussed in Chapter 1, the characterisitic scale 𝑎0 may be inprinted in the

galaxy structures as the critical surface density ΣM (equation (1.2)).

The central density relation (CDR) of galaxies is particularly relevant in this con-

text [39] . The CDR links the central “observed” baryonic surface density Σ0,bar with

the “dynamical” surface density Σ0,dyn inferred from the inner steepness of the rotation

curve. The CDR is a non-linear relation that displays a knee around ΣM. Galaxies with

Σ0,bar > ΣM are along the one-to-one relation, so they are baryon-dominated in the inner

parts (in the Newtonian regime in a MOND context). Galaxies with Σ0,bar < ΣM sys-

tematically deviate from the one-to-one line, so they are progressively more and more

DM-dominated in the inner parts (in the Milgromian regime in a MOND context).

Interestingly, the division between HSD and LSD galaxies (Σc ≃ 125 M⊙/pc2)

from the baryonicmass-size plane is practically indistinguishable from the characteristic

MOND surface density ΣM ≃ 137 𝑀⊙/pc2. Approximately, using the adequate mass-
to-light conversions, this corresponds to the historical Freeman’s limit for the central

surface brightness of galaxy disks [157] . Similarly, as shown in Section 3.2, S0s and

dEs/dSphs are also divided approximately at the same surface-density value. This fact

is quite remarkable because MOND is a theory of dynamics; yet the presence of 𝑎0

is also imprinted on the structural properties of galaxies, such as the baryonic mass-

size relation and the baryonic surface density distribution, which do not involve any

kinematic measurement.

In the MOND context, the HSD-LSD dichotomy may naturally arise because the

theory has a characteristic surface density scale, ΣM, which distinguishes between dif-

ferent physical regimes. Galaxies (or proto-galaxies) with Σ50,bar ≳ ΣM are in the New-

tonian regime in the inner regions (with no dark matter), so they are prone to bar-like

instabilities [158] . By internal disk evolution, they will increase their central surface den-

sities until they possibly reach a near-stable configuration due to the formation of bars

and pseudo-bulges [159-160] . Thus, galaxy disks with Σ50,bar ≃ ΣM would necessarily be
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rare because they have evolved towards higher Σ50,bar, forming the HSD sequence. On

the other hand, galaxy disks with Σ50,bar < ΣM are in the deepMOND regime, which in-

creases their stability. These galaxies will form the LSD sequence and remain there for

most of their lifetime, consuming gas in a slow, inefficient fashion (unless some exter-

nal mechanism alters their internal stability). Thus, LSD galaxies are expected to have

low SFRs and low metallicites, as observed (e.g. Bothun et al. [161] ). For LSD galaxies,

the mean value of Σ50,bar ≃ 10 − 15 M⊙ pc−2 must then be set by the hydrodynamical

properties of atomic gas, rather than by stellar dynamics. After the separation between

LSDs and HSDs, they further evolve in dEs/dSphs/UDGs and S0s by losing their gas,

respectively. The gap in surface density between LSDs and HSDs remains, so that only

few passive galaxies fufill the region where Σ50,𝑏𝑎𝑟 ≃ ΣM. As for ellipticals, they may

form rapidly as dense objects in the early time, or they may be the result of the merger

of two or more galaxies. In both cases, they are expected to have high surface densities,

so they do not affect the presence of the gap. Large sets of hydrodynamical simula-

tions of galaxy formation in MOND (e.g., Combes [159], Nagesh et al. [160], Wittenburg

et al. [162] ) are necessary to further test these ideas.

This evolutionary scenario may be closely related to the initial baryonic angular

momentum in MOND. As pointed out by Milgrom [85] , MOND defines a fiducial spe-

cific angular momentum that depends on the baryonic mass of the galaxy:

𝑗M(𝑀bar) =
(

𝐺3𝑀3
bar

𝑎0 )

1/4

≃ 382 (
𝑀bar

1010𝑀⊙ )
3/4

km s−1 kpc, (4.1)

A proto-galaxy with mass 𝑀bar and 𝑗bar ≫ 𝑗M will settle into a LSD disk. Instead, a

proto-galaxy with mass 𝑀bar but 𝑗bar ≲ 𝑗M will settle into a HSD disk with 𝑀disk =
(𝑗bar/𝑗M)𝑀bar and develop a low-𝑗 component (such as a pseudo-bulge) that takes up
the rest of the mass. In addition, Milgrom [85] shows that

𝑗bar ≃ √
Σdisk
ΣM

𝑗M ≃ 382 (
Σdisk
ΣM )

1/2

(
𝑀bar

1010𝑀⊙ )
3/4

km s−1 kpc, (4.2)

where Σdisk is the mean surface density of the baryonic disks, which can be approxi-

mated by Σ50,disk within a factor of 𝑂(1).
Gas-dominated LSD disks in the SPARC sample have Σ50,bar ≃ 0.1ΣM (Fig. 2.4),

so MOND predicts that their 𝑀bar − 𝑗bar relation should have a slope of 3/4 = 0.75,
which is entirely consistent with the best-fitting slope of 0.73 ± 0.02 (see TableA.4).
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The situation in star-dominated HSD disks is more difficult to quantitatively assess for

two main reasons: (1) these disks are mostly made of stars, so the computation of 𝑗bar
is a very rough approximation because we do not have access to the actual stellar kine-

matics (through spectroscopic observations), but we use H I rotation curves to infer the

stellar rotation and stellar angular momentum assuming an average pressure term in

the Jeans equations (similar to Posti et al. [121] ); (2) these disks must undergo a redis-

tribution of their angular momentum through secular evolution due to the formation of

bars and pseudo-bulges, so the modeling of these components in the computation of 𝑗bar
and Σ50,disk becomes critical; for example, our bulge-disk decompositions assign bars

and pseudo-bulges to the disk (because they are expected to have a similar Υ⋆) so they

are included in 𝑗bar and Σ50,disk, which is different from the definitions given by Mil-

grom [85] . From a qualitative perspective, however, HSD disks are in broad agreement

with the MOND prediction, being systematically below the AMR relation defined by

LSD disks.
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Chapter 5 Summary and conclusion

We introduced the baryonic mass-size relation of SPARC galaxies, which links the

total baryonic mass (stars plus gas) with the baryonic half-mass radius. We found the

following results:

1. SPARC galaxies follow two distinct sequences in the 𝑀bar − 𝑅50,bar plane: one

defined by HSD, star-dominated, Sa-Sc galaxies and one defined by LSD, gas-

dominated, Sd-dI galaxies. The two sequences, which are evident by eye, are

confirmed by the clustering algorithm DBSCAN.

2. The baryonic mass-size relation of LSD galaxies has a slope close to 2, pointing

to a constant average baryonic surface density of the order of 10-15 𝑀⊙ pc−2.

The baryonic mass-size relation of HSD galaxies has a slope close to 1, indicat-

ing that less massive spirals are progressively more compact. The same results

hold if we consider baryonic disk-only relations, excluding stellar bulges from

the computation.

3. The HSD-LSD dichotomy is totally absent in the baryonic Tully-Fisher relation

(𝑀bar versus 𝑉flat) but moderately seen in the angular-momentum relation (𝑀bar

versus 𝑉flat × 𝑅50,bar), so it is driven by variations in the baryonic distribution

(𝑅50,bar) at fixed baryonic mass. This fact indicate that the baryonic mass-size

relation is themost effective empirical tool to distinguish between different galaxy

types and may serve as a better probe for galaxy evolution.

Our results confirm the early findings of Schombert [48] for a different galaxy sam-

ple. In addition, the HSD-LSD dichotomy is in line with previous studies that found a

dichotomy in terms of the disk central surface brightness [99,102-103] . To put these results

on firmer grounds, we are currently building a much larger sample of galaxies with both

spatially resolved H I data and NIR photometry (BIG-SPARC [98] ).

Furthermore, we observe some evidence suggesting that HSDs and LSDs become

S0s and passive dwarfs (dE/dSph/UDGs), respectively, when they run out their gas.

Especially, passive dwarfs may have lost their gas due to the environmental effects of

rich clusters. This result strongly supports the new classification method proposed by

van den Bergh [47] and Kormendy [163] . However, we notice that an expansion may
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be necessary to explain the observed sizes of passive dwarfs. The mechanism, and

the amplitude of this expansion is still unclear, and simulations are needed to further

investigate this issue.

Finally, our results may potentially support the MOND theory, indicating that we

may need to further investigate this scaling relation from a dynamical perspective. Espe-

cially, large simulations are vital to tell if the same dichotomy in the baryonic mass-size

relation can be reproduced in the standard ΛCDM paradigm. This may help us to better

distinguish between the two theoretical frames and result in a better understanding of

gravity, which may lead us to a better understanding of galaxy formation and evolution.
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Appendix A Tables

In section 2.1, we described the compilation of H I surface density profiles for 169

galaxies. References for the H I data and the corresponding number of galaxies are listed

in Table A.1.

In section 2.2, we used the roxy software to fit the baryonic mass-size relations

of HSD and LSD galaxies separately. Table A.2 provides the best-fit parameters of

the 𝑀bar − 𝑅50,bar relation, considering different physical properties to divide the two

groups of galaxies. Table A.3 provides the same information for the 𝑀disk − 𝑅50,disk

relation, in which stellar bulges are excluded.

In Section 2.4, we used the roxy software to fit the baryonic Tully-Fisher relation,

the baryonic mass-size relation (switching the axes with respect to Sect. 2.2), and the

baryonic angular momentum relation for HSD and LSD galaxies separately. Table A.4

provide the best-fit parameters.
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Table A.1 References for the H I surface density profiles

Source Number of galaxies
Swaters et al. [71] 37
Verheijen et al. [70] 27
de Blok et al. [164] 16
Noordermeer et al. [165] 12
Richards et al. [166,167] 9
Lelli et al. [150] 8
Broeils [168] 7
Begeman [169] 6
van der Hulst et al. [170] 6
van Zee et al. [171] 6
Spekkens et al. [172] 5
Gentile et al. [173] 4
Côté et al. [174] 3
Begum et al. [175,176] 2
Fraternali et al. [177] 2
Hallenbeck et al. [178] 2
Carignan et al. [179,180] 2
Begum et al. [181] 1
Barbieri et al. [182] 1
Boomsma et al. [183] 1
Carignan et al. [184] 1
Carignan et al. [185] 1
Chemin et al. [186] 1
Cote et al. [187] 1
Jobin et al. [188] 1
Kepley et al. [189] 1
Lake et al. [190] 1
Puche et al. [191] 1
Rhee et al. [192] 1
Roelfsema et al. [193] 1
Verdes-Montenegro et al. [194] 1
Walsh et al. [195] 1

Table A.2 Best-fit parameters of the 𝑀bar − 𝑅50,bar relations, dividing SPARC galaxies in two
groups based on 𝑓gas, Σ50,bar and 𝑇 .

𝑓gas ≤ 0.3 𝑓gas > 0.3 Σ50,bar ≥ ΣM Σ50,bar < ΣM 𝑇 ≤ 5 𝑇 > 5
𝛼 1.03 ± 0.14 1.92 ± 0.10 1.08 ± 0.18 1.95 ± 0.12 0.85 ± 0.23 1.83 ± 0.13
𝛽 10.07 ± 0.13 8.12 ± 0.08 10.09 ± 0.13 8.13 ± 0.08 10.11 ± 0.07 8.19 ± 0.08

𝜎int 0.35 ± 0.05 0.35 ± 0.02 0.30 ± 0.03 0.32 ± 0.02 0.45 ± 0.03 0.27 ± 0.02

Table A.3 Best-fit parameters of the 𝑀disk − 𝑅50,disk relations, dividing SPARC galaxies in two
groups based on 𝑓gas, Σ50,bar and 𝑇 .

𝑓gas ≤ 0.3 𝑓gas > 0.3 Σ50,bar ≥ ΣM Σ50,bar < ΣM 𝑇 ≤ 5 𝑇 > 5
𝛼 1.33 ± 0.17 1.87 ± 0.12 1.36 ± 0.16 1.95 ± 0.12 1.27 ± 0.23 1.85 ± 0.12
𝛽 9.66 ± 0.13 8.16 ± 0.08 9.68 ± 0.13 8.13 ± 0.08 9.70 ± 0.19 8.18 ± 0.08

𝜎int 0.28 ± 0.03 0.33 ± 0.02 0.24 ± 0.04 0.35 ± 0.02 0.39 ± 0.04 0.31 ± 0.02
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Table A.4 Best-fit parameters of the baryonic Tully-Fisher relation, baryonic mass-size relation,
and baryonic angular-momentum relation fitting LSD galaxies (left columns) and HSD galaxies
(right columns) separately.

BTFR: 𝑀bar vs 𝑉f Mass-size: 𝑀bar vs 𝑅50,bar AMR: 𝑀bar vs 𝑗bar
LSD HSD LSD HSD LSD HSD

𝛼 0.26 ± 0.02 0.27 ± 0.01 0.46 ± 0.08 0.37 ± 0.02 0.83 ± 0.06 0.73 ± 0.02
𝛽 −0.50 ± 0.12 −0.65 ± 0.10 −4.32 ± 0.85 −2.82 ± 0.02 −5.78 ± 0.64 −4.35 ± 0.23

𝜎int 0.04 ± 0.01 0.05 ± 0.01 0.20 ± 0.02 0.15 ± 0.01 0.14 ± 0.02 0.14 ± 0.01
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Appendix B Error Estimation

Following Lelli et al. [35] , we estimate the error on 𝑀bar as

𝛿𝑀bar
= √(

𝛿𝐹HI
𝐹HI

𝑀gas)

2
+ (

𝛿L
𝐿 𝑀⋆)

2
+ (

𝛿Υ∗

Υ⋆
𝑀⋆)

2
+ (2𝛿𝐷

𝐷 𝑀bar)
2
, (B.1)

where 𝛿𝐹HI is the uncertainty on the H I flux (about 10%), 𝛿𝐿 is the uncertainty on the

3.6 𝜇m luminosity (a few %), 𝛿Υ∗ is the uncertainty on the stellar mass-to-light ratio

(dominated by galaxy-to-galaxy variations that are assumed to be of ∼25%), and 𝛿𝐷

is the uncertainty on the galaxy distance (varying from 5% to 30% depending on the

galaxy, see Lelli et al. 72 ). The error on the disk mass (excluding the bulge) is given by

the same equation by replacing 𝑀⋆ with the mass of the stellar disk and 𝑀bar with the

mass of the baryonic disk.

The errors on 𝑅50,bar are estimated as

𝛿𝑅50,bar = √(
𝛿𝜃50

𝜃50
𝑅50,bar)

2
+ (

𝛿𝐷
𝐷 𝑅50,bar)

2
, (B.2)

where 𝜃50 is half-mass radius in arcsec. We assume that 𝛿𝜃50/𝜃50 = 1/𝑛, where 𝑛 is the
number of H I spatially resolved elements along the disk semi-major axis (approximately

the number of points along the SPARC rotation curve).

In logarithmic space, the covariance between 𝛿𝑀bar
and 𝛿𝑅50,bar is given by

𝜎𝑀bar𝑅50,bar = 2 (
𝛿𝐷

𝐷 ln 10)
2

. (B.3)

The values of𝑉f and the corresponding errors are taken directly fromLelli et al. [36] .

For galaxies without a measured 𝑉f, we consider the last point of the rotation curve and
the corresponding error (accounting for uncertainties on inclination too). 𝑉f does not
depend on 𝐷, so there is no need to consider the covariance matrix between 𝑀bar and

𝑉f.
The error on 𝑗bar is estimated following Mancera Piña et al. [87] . The covariance

between 𝑀bar and 𝑗bar (in logarithmic space) can be roughly estimated as,

𝜎𝑀bar𝑗bar = 𝜎𝑀bar𝑅50,bar , (B.4)

according to equation (2.2). Nevertheless, we find that even if we do not include the

covariant term 𝜎𝑀bar𝑗bar , the best-fitting results do not change significantly.
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Appendix C The effect of the division point between

LSDs and HSDs
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Figure C.1 The slopes (𝛼BTFR, 𝛼MR and 𝛼MJ) of each population as the functions of the division
threshold (Σc). All the axes are of the same scales. The blue line is the group with Σ50,bar < Σc and
the golden line is with Σ50,bar ≥ Σc. The shaded areas denoted 1𝜎 errors. The left panel: the BTFR.
The middle panel: the 𝑀bar − 𝑅50,bar relation. The right panel: the the 𝑀bar − 𝑗bar relation.

Different division points between LSDs and HSDs (i.e., the values of Σc) may

affect the results in Chapter 2. Therefore, we investigate such a potential effect by

varying the value of logΣc from 7.5 to 8.4, and use the same methods to fit the BTFR,

the mass-size relation and the angular momentum relation. We use the variations of the

slopes to quantify the effect of the division point.

Fig.C.1 shows the slopes of the BTFR, the baryonic mass-size relation and the

AMR of the two galaxy populations as functions of Σc. From the right panel, we can

see that the slopes of the BTFR only vary moderately, indicating that Σc has nearly zero

effect on the BTFR of galaxies. This result further validates that the BTFR is a universal

relation and is independent of other properties of galaxies [35,124] .

On the other hand, the slopes of the baryonic mass-size relation (the middle panel)

and the AMR (the right panel) of both populations show clear trends relating to Σc.

Especially, we see that for galaxies having Σ50,bar > Σc, their slopes of both relations

show a clear gap at where logΣc ≃ 8.1. This clearly indicates that there are two galaxy
populations in our sample. Looking at Fig. 2.5, one could see that the number of “real

HSD” sequence is smaller than that of “ real LSD”s. Then, imagining that we gradually

decreace Σc. At first, the galaxy included in the HSD catalogue will be inside the “ real

HSD” sequence evident by eyes. Thus, the fitting algorithm will give a slope of the

“real HSD” sequence. But as we decrease Σc to some crutial point, many “real LSD”s
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will contimate the samples input to the algoritm, and as there are so many “real LSD”s,

the algorithm will be strongly intrrupted. Therefore it will produce a slope that is much

closer to the “real LSD” sequence.

Having this in mind, the gaps at the same Σc value further indicates that the two

populations on the 𝑀bar − 𝑅50,bar plane and those on the AMR plane are the same

two populations. They clearly have similar physical origins. This further supports our

original division of LSDs and HSDs in Chapter 2, and lead us to believe that Σc ≃
125 𝑀⊙/pc2 has special physical meanings.
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