UCLA

UCLA Electronic Theses and Dissertations

Title
The Supersonic Project: Supersonically Induced Gas Objects in the Early Universe

Permalink
https://escholarship.org/uc/item/15m52380

Author
Chiou, Yeou Shya

Publication Date
2020

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/15m52380
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
Los Angeles

The Supersonic Project: Supersonically Induced Gas Objects in the Early Universe

A dissertation submitted in partial satisfaction
of the requirements for the degree

Doctor of Philosophy in Physics

by

Yeou Shya Chiou

2020



© Copyright by
Yeou Shya Chiou
2020



ABSTRACT OF THE DISSERTATION

The Supersonic Project: Supersonically Induced Gas Objects in the Early Universe

by

Yeou Shya Chiou
Doctor of Philosophy in Physics
University of California, Los Angeles, 2020

Professor Smadar Naoz, Chair

The puzzling origins of globular clusters have been greatly debated over the years. We present
a new formation channel for globular clusters, linking them to objects that formed without dark
matter (DM) in the early Universe in the presence of a supersonic relative velocity between baryons
and DM. This stream velocity arises due to the drop in radiation pressure of baryons from matter-
radiation decoupling and induces a physical separation between baryonic and DM overdensity
peaks. This effect gives rise to gas dominant objects with little to no DM. These gas-rich structures,
called Supersonically Induced Gas Objects (SIGOs), form naturally outside of DM halos as a
consequence of the stream velocity. In this thesis, we present a detailed investigation of the physical

properties of SIGOs, which leads to a promising connection to globular clusters.

One of the physical parameters often invoked to understand galaxy formation is the spin pa-
rameter of halos, which characterizes galaxies’ rotational structure. We, thus, first investigate the
spins of DM halos and SIGOs with stream velocity. We find that the spin parameter of DM halos
follows a lognormal distribution, and the median increases and the misalignment angle between
the angular momenta of baryons and DM has a nearly isotropic distribution. We generalize the
spin parameter to SIGOs and find that they also have a lognormal distribution. Furthering existing
hydrodynamic AREPO simulations by including radiative cooling, we find that this cooling channel
has negligible effects on SIGO properties compared to only adiabatic cooling. We find that SIGOs

density is high enough to allow stars to form using a simple density threshold criterion based on
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the balance of gravity and thermal/turbulent energy. Then, we model the star formation process
and estimate the luminosity of the first star clusters within a SIGO. We find that SIGOs occupy a
different part of the luminosity-mass parameter space than classical DM halos with gas. We further
adopt a simple model to evolve the SIGOs to present-day and show that their masses, radii, and
luminosities are consistent with present-day (local) globular clusters. Since the stream velocity is
coherent over scales of a few Mpc, we predict that if this is the dominant mechanism for globular
clusters, the abundances of galaxies hosting global clusters vary significantly over these scales.
The upcoming James Webb Space Telescope will elucidate the mysteries of the first galaxies and

will further shed light on the link between SIGOs as progenitors to globular clusters.
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CHAPTER 1

Introduction

1.1 Background and Motivation

The early Universe was homogeneous and isotropic with perturbations seeded by a period of infla-
tion. Dark matter (DM) overdensities started to grow logarithmically with the scale factor during
radiation-dominated era and then linearly during the matter-dominated era. Baryonic matter, on the
other hand, was tightly coupled to radiation via Compton scattering and so baryonic overdensities
could not grow. As the Universe expanded and cooled, baryons and radiation decoupled giving rise
to the period of recombination and hence baryons could start to cluster. Since the baryons were no
longer coupled to radiation, they could fall into the deep gravitational potential wells built by the
DM overdensities. Without the radiation pressure, the baryonic sound speed dropped precipitously
from ¢/+/3 to thermal velocities and hence yielding a bulk relative velocity between the DM and
baryons. It was shown in Tseliakhovich and Hirata| (2010) that this relative velocity was actually

supersonic. Below we give a brief pedagogical introduction following [Tseliakhovich et al.| (201 1)).

This supersonic relative velocity, also known as the “stream velocity”, v}, can be written as

Vie() = 2 (6h(K) — 0.(K), (1.1)

where k is the unit vector in the direction of the wave vector k and § = a~'V - v is the velocity

divergence (and a is the scale factor, working in comoving coordinates).



The variance is given by

i) = [ Bz [ME O]

k
dk
= [ A2
/ k ’Ube(k>7

where Ag(k) = 2.42 x 107 is the initial curvature perturbation per In k. Integrating the variance

(1.2)

at the time of recombination z,,. = 1020 yields that DM moves relative to baryons with an rms
velocity of oy, ~ 30 km sec™! which corresponds to a Mach number of M = vy,./c, ~ 5 where
c; 1s the speed of sound. The consequence of this supersonic relative velocity allows baryons to
advect out of the DM potential wells and significantly suppresses the growth of structure at wave

numbers higher than

aH kJ
ke =~ | = —L 40 Mpc !, 1.3
b <UIQ)C(X)>1/2 dec M pe ( )

where kj is the Jeans wavenumber. Since the stream velocity is coherent over scales of a few
comoving Mpc, the velocity in a coherence patch can be described by a three-dimensional Gaussian

probability distribution with variance
e = ([vwe(x[)) (1.4)

The system of equations needed to solve for the DM and baryon overdensities, 0., = p.»/p—1,
(where p is the average density of the Universe) as well as their velocity divergences, 0., in the

presence of a background stream velocity is

90, i

ot avbc - ko, — b,

00, i 3H?

o — avbc kb, — —O(Qcéc + Qbéb) — 2H,0..,
00y,

P _ _p

ot bs



and

o0 3H? K2 T

a? cumy

(65 + 07), (1.5)
where we have included the first-order scale-dependent temperature fluctuations which were shown
to be important in Naoz and Barkanal (2005a). The temperature fluctuations obey

déT 2d5b .%’e(t) _4 T T
L _z27  meY o (=2 —1 2(5r. —67)] . 1.
& 3a b, ¢ |"\T + 7 0z, = or) (1.0

In the above equations, (2. and (2, are the present-day DM and baryonic densities, H is the present-
day value of the Hubble constant [, my is the mass of hydrogen, ¢.,, 6, and 5Tw are the fluctuations
of the photon density, mean baryon temperature 7' and mean photon temperature T, xc(t) is the
electron fraction out of the total number density of gas particles, y is the mean molecular weight,

and t' = 8.55 x 1071% yr~ 1.

This effect has often been neglected in the literature mostly because it is a formally second
order effect in perturbation theory as seen in Equation [[.5] These are still included because the
expansion parameter for these terms is not the density perturbation ¢ but rather the ratio of the

advection terms to the linear terms. This ratio is

chkf
CLHQ .

(1.7)

This is a monotonic increasing function of £ and is of order unity for k£ ~ k,1,.. Hence, the vy,
terms are non-perturbative at small scales k£ > k.. and should be kept when treating small scales.
As a result, the stream velocity has nontrivial effects on a wide variety of other cosmological
phenomena resulting in the non-negligible suppression of power at mass scales corresponding to
the first bound objects in the Universe (Tseliakhovich et al., [2011). To investigate the non-linear
effects of the stream velocity on the first structures, one must turn to numerical simulations (e.g.,
Bovy and Dvorkin, 2013} Fialkov et al., 2012; |Greif et al., 2011; Maio et al., 2011; |Naoz and
Narayan, 2013} Naoz et al., 2012; O’Leary and McQuinn, 2012} |Richardson et al., 2013} Stacy
et al., 2011} Tanaka and Li, 2014). The stream velocity also has significant implication on the

redshifted 21-cm signal (e.g., Bittner and Loeb| 2011} |Dalal et al., 2010; McQuinn and O’Leary,



2012; Visbal et al., [2012; |Yoo et al., 2011), the formation of primordial black holes (e.g., Hirano
et al.,[2017a;|Latif et al., 2014} |Schauer et al., 2017; [Tanaka and L1, 2014} Tanaka et al., 2013)), and

even for primordial magnetic fields (Naoz and Narayan, 2013).

One of the first structures, globular clusters (GCs), are some of the oldest bound objects in the
Universe. They have even been used to measure the age of the Universe (Krauss and Chaboyer,
2003). Observations indicate that GC contain practically no gravitationally bound DM (e.g., Brad-
ford et al., 2011} |Conroy et al.,|2011; Heggie and Hut, |1996; Ibata et al., 2013) Despite decades of
investigation, their cosmic origins remain debated. Two of the most popular scenarios are described

as follows.

Gunn! (1980) proposed that GCs are formed in strong shocks when gas is compressed during
galaxy mergers. Many massive young star clusters in the Antennae system have been found (e.g.,
Whitmore and Schweizer, 1995 Whitmore et al., [1999), giving support to this idea. This formation
scenario has also been included in cosmology hierarchical structure formation models (e.g., |Ash-
man and Zepf, |1992; Harris and Pudritz, [1994; |[Kravtsov and Gnedinl 2005; Muratov and Gnedin,
2010). However, observations of nuclear star clusters (e.g, Boker et al., 2004; |Brown et al., 2014;
Walcher et al., 2006, [2005) implies that GC-like structure can form inside DM halos and reside in

their centers, in direct contrast to this theory.

The other popular scenario proposed by (Peebles, 1984) is that like all structure, GCs formed
inside DM halos which were later stripped by the tidal field of their host galaxies, leaving the
central parts deficient of dark matter (e.g., Bekki and Yong, 2012; |Bromm and Clarkel 2002
Mashchenko and Sills| 2005} [Saitoh et al., 2006)). However, some GCs are observed to have stellar
tidal tails, which is difficult to understand if the objects have extended DM halos (Grillmair et al.,

1995; Mashchenko and Sills, 2005; Moore, [1996}; (Odenkirchen et al., [2003)).

A recent scenario which we focus on in this thesis is due to the stream velocity. Naoz and
Narayan| (2014)) showed using linear theory that the stream velocity induces a phase shift between
the DM and baryonic overdensities which leads to a spatial separation between the overdensity
peaks. For stream velocities over 1 oy, the spatial offset can be larger than the virial radius of the

DM halo. They also showed that these offset gas-rich structures can form bound, long-lived objects



which have masses similar to that of GC. They suggested that these gas-rich structures outside of

DM halos may be progenitors of GC.

These “Supersonically Induced Gas Objects” (SIGOs) were subsequently found in simulations
by Popa et al| (2016). Using the moving-mesh code AREPO, they ran a suite a adiabatic high
resolution simulations. They characterized gas-rich objects (f, > f;) that appeared outside the
virial radius of DM halos and were long lived. Although none lasted to the final redshift z = 10,
they predict that given star formation, it may be possible. Here, we define a Supersonically Induced
Gas Object to be a Gas-Only FOF group fitted to a tight ellipsoid that is outside the virial radius of
the closest DM halo and and has a gas fraction above 40‘7

1.2 Methodology

Our simulations are performed with the AREPO code developed by Springel (2010a). This code
uses a finite-volume method to solve the hyperbolic inviscid Euler equations on a moving, unstruc-
tured mesh that is able to follow the flow in a Lagrangian fashion. The algorithm is second-order
accurate in space and time and does not require any artificial viscosity. The key innovation of the
code is the use of a Voronoi tessellation for the construction of the computational mesh, based on
the positions of a set of mesh-generating points that define the computational cells. The Voronoi
construction allows a continuous deformation of the mesh without the unwanted mesh-tangling or
mesh-twisting effects that compromised previous attempts to construct Lagrangian mesh codes. In
fact, the mesh can move in an essentially arbitrary fashion. If the points are kept stationary and
are arranged on a Cartesian grid, the AREPO code is equivalent to the Eulerian methods employed
in other state of the art astrophysical finite-volume codes. However, the mesh can also be moved
with the local fluid velocity, which is the most attractive mode of operation as it leads to significant

accuracy advantages.

There are three primary reasons why AREPO can be expected to yield superior accuracy in cos-

mological simulations compared to ordinary mesh codes. Perhaps the most important one is that

! This 40% is arbitrary but greater than the cosmic baryon fraction by about a factor of 2.



in its Lagrangian mode of operation the results become Galilean-invariant, meaning that large bulk
flows do not introduce large errors, unlike in Eulerian codes. For large velocities, the fixed mesh
is not able to resolve the instability anymore owing to large advection errors, while the situation
is different for the moving-mesh case, where the numerical result is translationally invariant aside
from numerical round-off differences. The drastically reduced advection errors in AREPO mean
that astrophysical turbulence can be represented more accurately, that mixing and stripping are fol-
lowed more faithfully, and that the ubiquitous supersonic bulk motions in cosmology are followed

more precisely (e.g.,IMocz and Burkhart, 2018; Mocz et al., 2017; Schaal and Springel, [2015).

The second important advantage lies in the continuous and automatic adaptivity of the mesh to
the clustering of the mass. This has significant advantages in following self-gravity accurately, as
the sudden and discontinuous changes in resolution that occur in Cartesian AMR codes introduce
non-Hamiltonian perturbations. It has become clear that the standard refinement criteria used in
these AMR codes are often not able to catch the growth of small halos correctly (Heitmann et al.,

2008)), leading to an artificial truncation of the spectrum of resolved objects.

A third advantage is the complete avoidance of preferred directions for an unstructured mesh,
combined with an unsplit hydrodynamic scheme. This eliminates grid alignment effects that are
seen in Cartesian mesh codes for small disks, where the disks in these codes invariably tend to

align artificially with one of the principal coordinate planes.

In summary, AREPO brings together the advantages of SPH, namely free and unrestricted con-
tinuous adjustment of its resolution to local clustering, with those of Eulerian AMR codes, namely
high-accuracy treatment of shocks, shear waves and fluid instabilities, and no artificial viscosity for
shock-capturing. Furthermore, compared to SPH the scheme implemented in AREPO is less noisy
and less diffusive (Springel, 2010b), and compared to AMR codes, AREPO is Galilean-invariant and
includes a more accurate treatment of self-gravity. Note that AREPO was compared extensively to
the publicly available code GADGET?2, and it was demonstrated that AREPO performs much better

in a large number of test problems (e.g., Sijacki et al., 2012; |Vogelsberger et al., 2012).

As it has been shown in Naoz et al.| (2006) and Naoz and Barkana| (2007), setting up initial

conditions for cosmological simulations on small spatial scales is a delicate issue. High accuracy



in the initial conditions is crucial for making meaningful predictions of the halo mass function in
the lowest mass regime (M < 107 M). Following Naoz et al|(2011a), we generate separate
transfer functions for DM and baryons as described in Naoz and Barkana (2005a). These initial
conditions include the Compton scattering of the CMB photons onto residual free electrons after
recombination, which induces scale-dependent temperature fluctuations. The latter translates into
a non-uniform speed of sound. As was shown in Naoz and Barkanal (2005a) at large wave num-
bers (k > 100 Mpc~!) the growth of baryon density fluctuations is changed significantly by the

inhomogeneous sound speed (up to 30% at z = 100 and 10% at z = 20).

The stream velocities are realized in the initial conditions in a self-consistent way with the
transfer functions, which are calculated up to the second order in perturbation theory as described
in [Tseliakhovich and Hirata (2010), similar to the initial conditions presented in studies by Mc-
Quinn and O’Leary (2012) and |O’Leary and McQuinn| (2012)). Unlike previous studies we will
not assume the same phases for the dark matter and the baryons, but rather take into account the

realistic phase difference.

The thesis is organized as follows. In chapter 2] we study the effect of the stream velocity on
the spin parameters DM halos and SIGOs. In chapter 3] we analyze the effect of atomic cooling
on these objects with and without the stream velocity. In chapter @ we use a density threshold
criterion to determine the star forming properties of SIGOs and use semi-analytic modeling to
argue that SIGOs may be the progenitors of modern day metal-poor globular clusters. Finally in

chapter[5] we review a summary of the results and future directions.

Throughout the thesis we assume a ACDM cosmology with 2y = 0.73, €2,,, = 0.27, Qp =
0.044, og = 1.7, and h = 0.71. Note the higher value of oy is necessary to achieve more statistical

power of small scale objects in simulation (Naoz et al., 2012).



CHAPTER 2

Rotational Effects of Supersonic Motions on the First

Structures in the Universe

2.1 Abstract

We introduce the “Supersonic Project,” aimed at investigating the effects of the supersonic relative
velocity between dark matter (DM) and baryons at high redshift using a combination of analytical
calculations and cosmological simulations. In this paper, we study the effect of this stream velocity
on the angular momentum of the first structures in the early Universe using simulations. We focus
on DM halos and their gas component as well as the recently predicted Supersonically-Induced
Gas Objects (SIGOs) that arise as a result of the stream velocity phase shift. We find that the spin
parameter of the gas component in these first halos is increased with the stream velocity. Moreover,
we find that when the stream velocity is taken into account, the angular momentum vectors of the
DM component and the gas component are typically misaligned and this misalignment angle has a
nearly isotropic distribution. The spin parameter value of the gas component is higher than in the
no stream velocity case, which even in the absence of cooling, may result in more prolate objects.
We also generalize the spin parameter to the SIGOs and find that they typically have a larger spin
parameter with respect to their dark matter counterparts and that there is no correlation of the spin
parameter and the prolateness of such structures. We speculate that SIGOs may be observed as
very low luminosity objects in the early Universe and may serve as potential progenitors of Little

Blue Dot-like systems.



2.2 Introduction

The Lambda-Cold Dark Matter model (ACDM) has had great success in characterizing structure
formation and the evolution of the Universe. Using this model, numerical simulations have been
able to accurately describe structure on the largest of scales (~ (100 Mpc)3, e.g., Schaye et al.,
2015; Springel, 2005; [Vogelsberger et al., 2014a)b). The currently accepted paradigm suggests
that present-day galaxies evolved from primordial inhomogeneities in the density distribution at
very early times (e.g., Blumenthal et al., |[1984; Rees and Ostriker, 1977} Silk, |1977; White and
Rees|, [1978). Dark Matter (DM) over-densities had been evolving logarithmically with the scale
factor during the radiation-dominated era and linearly during matter-dominated era. However,
baryons decoupled from the radiation only at the time of recombination, and thus were free to
start growing (e.g., Padmanabhan, 2002). This resulted in a significant difference between the
over-density amplitudes of DM and baryons at the time of recombination (Naoz and Barkana,
2005b)), and in a relative velocity between the two components as well. [Tseliakhovich and Hirata
(2010) showed that the relative velocity between these over-densities was supersonic at the time
of recombination as a consequence of the sudden drop in baryonic temperature. In particular, it
had an rms velocity of ~ 30 km s~! and was coherent on scales of less than a few comoving Mpc.
This effect was coined the “stream velocity” effect. In terms of cosmological perturbation theory,
the relative velocity coupling to the over-densities is formally a second-order effect and is often

neglected in analytical work and in simulations.

Although second-order, the supersonic nature of the stream velocity has been shown to have
non-trivial effects on the evolution of the over-densities within those patches such as lowering the
number density of halos (e.g., Asaba et al., 2016; |Bovy and Dvorkin, 2013} |[Fialkov et al., 2012
Maio et al., 2011} |Naoz et al., [2012; /O’Leary and McQuinn, 2012; [Stacy et al., 201 1}; Tanaka and
L1, [2014; Tanaka et al., 2013}, [T'seliakhovich et al., 2011} [T'seliakhovich and Hirata, 2010). Naoz
et al.| (2013)), showed that the stream velocity also increases the minimum halo mass that is capable
of retaining most of its baryons throughout its formation epoch, yielding first structures that are
deprived of gas. Overall, the gas fraction in the first DM halos decreases (e.g., Asaba et al., 2016;
Dalal et al., [2010; [Fialkov et al., [2012; |Greif et al., 201 1; Maio et al.,[2011;[Naoz et al., 2012, [2013;



O’Leary and McQuinn, |2012; Richardson et al., 2013; [Tseliakhovich et al., 2011). As a result, star
formation in halos is delayed because halos are not capable of accreting enough gas at early times
(e.g., z < 10|Ahn, 2016; Bovy and Dvorkin, 2013} |[Fialkov et al., 2012; |Greif et al., 2011} Liu
and Wang, 2011} Maio et al., 2011; |O’Leary and McQuinn, 2012; Richardson et al.l [2013). It
was also shown that the stream velocity, in combination with spatial fluctuations in the speed
of sound (Naoz and Barkanal 2005b), can cause the formation of coherent large-scales magnetic
fields (Naoz and Narayan, 2013). Moreover, it was suggested that the delayed star formation can
result in black hole formation via direct collapse and largely affect primordial black hole evolution
(e.g., Hirano et al., 2017a; Latif et al., 2014; Schauer et al., 2017} [Tanaka and Li, 2014} Tanaka
et al., [2013)). Finally, the stream velocity has important implications for 21-cm cosmology since
the stream might enhance the hydrogen signal from the different patches in the sky (e.g., Visbal
et al., 2012) and might also be related to the trough in 21-cm via DM-baryon scattering (Barkana),
2018; Barkana et al., [2018]).

Naoz and Narayan (2014) demonstrated, analytically, that the supersonic nature of the relative
velocity results in a physical off-set between the DM and baryonic over-densities. This leads to the
formation of Supersonically-Induced Gas Objects (SIGOs) outside the virial radius of dark matter
halos. They conjectured that these structures could be the progenitors of globular clusters, which
tend to be devoid of DM. Additionally, the parent gas-deprived dark matter halos could potentially
explain some of the dark satellite galaxies. Popa et al.|(2016)), using simulations performed with the
moving-mesh code AREPO (Springel, 2010a), revealed that these SIGOs do indeed exists outside
the virial radius of DM halos. SIGOs also tend to have an ellipsoidal structure, in contrast to
the roughly spherical nature of the DM halos. Recently, |Hirano et al.| (2017b)) also confirmed
the existence of these structures in a cosmological simulations using the SPH code GADGET-2
(Springel, 2005). Utilizing a zoom-in method, they followed the fragmentation of gas clouds into

SIGOs and suggested that these clumps are the progenitors of the first star clusters.

SIGOs are therefore of great interest; they might be the first star clusters and/or represent the
present day globular clusters. One potentially promising observable of these SIGOs in particular,

and the stream velocity as a whole, is the angular momentum of these objects. Both SIGOs and
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DM halos are affected by the stream velocity. Thus, one expects a notable signature on their
angular momentum and specifically on the so-called spin parameter, which is a normalized angular
momentum. The angular momenta of the DM and the gas component of halos are directly related
to their formation history (e.g., Fall and Efstathioul |1980; Mo et al., |1998; Peebles, [1969). Within
the context of the hierarchical structure formation picture, baryons lose their angular momentum
to the DM as they spiral into the centre. In the presence of the stream velocity, there is a preferred

directionality that is expected to increase the spin parameter.

Furthermore, the angular momentum distribution of an object is correlated with the formation
of a gaseous disk. Earlier studies of disk formation typically assume that early tidal torques endow
the same angular momentum to DM and baryons (e.g., Barnes and Efstathiou, 1987/} |[Fall and
Efstathiou, |1980; Mo et al., [1998). However, such an assumption breaks down when considering
the non-linear Universe. The inclusion of baryonic processes and feedback further complicates
the problem. Given the importance of the topic, several studies have investigated the angular
momentum distributions of DM halos and baryons and have had great success in describing disk
formation (e.g., Maller and Dekel, 2002; Rodriguez-Gomez et al., 2017}; [Teklu et al., 2015} van den
Bosch et al., 2002). Since the spin parameter gives a measure of the rotational support of an object,
it was suggested that this quantity may serve as an observational signature of the parent halo at low
redshift for high-mass halos (e.g.,|Somerville et al., 2017} [Teklu et al., 20135; [Zavala et al., 2016).
In particular, [Somerville et al. (2017)) showed that ratio of the half-light radius to the virial radius
of the halo is proportional to the DM spin parameter value. However, as pointed out by Jiang et al.
(2018)), there 1is still no clear correlation between the DM spin parameter and the corresponding
gas component spin parameter. Somerville et al.| (2017) found that the stellar radius-halo radius
correlation is roughly independent of stellar mass at z ~ 1, but at higher redshift (z ~ 2) there
is a mass dependence with high mass galaxies having a 50% smaller ratio of stellar radius to halo
radius than low mass galaxies. This correlation informs on the way that galaxies at high redshift
interact. In particular, major mergers and violent disk instabilities may drive the loss of angular
momentum from these halos. However, observations in high redshift regimes (z > 10) are beyond

current technological reach. Detailed numerical simulations can provide the necessary insight into
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the complex physical processes that take place at these high redshift regimes.

The goal of the “Supersonic Project” is to understand the stream velocity effect and how it
affects structure formation in the early Universe. Future papers in this series will address the
stream velocity effect with star formation and feedback prescriptions taken into account. In this
first paper of the “Supersonic Project”, we specifically investigate the consequences of the stream
velocity at high redshift (20 < z < 10) on the morphology and spin of DM and gas inside halos,

as well as the SIGOs, using a suite of AREPO simulations (see Popa et al., 2016).

This chapter is organized as follows. In section [2.3] we briefly describe the simulation setup.
We review the spin parameter and the numerical methods that were employed in section 2.4 We
then present our results about the effects of the stream velocity on the spin parameter and misalign-
ment angle between gas and DM for halos in our simulations in section [2.5] Finally, we wrap up

with a summary and conclusions in section[2.6]

2.3 Numerical simulations

We study the AREPO simulations presented in |Popa et al. (2016). The transfer functions of the
initial conditions are calculated via a modified CMBFAST code (Seljak and Zaldarriaga), [ 1996)) to
take into account the first-order correction of the scale dependent temperature fluctuations (fol-
lowing Naoz and Barkanal 2005b). These corrections were shown to have a significant effect in
determining the gas fraction in halos at high redshift (e.g., Naoz et al., 2009, [2011b} 2013). The
transfer functions also include the stream velocity evolution (these are second-order corrections to
the equations T'seliakhovich and Hirata, 2010). We chose to work with the 2 Mpc box size pre-
sented in Popa et al.|(2016). The box has 5123 DM particles with associated mass resolution of
mpy = 1.9 x 103 M. The gas component is represented by 5123 Voronoi mesh cells which corre-
sponds to a particle mass of mg,s = 360 M. These simulations include only gravitational physics
and non-radiative hydrodynamics, i.e., no radiative cooling or (sub-grid) galaxy formation physics
(star formation, stellar feedback, etc.) is considered. The box was run from z = 200 to z = 0

twice, once with no stream velocity, and once with stream velocity v, = 2 0,,, = 11.8 km st
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where o,,_1is the rms velocity. Stream velocity values of 2 o,, were chosen because such values
are able to produce gas-rich structures outside the virial radius of DM halos with masses near that
of globular clusters (Naoz and Narayan, 2014). Both DM and gas structures in [Popa et al.[(2016)
were identified using the Friends-of-Friends (FOF) algorithm with a linking length of 0.2 times the
mean particle separation to identify halos and their corresponding virial radius. Following Popa

et al.|(2016) we defined two different structures with the FOF algorithm:

1. DM-Primary/Gas-Secondary objects are those for which FOF was run on the DM first. Gas
cells were then linked in a secondary stage (Dolag et al., 2009) in order to investigate gaseous
substructure in the DM halos. A spherical overdensity (SO) calculation is performed to

obtain the virial radius from these FOF groups.

2. Gas-Primary objects are found by running the FOF algorithm only on the baryonic compo-
nen The Gas-Primary structures tend to be more filamentary in nature, thus, we adopt the
ellipsoidal fitting algorithm from Popa et al. (2016) to each FOF group. Since some of these
structures tended to be very sparse, we implement a “tightly fitting ellipsoid” to each ob-
ject in the following manner: keeping the axis ratios constant, the ellipsoid is progressively
shrunk in decrements of 0.5% until the the ratio of the lengths of the axis of the shrunken
ellipsoid to the original is greater than the ratio of the number of gas cells in the shrunken
ellipsoid to the original or until 20% of the particles have been removed. Note that many of
these Gas-Primary structures reside inside DM halo, as they are simply the gas components

of the DM-Primary/Gas-Secondary structures.

Our definitions of structures are summarized in Table 2.3 In the analysis that follows, we focus

on the morphology and angular momentum of these high-redshift (20 < z < 10) structures.

LOne important question is if these objects are bound. These objects may be falling into a bigger potential well.
Furthermore, numerical effects (see below) tend to disperse these objects.
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DM-Primary/Gas-Secondary

Gas-Primary

Supersonically Induced Gas
Objects (SIGOs)

Objects for which FOF was
run on the DM first, then
gas was linked in a secondary
stage

Objects for which FOF was
run on the gas only

Gas-Primary objects that are
outside the virial radius of the
closest DM halo and have gas
fractions greater than 40%

Table 2.1: Table of structure definitions used in the thesis.

2.4 Structure and Morphology

The spherically averaged density profiles of DM halos are typically well described by an NFW
(Navarro et al., [1996)) profile. One can associate a radius, Ry, to these halos, which corresponds
to the radius of a sphere with overdensity 200 times the critical density for closure of the Universeﬂ
Note that DM halos show clear triaxiality (e.g., Lithwick and Dalal, 2011} Schneider et al., 2012;
Sheth et al., 2001} Vogelsberger et al., 2011)), and are assumed to be spherically symmetric here for
simplicity. As depicted in Figure 8 of |Popa et al.|(2016), the NFW profile is preserved even with
the introduction of the stream velocity. In contrast to the DM profile, Popa et al.| (2016) showed
that Gas-Primary components tend to be more ellipsoidal in nature. Typical density profiles for
Gas-Primary objects are displayed in Figure[2.1] top row. Estimating the density in ellipsoid shells
demonstrates that the profile deviates from an NFW profile for these objects. We also consider
density profiles as a function of the longest axis of the ellipsoid which describes the concentration
of mass along the axis. We have smoothed the density along the longest axis using a moving
average filter to minimize particle discretization effects. We find three typical cases. The first,
shown in solid red in Figure [2.1] demonstrates a relatively flat distribution in the middle of the
ellipsoid corresponding to the left panel in the bottom row of Figure 2.1} The second, shown in
dotted green, exhibits multiple peaks, which might suggest a merger or a breakup, corresponding
to the middle panel in the bottom row. Lastly the third, in dot-dashed blue, shows an increasing

density towards one direction, corresponding to the right panel in the bottom row. This could be

2Tt has been suggested that Rogg does not accurately describe a physical boundary for a halo. In particular, pro-
cesses such as further mass accretion may cause the actual radius of the halo to be larger than Ragg. This was the
motivation for the “splash back” radius (Diemer et al.,[2017; More et al., 2015). Although there are possible disadvan-
tages of Ragp, here we us it as a simple normalization which allows us to compare to previous studies.
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caused by gravitational attraction to the closest dark matter halo. At large distances (i.e., 7 > Rpax
for SIGOs and r > r4 for DM halos, where r, is the scale radius of NFW) the distribution drops
sharply. However, the inner slope is different, and tends to be flatter for the Gas-Primary objects.
The gas density projections (Figure 2.1} bottom row) show asymmetric gas distributions inside the

these objects.

To properly analyze SIGOs, we will define them to be Gas-Primary structures whose centre of

mass lies outside the virial radius of the closest dark matter halo and that have gas fraction > 40%@

To characterize the ellipsoidal morphology of Gas-Primary objects, we define a prolateness

factor as
Rmax

)
Rmin

§= (2.1)

where 2R .« (2Rni,) refers to the length of the maximum (minimum) axis of the ellipsoid. In
Figure we show the distribution of Ry,ay/Rmin for our gas ellipsoids with and without the
stream velocity. As can be seen in this Figure the stream velocity tends to produce more prolate

systems.

Naoz and Narayan| (2014) used analytical calculations to show that SIGOs originated from a
corresponding DM over-density mode that is shifted by a physical distance which can be larger
than the virial radius of the DM halo. Thus the gas-deprived parent DM halo (i.e., the fiducial halo
corresponding to the DM over-density mode) simply has a mass of Mpy; ~ 6M,,s since DM is on
average 5 times as massive as gas. One might naively expect that the closest DM halo of a SIGO
will be the parent halo. However, due to dynamical interactions, we find that the closest DM halo
is not necessarily the host halo, as can be seen in Figure In other words, SIGOs move around
and tend to cluster around more massive DM halos. In Figure SIGOs are represented by star

symbols and show no correlation with M.

The suppression of the gas component in DM halos from the stream velocity effect can be

evaluated analytically from the power spectrum. The typical mass at which the gas fraction is

3The choice of 40% is somewhat arbitrary, we note that it is above the cosmic baryon fraction and close to 50%,
i.e., the stellar fraction of globular clusters (Bradford et al.| [2011} |(Conroy et al., |2011; [Heggie and Hut, |1996; Ibata
et al.,[2013)
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Figure 2.1: Top row: Three examples of the density profiles of Gas-Rich Objects The left panel
depicts the density along the long axis of ellipsoid, while the right panel shows the density in
increasing ellipsoidal shells. For illustration purposes, in the right panel, we present a typical
NFW profile, with py = 10® M, kpc ™2, and replacing r/r, — r/Ryax (dashed orange line). The
left panel densities have been smoothed with a moving average filter. Bottom row: Projected
density profiles (in g cm™2) for the three example ellipsoids from the top row at z = 20. In
particular, the left panel corresponds to the red (solid) line in the top row, while the middle panel
corresponds to the green (dotted) line in the top row, and finally the right panel corresponds to the
blue (dot-dashed) line in the top row.
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Normalized number counts

Figure 2.2: A histogram of the prolateness factor, ¢ (see Eq.[2.1)) for Gas-Primary objects at z = 20.
The zero stream velocity case is shown in dashed red, whereas the v, = 20,, . in dot-dashed blue.
The stream velocity shifts the prolateness of Gas-Primary objects towards higher values.
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substantially suppressed, when estimated from such calculations (for both v, = 0 and v, # 0),
agrees with the fits from simulations (the so called characteristic or filtering mass, e.g., |Gnedin,
2000; Naoz and Barkanal [2007; Naoz et al., 2009, 2011b, 2013} [Popa et al., 2016). Thus, we can
find a simple correlation between the gas mass in a DM halo and the DM mass of that halo, using

the characteristic mass M.

—1/v

14 (27— 1) (é‘é)ﬁ] : (2.2)

where we adopt the following fit parameters: v = 8, 3 = 1, M. = 6 x 10° M, (e.g., Popa

Mgas = fb,OM

et al., 2016). Note that f; is defined as the gas fraction of the top 5% massive halos realized. For
the nonzero stream velocity run, we have f, o = 0.07. This fit is depicted in Figure (orange
line) and shows an agreement with the apparent correlation of the gas components inside their
DM halos. The SIGOs exhibit scatter and do not lie on this line and therefore do not display the

classical behaviour of gas clumps inside DM halos.

Note that the relatively small number of SIGOs, with 18 (98) objects at redshift 10 (20) is
probably numerical in nature. In AREPO, gas cells interact as gravitationally softened particles.
Thus, the gas component in a SIGO has a velocity distribution, with a tail of particles’ velocities
above the escape velocity of the SIGO. These particles then become unbound, and the SIGO slowly
evaporates. To estimate the timescale of this evaporation, we adopt a crude collisionless approach
(Gieles et al., 2011; |Gnedin et al., 2014} Naoz and Narayan, 2014). This collisionless process
results in the unbinding (evaporation) of star clusters (e.g., |Gieles et al., 2011) as well as the low
mass SIGOs in our simulation. Specifically, Gnedin et al. (2014) showed that the evaporation
timescale of a 2 x 10% My, star cluster is approximately 17 Gyr, if all the stars are 1 M. From
the point of view of gravitationally softened interacting particles, a 2 x 10° M, SIGO mass object
has about 555 particles (for our mass resolution of M,,s = 360 My). The evaporation timescale
for this object is 0.045 Gyr, which is much shorter than the time passed between z = 20 to z =
10. Therefore our insufficient resolution results in the numerical loss of many SIGOs (which

implies that the SIGOs are marginally bound). In follow up investigations we plan to use a zoom-
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Figure 2.3: Comparison of the gas mass inside ellipsoids and the virial mass of the closest dark
matter halo at redshift 20 for the nonzero stream velocity run. Stars refer to SIGOs. The orange line
refers to the fit to gas mass derived from an initial DM halo (see Equation[2.2)). This characteristic
mass fit describes the fact that smaller DM halos will have less gas. The fit parameters are v = 8§,
B=1,M,=6 x 10° M, and fv0 = 0.07. We fit only objects that are not SIGOs.
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DM Spin Parameter Distributions
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Figure 2.4: Spin parameters distributions of DM (top panels) and gas in the DM halos (bottom
panels). We consider the zero stream velocity case (dashed red lines) and the v, = 20, (dotted
blue lines), for two redshift examples (z = 10 and z = 20). We also provide a lognormal fit to the
distribution. The fit parameters are available in Table [2.2]

in methodology to increase the resolution.
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2.5 The Angular momentum of Gas-rich and Gas-poor structures

2.5.1 The spin parameter

The angular momentum, J, of a DM halo is typically estimated by using the spin parameter that
was originally defined as (Peebles, 1969),
B

5/2
DM

Ap=J (2.3)

where FEpy is the binding energy associated with the DM halo with mass Mpy, and G is the
gravitational constant. For practical purposes, a more feasible measure of the angular momentum

was defined by |[Bullock et al.| (2001) as

jSp
A= —2 2.4)
\/51)2003200

where

T 1
jsp = M = M;miri X Vi, (2.5)

Jsp = lispl V200 = /G Mago/Rago, and M = 3" m,. The sums are over any set of particles
{gas, DM, total}. The expression in Eq. (2.4) allows for the definition of separate spin parameters

for the DM and gas component of a halo. Non-radiative hydrodynamical simulation studies have
shown that the spin parameter of the gas component is typically higher than that of the DM com-
ponent (e.g., Sharma and Steinmetz, 2005} Zjupa and Springel, 2017, but see van den Bosch et al.
(2002) for a different conclusion). Below we adopt Eq. (2.4)) as our definition of the spin parame-
ter. We note that the two alternative definitions for the spin parameter are not entirely equivalent.
Analytically, for NFW halos, the different definitions are related to each other via A\p = f (c)l/ 2\,
where f(c) depends on the concentration ¢ of the halo (Mo et al., |1998). The spin parameter is

well described by a log-normal distribution (e.g.,Bullock et al., 2001)

PO = — exp (—M) | 2.6)

a M 210 202
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where the fit parameters are: \g = 0.035 and ¢ = 0.5 (Bullock et al., 2001, similar fits were found
by Hetznecker and Burkert (2006)); Rodriguez-Gomez et al.| (2017); |[Zjupa and Springel| (2017)).
In this work, we focus on smaller mass structures < 108 M, and separate our discussion to the
DM halos with a gas component and Gas-Primary objects. We assume spherical symmetry and the

same normalization for each of the halo’s component (i.e,. Moy and vyg).

2.5.2 DM-Primary/Gas-Secondary Objects

Recall that DM-Primary/Gas-Secondary objects were found via the FOF algorithm. Using a spher-
ical overdensity algorithm, one can compute an associated virial radius. We then restrict to the
spherical overdensity halo and study its properties. These halos in general contain both DM and
gas particles. Note that the Bullock et al. (2001) definition of the spin parameter (Eq. is

appropriate for such halos given their inherent spherical symmetry assumption.

As depicted in the top panels of Figure[2.4] the spin parameter distribution of these small-size,
high-redshift (z = 10, 20), DM halos (< 10® M) follows a log-normal distribution, consistent
with massive halos at low redshift. Both the zero and non-zero stream velocity cases give similar
results for the DM component in the halo. The fit parameters of the distribution are given in Table
and they also agree with the low-redshift, massive DM halos parameters (e.g., Bullock et al.,
2001)).

In the bottom panels of Figure 2.4 we display the spin parameter of the gas components of
these halos, for vy, = 0 (dashed red lines) and vy, = 20y, (dotted blue lines). As before, the
two representative examples are for z = 10 and z = 20. We note first that the gas component
distribution of the v, = 0 case, has a slight evolution in time (see Table 2.2)). This evolution
is to be expected since more gas is being accreted onto the DM halos as the Universe evolves.
Notably, while the stream velocity has a negligible effect on the DM, it has a significant effect
on the spin parameter distribution of the gas component. The gas spin parameter distribution has
become flattened leading to a larger median. In comparison to the DM, the gas has spun up by an
amount Agas/Apm Of 3.5 at z = 20 and of 2.7 at z = 10 in the presence of the stream velocity. As

time goes by, the DM angular momentum torques the gas angular momentum and re-aligns it.
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)\0 o )\0 o
Upe = 0 0.04 0.61 | 0.04 0.68
Upe = 20, | 0.04 0.62 | 0.04 0.70

| s | 2=20 | z2=10 |
)\0 o )\0 o
e =0 [ 0.04 0.65]0.06 0.82
Upe = 204, || 0.12 070 | 0.11 0.82

| Ddap || 2=20 | z=10 |
)\0 o )\0 o
Upe = 0.07 0.68[0.07 0.74

Upe = 205, | 0.12 0.65 | 0.11 0.73

Table 2.2: Lognormal fit parameters for DM component, the gas inside the DM halos, and the gas
ellipsoid structures.

Smaller mass halos are more sensitive to stream velocity effects. This is depicted in the top
panels of Figure [2.5] where we present the combined spin parameter of both gas and DM as a
function of the total halo mass. The first row is for z = 20 while the second is for z = 10.
The colors represent the gas fraction in each halo. As expected, the stream velocity decreases the
gas fraction of a halo (e.g., Popa et al., [2016). In the bottom panels of Figure we plot the
gas component of the spin parameter but split the objects into those that were above and below
fb,0 to distinguish between gas-rich and gas-poor halos. This shows that the gas spin parameter
distribution of gas-poor halos is more extended in the stream velocity case as compared to the zero
stream velocity simulation. We see that the objects below the threshold in fi, o exhibit slightly
higher median gas spin parameter. The gas content in these objects is smaller due to the presence
of the stream velocity, which corresponds to higher spin parameter for the gas-poor halos. Gas-
rich halos represent those objects that are less sensitive to vy, i.e., typically DM halo mass larger
than a few x 10° Mg, (e.g., Naoz and Narayan, 2014), and thus results in the nominal, v, = 0
spin parameter peak value, (see blue lines in the bottom panels and green dots in the top panels in
Figure [2.5). On the other hand, smaller mass objects are more sensitive to v}, and thus, are gas
deficient and have higher spin parameter peak value, compared to the gas-rich ones (see red lines

in the bottom panels and dark blue dots in the top panels in Figure [2.5). In the nonzero stream
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velocity case, the gas-poor halos accumulate gas preferentially from the stream flow which causes

the excess of angular momentum compared to the vy, = 0 case.

We calculate the misalignment angle 6 between the DM and gas particle angular momentum:

JDM : Jgas

cos(f) = ———— .
| /o | Jgas]

2.7)

Previous simulation studies have shown that there is a moderate misalignment of ~ 30° between
the DM and baryons (e.g., van den Bosch et al., 2002; Zjupa and Springel, 2017). As depicted
in Figure [2.6] we find a similar median misalignment angle in the zero stream velocity case as in
previous studies. However, the stream velocity effect results in a nearly isotropic distribution of
the misalignment angle and increases the median to about 81° (72°) at z = 20 (z = 10). The DM
did not have enough time to torque the gas component into alignment as the gas accretes at later

times onto these halos.

2.5.3 Gas-Primary and Supersonically-Induced Gas Objects

We define a Gas-Primary object by running the FOF algorithm only on the baryonic component
and tightly fitting an ellipsoid around them (see Section [2.4). We also note that some of these
structures are, in fact, the gas component in a DM halo. We refer to those that lie beyond the virial

radius of their parent dark matter halo and also have a gas fraction larger than 40% as SIGOs.

We extend the spin parameter definition to the Gas-Primary structures. Since these structures
are ellipsoidal in nature (e.g., Popa et al., 2016, and see Figure [2.1), the spherical symmetry as-
sociated with the spin parameter normalization does not hold. Furthermore, as shown in Figure
[2.1] the gas inside the Gas-Primary structures does not have an NFW distribution. In particular,
Gas-Primary structures, tend to have a flatter inner distribution, unlike the DM halos. Therefore,
in order to compare between the DM-Primary/Gas-Secondary and Gas-Primary (and SIGOs), we
need to choose a self-consistent normalization. We choose a normalization in accordance with the
physics picture described in Naoz and Narayan|(2014), in which Gas-Primary structures originated

from the corresponding overdensity mode of their DM counterparts. These are simply defined by
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Figure 2.5: The top panels depict distributions of halo spin parameters (including both DM and
gas components) as a function of halo mass colored by gas fraction. The bottom panels show the
(lognormal) distributions where we have separated the populations between gas poor (f, < fp.0,
dashed red lines) and gas rich (f, > fi, dotted blue lines) structures, where fi,( is the gas
fraction of the top 5% massive halos realized. The stream velocity effect increases the median spin
parameter more for gas poor halos than gas rich halos.

25



z=20

RS Vhe=0
}g 0.020_ - Vbc = Zovbc
5
o
U o
5 0.015f Omed = 26.0
Qo
£
-]
c
5 0.010F
[}
N
g
£ 0.005¢
=
0.000

50 100 150
Misalignment Angle

z=10

0.0175

T

T

0.0150
emed = 33-5°

emed = 72-4‘°

Normalized number counts
o o
o (@)
o =
ul o
o o
T T

o

o

o

N

Ul
T

50 100 150
Misalignment Angle
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ferent redshifts. We consider the zero vy, case in dashed red and the v, = 20,,_ in dotted blue.
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~ 6 X Mgy,s, where M, is the mass of the gas structure. Furthermore, as it can be seen in Fig-
ure [2.1] the complex dynamical evolution of these systems, resulted in having the gas-rich clumps
concentrated around a larger halos. In other words they have not stayed with the parent DM halo.

Hence, we define a spin parameter for the ellipsoidal Gas-Primary objects as

. Jgas
6 \/ngasUGP Rmax 7

Acp (2.8)

where R.. is half of the longest axis of the fitted ellipsoid, and vgp is the circular velocity at
this distance. This choice of similar normalization for the Gas-Primary objects, allows us to have
one-to-one comparison with the definition of the spin parameter (Eq. [2.4). As shown in Figure
the extended spin parameter definition also follows a lognormal distribution and the stream
velocity effect shifts the median higher. This is expected because a majority of the Gas-Primary

objects are just the gas components of a corresponding DM-Primary/Gas-Secondary object.

Similar to our presentation of the spin-mass relationship of the DM-Primary/Gas-Secondary
objects (see Figure [2.5), we analyze the spin-mass behavior of the Gas-Primary objects in Figure
2.8l We mark the SIGO subset of objects in stars. As shown in the Figure, SIGOs have typically
smaller masses (as expected from the analytical analysis, Naoz and Narayan, [2014), and systemat-

ically larger spin parameter.

Another question one can ask is how the ellipsoidal morphology is affected by the spin pa-
rameter. Under the stream velocity effect, the ellipsoidal Gas-Primary structures, (see Figure [2.9),
become more prolate. There is also a small positive correlation between the prolateness and the
spin parameter that decreases with redshift. We suspect that this correlation exists because the bary-
onic components are collapsing on to disks, which gives higher spin. However, with the stream
velocity effect included, this correlation disappears at high redshift, where the stream velocity has
a greater effect. The weak correlation is restored at low redshift, but in this case the objects are
prolate ellipsoids in shape. The SIGOs, however, do not seem to show any correlation between

spin parameter and prolateness.
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ly-Induced Gas Objects (SIGOs). The colour code indicates the gas fraction in each object. Note
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2.6 Summary and Conclusions

The supersonic relative velocity between the DM and baryons in the early Universe has been
shown to shift the positions of baryonic and DM over-densities (e.g., Naoz et al., 2012), and in
some cases the baryonic over-densities may collapse outside the virial radius of their parent DM
halo, forming the so-called Supersonically-Induced Gas Objects (e.g., Naoz and Narayan, 2014;
Popa et al.,[2016). We identified two significant structures (see Section [2.3]). The first structures
are the classical DM halos, with a gas component. These were found in the simulation by using
a DM-Primary/Gas-Secondary linking in the FOF groups. The other structures were identified in
the simulation using only gas particles in the FOF groups, namely the Gas-Primary objects. The
stream velocity effect further produces SIGOs (which are a subset of Gas-Primary objects). This
new class of objects is defined by lying outside the virial radius of DM halos and also have a gas

fraction of over 40%. At z = 20, ~ 11% of the gas-rich objects (f, > fi0) are in fact SIGOs.

We have investigated the angular momentum of all preceding objects through the spin parame-
ter. To our knowledge, this is the first study of spin parameters of simulated halos at the low mass

range (10578 M) at high-redshift.

We began by investigating the DM halos and their baryonic counterparts. We found that the
spin parameter of the DM halos is described by a lognormal distribution, just as the low-redshift,
high-mass counterparts. Moreover, the fit parameters are consistent with those obtained for high-
mass, low redshift halos (see Table and see for example, Bullock et al. (2001)). The relative
velocities between baryons and DM produce non-trivial consequences to the spins parameters of
these objects. In particular, the stream velocity effect increases the median spin parameter of the

gas components of DM halos, as seen in Figure [2.4]

We have demonstrated in Figure 2.6| that the angular momenta of the gas and DM components
are highly misaligned, due to the stream velocity effect. The angle between the angular momentum
vectors of the DM and gas component of the halo has a nearly isotropic distribution. The standard
picture of galaxy formation posits that both baryons and DM inherit the same initial angular mo-

mentum from tidal torques. However, baryonic effects in the case of zero stream velocity still
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produce about 30° misalignment (e.g., Jiang et al., [2018}; |Liao et al., [2017; |[van den Bosch et al.,
2002; |Velliscig et al.,[2015). Notably, the stream velocity effects yields a larger misalignment that
can occur in high-redshift galaxies. In particular, at high redshift the misalignment angle roughly

follows an isotropic distribution.

We then generalized the spin parameter to accommodate the ellipsoidal Gas-Primary objects
which also include the new class of Supersonically-Induced Gas Objects (SIGOs) that arise from
the stream velocity effect. The spin parameter traditionally normalizes the angular momentum
to with the virial parameters of the DM halo. Since SIGOs do not live inside a DM haloﬂ we
normalize spin parameters for Gas-Primary objects to a fiducial host DM halo of mass 6 y,s.
The majority of the Gas-Primary objects (90% at z = 20) are gas components of DM halos, as
such they are expected to follow a log normal distribution as expected (e.g., Bullock et al., 2001}
Zjupa and Springel, 2017) The lognormal distribution in the classical objects are shown in Figure
2.4 and the log-normal distribution of the Gas-Primary ellipsoids is demonstrated in Figure
Thus, although these are classified differently, they represent the same component. Focusing on
the SIGOs, we found that their morphology, in particular, their prolateness is uncorrelated with the
spin parameter, in contrast to typical disk galaxies which would exhibit a positive correlation (as
depicted in Figure [2.9).

We showed that in the presence of stream velocity, even in the non-radiative case, the spin
parameter the gas component of DM halos is increased, and is misaligned with respect to the
DM’s angular momentum. Moreover, we showed that the SIGOs have higher spin parameters in
the presence of the v, compared to Gas-Primary in the case of vy, = 0. The spin parameter
already serves as a valuable measurable quantity for higher mass galaxies (< 10*° M), and lower

redshift (z ~ 1 — 3) formation histories (e.g.,Burkert et al., 2016)).

These SIGOs are likely to form stars from their gas concentrations and are typically small
(about a few kpc, which expected to be even smaller when cooling is introduced e.g., Hirano et al.,

2017b). Therefore they might explain the low luminosity, small-sized objected recently reported

4Note that the gas ellipsoids with gas fraction lower then 40% are dominated by DM, but not necessarily in the
centre of a DM halo (Naoz and Narayan, 2014).
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by (Bouwens et al., 2017)). Furthermore, JWST may be able to detect SIGOs and low luminosity
DM halos at their formation sites, z ~ 20. The large spin parameter, if inferred from observational
data, might serve as an indication for a high stream velocity patch. Recently, HST has observed
a potentially promising candidate, the so-called “Little Blue Dots” (Elmegreen and Elmegreen,
2017). These objects are thought to be gas-dominated systems in the early Universe, with high
specific star formation rates. Based on the gas fraction and the scale of the structures, we speculate

SIGOs are a possible formation channel for these observed objects.
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CHAPTER 3

SIGOs — To Cool or Not to Cool?

3.1 Abstract

Supersonically Induced Gas Objects (SIGOs) form in the early Universe, before reionization out-
side of dark matter halos due to the presence of a relative stream velocity between baryons and
dark matter. These structures may be the progenitors of globular clusters. Since SIGOs are made
out of pristine gas, we investigate the effect of atomic cooling on their properties. We run a set
of four simulations by using the moving-mesh code AREPO, with and without baryon-dark matter
relative velocity and with and without the effects of atomic cooling. We show that SIGO’s density,
temperature, and prolateness are determined by gravitational interactions rather than cooling. The
cold gas fraction in SIGOs is much higher than that of dark matter halos. Specifically, we show
that the SIGO’s characteristic low temperature and extreme high gas density forges a nurturing site

for the earliest star formation sites.

3.2 Introduction

One of the fundamental tenets of the Lambda cold dark matter (ACDM) cosmology is the hierar-
chical buildup of structure in a bottom-up fashion (e.g., Blumenthal et al., [1984; Rees and Ostriker,
1977; Silkl |1977; White and Rees| [1978). Smaller structures collide and build bigger structures.
After inflation, dark matter (DM) in the Universe started this buildup by clustering gravitation-
ally. However, since baryonic matter and radiation were tightly coupled, it was not until after the
time of recombination that baryonic overdensities could grow. After decoupling, the baryons felt

the gravitational potential wells of DM overdensities, as well as their own, and subsequently their
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overdensities grew.

Tseliakhovich and Hirata (2010) noted that the evolution during these early times yielded a
relative velocity between the DM and baryons, the so called “stream velocity.” Although a formally
second order, the stream velocity has far-reaching consequences on a wide variety of cosmological
phenomena (e.g., Fialkov et al., 2012; Greif et al., |2011; Maio et al.l 2011} Naoz et al., 2011b,
2012; |O’Leary and McQuinn, [2012; Richardson et al., |2013; Stacy et al., 2011} Tanaka and Li,
2014)). For example, this relative velocity may have nontrivial effects on the cosmological 21-cm
signal (e.g. Dalal et al., 2010; Fialkov and Barkanal [2014; McQuinn and O’Leary, |2012; Munoz,
2019; Visbal et al., 2012), the formation of primordial black holes (e.g., Hirano et al.,|2017aj; Latif
et al., 2014;Schauer et al., 2017; Tanaka and Li, 2014} Tanaka et al.,|2013)), and even for primordial
magnetic fields (Naoz et al.,[2013).

In particular, it was recently suggested that the stream velocity can result in a gas-dominated
structure Naoz and Narayan| (2014)), and that these Supersonically Induced Gas Objects (SIGOs)
could be the progenitors of globular clusters (Chiou et al., 2019, 2018}; Naoz and Narayan, 2014;
Popa et al,, [2016). These SIGOs arise naturally as a consequence of the stream velocity effect
(Tseliakhovich and Hiratal [2010). In particular, this relative velocity introduces a phase shift be-
tween DM and baryons, which can lead to baryon overdensity peaks collapsing outside the virial

radius of their parent DM halo (Naoz and Narayan, 2014]).

We previously suggested that SIGOs may be a viable nurturing ground for star formation
(Chiou et al., 2019). Specifically, we used a combination of simulation and semi-analytical mod-
eling to follow the SIGOs from birth to present day. We showed that present day SIGOs share
characteristics with observed globular clusters. One physical process we included was cooling.
While in (Chiou et al., 2019) we studied star formation and the connection between SIGOs and
globular clusters, here we focus specifically on the effect that atomic cooling has on SIGOs and

run detailed comparisons between simulations with cooling turned on versus turned off.

Cooling plays a vital role in the formation of the first stars in the Universe, the so called Popula-
tion III (Pop III) stars (see |Wise (2012),[Bromm! (2013) and references within for a review). These

stars formed in pristine gaseous clouds that were heated and shocked as they fell into dark matter
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minihalos (10> — 107M). These objects would become pressure supported unless cooling via

atomic and molecular hydrogen allowed them to collapse to such densities that stars could form.

In the context of cosmological simulations, cooling has been taken into account in a variety of
ways with different cooling channels (e.g., Abel et al., 2002; Bromm and Clarke, |2002; Glover,
2013; Reed et al., 2005} [Sarmento et al., [2018}; Stacy et al., 2011}; |Vogelsberger et al., [2013; Xu
et al., 2016; Yoshida et al., | 2006)). The standard assumptions are that hydrogen and helium are in
photo-ionisation equilibrium with a uniform, but time-varying, UV background and that metals are

in collisional ionisation equilibrium.

The first stage of cooling for pristine, non-molecular, gas is the so-called atomic hydrogen
cooling. This cooling channel is typically more effective for gas with temperatures > 10* K (e.g.,
Barkana and Loeb, 2001). Metal-enriched gas cools via molecular cooling. H, cooling becomes
effective for a gas cloud when the number density reaches above 10* cm™ and further allows
cooling down to temperatures of 300 K (Wise, |2012)). Since we focus on the very first gas statures,

which include pristine gas, we target the atomic cooling channel.

Recently, Schauer et al.|(2019) incorporated the stream velocity effect between DM and baryons
in the early Universe with an advanced chemistry network. Focusing on classical DM halos, they
showed the minimum halo mass that allows star formation is significantly increased and that the
cooling of gas is suppressed. They however, did not investigate the effect of cooling on SIGOs

properties.

In this chapter, we investigate the effect of cooling on SIGO morphology and potential star
forming properties by analyzing the cosmological simulations in |Chiou et al. (2019) with cooling
and UVB shielding taken into account. This chapter is organized as follows: in Section [3.3] we
detail the simulations. In Section [3.4] we describe how cooling affects the characteristics and
morphological properties of SIGOs. and we wrap up with a discussion and our conclusions in

Section
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3.3 Simulations

3.3.1 Cooling and non-cooling runs

We perform a suite of cosmological simulations using the moving-mesh code AREPO (Springel,
2010a). Below we briefly describe the main aspects of the simulations and we refer the reader to
Chiou et al.[(2018) and (Chiou et al. (2019) for a complete overview of the simulations, with and
without cooling, respectively. We employ a modified version of the CMBFAST (Seljak and Zaldar-
riaga, [1996) code to generate the transfer functions used for the creation of the initial conditions.
These transfer functions take into account the first-order correction of the scale dependent temper-
ature fluctuations (as shown in Naoz and Barkana, 2005b). We note that our simulations naturally
include different transfer functions for the DM and baryon components, which play an important
role in determining the gas fraction and overdensity growth rate (e.g., Naoz and Barkana, 2007}

Naoz et al., 2011b| [2013}; [Park et al., [2020).

We include radiative cooling with a 2 cMpc?® box size, with and without stream velocity effects,
however, we do not include explicit star formation or feedback. AREPO’s basic cooling module is
composed by a primordial chemistry and cooling network of the evolution of species H, H', He,
He™, He™ ™ and e~ in equilibrium with a photoionizing background. The background is assumed
to be spatially constant, but redshift dependent. The gas cooling and heating rates are calculated as
a function of gas density, temperature and redshift (See Vogelsberger et al.,[2013, and references

therein for further details on the numerical implementation of these processes).

As a control, we also ran simulations without cooling, and with and without stream velocity
effects ﬂ We perform a simulation with a stream velocity of 2 0. and one without stream velocity.
The stream velocity effect is implemented as a uniform boost in the x-direction for the baryons. The
box has 5123 DM particles associated with a mass resolution of mpy; = 1.9x 103M,,. We represent

the gas as mesh of 5123 Voronoi cells that correspond to a particle mass of mg,s = 360M. We

'Note that while all cooling rates include self-shielding corrections, these do not apply above redshift of 6, and
thus do not contribute for the cooling of the z = 20 objects.

2We note that the simulations in (Chiou et al.l[2019) are denoted here as VOCool and V2Cool
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Name Ube(Oyvpe) | Cooling
v0Cool 0 Yes
v2Cool 2 Yes
v2Uncool 2 No

Table 3.1: Details of the simulations performed. For all simulations we have 2 cMpc box, 5123 DM
particles, and 5123 gas cells. For this set of parameters we have that the mass of the DM particle is
mpm = 1.9 x 103M,, whereas the mass of a gas cell is Mgas = 360M.
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Figure 3.1: Projected overdensities of various SIGO environments in v2Cool. SIGOs are located
in the center of each panel with a zoom-in to the center region showed in each subpanel. Notice
that in regions at which the SIGOs are nested, large by a factor of a few, have projected 6 > 1,
already at z = 20. DM/G are identified by the black circles. In the left and right panels we detect
one SIGO, while the middle panel depicts a “binary” SIGO configuration. Note that in projection
the SIGOs seem to overlap the classical DM/G. However, as shown in Figure@, these SIGOs are
detached from the DM/G.

note that, while the 20;. with cooling simulation is presented in/Chiou et al.| (2019)), here we focus

on the comparison between cooling and not cooling and with and without the stream velocity.

Overall we present here a total of 3 simulation results at z = 20, with and without cooling,
and with and without stream velocity, with the aforementioned parameters ﬂ A summary of the
simulations performed is given in Table[3.1] The naming convention is as follows. 0 or 2 represents

Vbe = 0,2 0y and ‘Cool’ or ‘Uncool’ denote whether cooling was turned on or switched off.

3v0Uncool has been the subject of previous studies (Chiou et al.,[2018; Popa et al., 2016

38



60.5 61.5 X[kpc]

70.5
71.0
71.5
72.0
72.5
73.0

z [kpc]

Figure 3.2: SIGOs corresponding to the middle panel in Figure [3.1] There are two SIGOs in red
and the surrounding DM/G are in orange. Note the deviation form sphericity as shown in [Popa
et al. (2016) and Chiou et al.| (2018)). To generated this Figure we ignore ambient particles and

only consider DM and gas particles that are bound to an object.
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3.3.2 Object classification

Following Popa et al.| (2016) and (Chiou et al.| (2019, 2018), we define the following objects in
our simulation: DM-Primary/Gas-Secondary (DM/G) and Supersonically Induced Gas Objects
(SIGO). These objects come from a Friends-of-Friends (FOF) halo finding algorithm with a link-
ing length of 0.2 times the mean particle separation. We define the DM/Gs by running the FOF
algorithm first on the DM, and then adding gas cells in a secondary linking step (Dolag et al.,
2009). We only consider the DM/G to be all particles within a sphere of radius of Ry of the cen-
ter of mass the FOF group with the further constraints that that they contain over 300 DM particles
and over 100 gas cells. SIGOs are gas-only FOF groups whose center of mass is outside the virial
radius of the closest DM/G and have gas fractions > 40%. SIGOs must contain more than 32 gas
cells and are fitted to tight ellipsoids. Notice that by definition, SIGOs only appear in runs with

nonzero stream velocity.

The SIGOs overdensities are much larger than unity and thus in the process of collapsing, (as
noted in Popa et al., 2016, Figure 2). We define overdensities as § = (pgas — p)/p, Where pgas
is the density of the gas cells composing the SIGO and p is the average density of the Universe.
Interestingly we find that the large filaments around the SIGOs have overdensities that are much
larger than unity, as depicted in Figure 3.1, While the typical size of a SIGO is about 10 — 50 pc,
it seems that in projection already a larger regime (by a factor of a few) has an overdensity larger
than unity, (see Figure [3.3] for the 3-D overdensity of SIGOs). This is a complex neighbouring
environment, which includes both DM halos (with little to no gas component in them) and SIGOs

in between (as shown in see Figure[3.2).

In Figure the black circles are projected dark matter halos in the vicinity of the SIGO.
SIGOs tend to be found in the gas streams between dark matter halos. All SIGOs are collapsing at
z = 20, with the smallest SIGO having an overdensity of ~ 400 at z = 20. We note that Figure

[3.1]shows the results of the simulation with cooling. We find similar results without cooling.
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Figure 3.3: Histograms of SIGO properties in v2Cool (purple, dashed) and v2Uncool (pink, dot—
dashed). Cooling does not dramatically affect SIGO properties.

3.4 The relevance of cooling on SIGOs properties

3.4.1 Physical properties

It is well established that cooling affects the properties of DM/G objects (e.g., Hartwig et al., 2015},
Katz et al.l[1996; [Vogelsberger et al., 2013)) even in the presence of stream velocity (e.g.,
et all, 2019} [Schauer et al.,[2019,[2017). We discuss these results in Appendix[3.6.2] In this section,

we investigate the effect of cooling on SIGOs properties such as morphology, temperature, density

and environment. Most of the previous investigations of SIGOs were conducted in simulations with

no radiative cooling (Chiou et al., 2018} [Popa et al., 2016)). In|Chiou et al.|(2019) for the first time,

we studied the evolution of SIGOs while including atomic cooling. Here we examine in details
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the effect that cooling has on SIGOs and compare to the no cooling realization. Considering the
temperature of SIGOs in the case of no cooling (v2Uncool), their temperatures range from about
~ 400 K to ~ 6 x 10® K (as shown in purple, dot-dashed in the bottom left panel in Figure
. Thus, since atomic cooling is rather inefficient for temperatures below 10* K, we expect
that atomic cooling will have little to no change on the SIGOs temperature, as shown in Figure
[3.3] bottom left panel. In fact, because of this inefficiency of atomic cooling, we further expect
that other SIGO properties, such as overdensity, prolateness, and number density will be similar
between the case of with and without cooling. Histograms of these properties are shown in Figure
[3.3]on the top left, top right, and bottom right respectively. The KS test we conducted between the
two runs found that there was not enough evidence to conclude that the SIGO properties came from
different distributions at 95% confidence. The p-values, means, medians, and standard deviations

can be found in the right column of Table [3.4.1]

The distributions of overdensities (top left panel of Figure [3.3) are roughly normal in both
runs, and all SIGOs have greater than 200 overdensity. The prolateness £ = Ryyax/ Rmin(top right
panel) is shifted to slightly higher due to cooling, but statistically indistinguishable. Similarly, the
temperature distribution of SIGOs (bottom left panel) is shifted to slightly lower values, but again,
as expected, is statistically indistinguishable from the non-cooling run. Furthermore, cooling does
not affect the hydrogen number density (bottom right panel). Performing two-sample KS tests
between v2Cool and v2Uncool all yield p-values > .05, implying that there is not enough infor-
mation to reject the null hypothesis at 95% confidence that these two simulations come from the

same property distributions.

We note that in the v2Cool we have removed one outlier SIGO that has an overdensity (density)
of 1.3 x 10 Mg, (5.2 x 1072 g cm™3), mass of 3 x 10° M, and a temperature of 3100K. Itis 1.1
kpc away from the closest DM/G. There is no corresponding massive SIGO in v2Uncool ﬂ While
massive, this is not unexpected. Naoz and Narayan (2014) found an upper limit for a 20 density

fluctuation to be ~ 10° M. We further explore this object in Appendix

To illustrate further the consistency between the v2Cool and v2Uncool, we consider three rep-

4The most massive SIGO in the v2Uncool is 1.9 x 10° Mg (Chiou et al.,[2019; [Popa et al.,|2016)
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v2Cool v2Uncool KS p-value
mean | median | ¢ mean | median o
0 657 660 197 | 690 670 200 | 0.58
& 8.33 | 7.23 430 | 947 | 7381 8.79 | 0.50
T (K) 1429 | 1064 1127 | 1696 | 1421 1370 | 0.17
ng (em™) | 1.52 | 1.53 046 | 1.60 | 1.53 0.46 | 0.58

Table 3.2: Table of summary statistics of SIGOs for v2Cool. We use a two sample Kolmogorov
Smirnov (KS) test to compare the distributions of the SIGO parameters in v2Cool and v2Uncool.
Cooling does not significantly alter the distributions of SIGO properties. We note that in this
statistics we dropped one major SIGO outlier, and we discuss its properties in appendix

resentative examples of SIGOs in Figure [3.4] with and without cooling (bottom and top panels,
respectively). As can be seen in the Figure, the morphology, the environment as well as the turbu-
lent velocity field in the inner region of the SIGOs seems consistent between the two scenarios.This
turbulent energy, driven by the supersonic stream velocity, must be overcome for star formation
to occur. We note that the left panels correspond to the same SIGO between runs. In this Figure
we zoom in to the innermost 1 kpc part of the SIGO as shown in the inset of each panel. We can
visually identify the shock in this Figure, where the gas density jumps dramatically, corresponding
to a transition from subsonic to supersonic. SIGOs in these simulations are highly nonlinear and
dense objects, with a mean overdensity in v2Cool and v2Uncool of 657 and 690 and ny of 1.52

cm 2 and 1.60 cm ™2 (see Table[3.4.1).

Given that the morphologies and attributes remain similar with and without cooling, it stands to
reason that atomic cooling may not significantly affect the star forming ability of SIGOs. Further

inclusion of molecular hydrogen cooling should only increase the star formation potential.

3.4.2 The Effect of Cooling on Star Formation in SIGOs

Star formation requires the gas within a DM/G or SIGO to be very cold and dense so that it can
collapse gravitationally. In a previous paper (Chiou et al., [2019), the cooling simulations that
we ran did not explicitly follow star formation. To study the star forming properties, we used a
simple stability argument similar to the Jeans criteria. However, due to the supersonic nature of

the stream velocity, turbulence must also be considered. Equating the Jeans length with the sonic
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Figure 3.4: Column densities of a SIGO and its surrounding environment. A slice of the veloc-
ity field is also shown. Gas is accreting onto the SIGO. The top row contains SIGOs from the
v2Uncool run and the bottom contains three from the v2Cool run.
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length (i.e., the length scale at which gas transitions from supersonic to subsonic), Krumholz and
McKee (2005) defined a critical density for collapse, p..it. This critical density is given as

rc2M*

Perit = QL2 (3.1)

where ¢ is the sound speed, M is the Mach number, G is the gravitational constant and L is the
scale at which turbulence is driven, and as demonstrated visually in Figure[3.4] it coincides with the
diameter of the SIGO along the longest axis. This critical density represents the balance between
gravity and turbulent/thermal kinetic energy (in the absence of magnetic fields), above which the
gas in the object will become unstable to collapse and the object will likely form stars. (Burkhart,
2018) related this critical density to the transition between a turbulent density distribution and one
that is experiencing gravitational collapse and hence it is a natural consequence of the continuity
of the density distribution function (see also Burkhart and Mocz, 2019; |Girichidis et al., 2014;

Guszejnov et al., 2018)). Here we use this critical density as an indicator of star formation.

In Chiou et al.| (2019) we have shown that SIGOs are ripe sites for start formation. Notably,
88% of the SIGOs were star forming in the cooling simulations performed there (v2Cool). This
is comparable to the v2Uncool run in which 91% of SIGOs were star forming. Moreover, while
classical small scale structures in the early Universe, i.e., DM/G, are less likely to form stars,
SIGOs’ critical density typically is much higher than unity (as shown in Chiou et al., 2019, Figure
2). In Figure we show the cooling runs overlayed with the no cooling results in grey. As
expected, the cooling tends to lower the average temperatures to below 10* K of DM/G as expected

(Figure [3.6), but the SIGOs’ temperatures are not significantly affected.

As can be seen in Figure [3.5] a few SIGOs in the no-cooling realization, have a temperature
about 10* K (grey stars at the left top corner - left to the red vertical line). These SIGOs indeed
cooled via atomic cooling, reduced their temperature and slightly increased the density. But we
note that these SIGOs are not expected to form stars, unlike the majority of the SIGOs (to the
right of the red vertical line). Cooling does not significantly affect the scatter of SIGOs in the
temperature - density plane. Although the SIGOs in v2Uncool seem achieve in general higher

densities, it is not statistically significant (as shown in table [3.4.1)). However, the scatter remains
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Figure 3.5: Temperature of objects as a function of as a function of p/p.i; at z = 20 with stream
velocity. All objects to the right of the red line are star forming (see [Chiou et al. (2019). The gray
points are from v2Uncool, whereas the colored points are from v2Cool. The temperatures decrease
a bit due to cooling, however the overall shape of the distributions stay the same indicating that
gravity is dominating.
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Figure 3.6: Histogram of temperatures of DM/Gs in v2Cool (purple, dashed) and v2Uncool (pink,
dot-dashed)

similar suggesting that gravity is the dominating mechanism for the onset of star formation in

SIGOS (not so dissimlar to modern star formation (e.g., Burkhart and Mocz, [2019)).

In the literature, the fraction of the cold gas in an object compared to the total gas fraction is
often used as a tracer to star formation (e.g., Davis et al., 2019} [Schauer et al.,[2019; Wang et al.,
2017). Here, we define a cold gas cell to be one with a temperature < 500 K and define as a cold
object a structure that contains at least one cold gas cell following [Schauer et al.|(2019).

In Figure we plot the cold gas fraction, feolq = Meoia/(Mgas + Mpm) = Meota/Mios, as
a function of total mass of the object for v2Cool and vOCool in the top and bottom panels. The
points are colored by gas density. We find that 29% of DM/G and 43% of SIGOs contain cold gas

in v2Cool. In vOCool, only 24% of DM/G contain cold gas (and of course no SIGOs are present).

A clear feature for the zero stream velocity cooling run (vOCool) is an increasing trend of cold

mass fraction for masses M, > 107 M. This kink corresponds to a virial temperature of about

10* K. Above this temperature, atomic cooling dominates (Barkana and Loeb, 2001). The stream

velocity generally increases the scatter in the cold gas fraction in the DM/G. This is expected as the
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Figure 3.7: Ratio of cold gas mass to halo gas mass as a function of halo mass. Here we define a
cold gas cell to have a temperature of < S00K. The color code is by gas density of the object. The
top panel corresponds to v2Cool and the bottom panel corresponds to vOCool. 29% of DM/G and
43% of SIGOs contain cold gas. In no stream velocity case, 24% of DM/G contain cold gas. The
gray points in the top panel correspond to the vOCool points in the bottom panel.
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stream velocity acts as an additional pressure, enhancing collisions and diffusing the kink-feature
at 10" M,

The SIGOs have overall higher cold gas fraction than the DM/G. Furthermore, as empathized
in Figure [3.4] SIGOs generally have lower temperature and high gas densities compared to their

DM/G counterparts. Thus, it is not surprising that they present a high cold mass fraction (as

depicted in Figure top panel).

3.5 Summary and conclusions

We have investigated the nature of Supersonically Induced Gas Objects (SIGOs) under the influ-
ence of atomic cooling in cosmological simulations. In previous simulations (e.g., Chiou et al.,
2018} |Popa et al., 2016) with only adiabatic cooling due to the expansion the Universe, SIGOs
were shown the be gas-rich ellipsoidal objects residing outside of dark matter halos. SIGOs at

z = 20 generally have overdensities well above 200 indicating collapse.

We find that cooling does not dramatically alter the SIGO environment, though it does con-
tribute to a more diffuse IGM, as shown in the density projections examples in Figure [3.4] We find
that are no > 3 neighboring SIGOs within ~ 2 ckpc® box. However, rarely we find 2 neighbor-
ing SIGOs (see Figure [3.2). As was noted in [Chiou et al.| (2019), SIGOs live in highly turbulent

environments (e.g., Figure [3.4) which assist with star formation.

SIGOs form in the very early universe, where the gas is pristine, before high abundance of
molecular hydrogen formed, therefore we consider the effects of atomic cooling. However, atomic
cooling is inefficient below 10* K, thus since SIGOs’ temperatures due to adiabatic cooling is
generally lower than 10* K we expect only a marginal effect of this cooling channel on SIGOs
temperatures (see Figure [3.5). Similarly, the overdensities, prolateness, and hydrogen number
densities are not substantially affected, as shown in Figure [3.3] The physics behind the SIGOs

properties is thus, mostly determined by gravity and the gravitational collapse.

The combination of high densities and low temperatures yield promising nurturing ground for

star formation for the SIGOs, as illustrated in Figure [3.5)and in Chiou et al.| (2019)). The classical
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objects, (DM/G) on the other hand, not only have less gas fraction due to the stream velocity
effects, but also have a too high temperature (7' ~ 103 — 10* K) to have efficient star formation.
We speculate that molecular hydrogen cooling will further decrease the temperatures and clump
SIGOs in a more pronounced way to produce more favorable sites for star formation which will be

discussed in a future paper.

SIGOs have been purported as a novel formation channel for globular clusters (Chiou et al.,
2019; Naoz and Narayan, |2014)). The further addition of realistic physics in simulation such as
molecular cooling, star formation, and feedback will allow for a more accurate modeling of these
possible progenitors. As the James Webb Space Telescope comes online, future observations will

further verify the link between SIGOs and globular clusters.

3.6 Appendix

3.6.1 The biggest SIGO

In this section we discuss the properties of the outlier SIGO in v2Cool shown in Figure [3.8] The
SIGO (in red) is 1.1 kpc away from the closest DM/G, clearly out of the virial radius. Surrounding
DM/G are shown in orange. The largest DM/G displayed here is the second largest in the sim-
ulation. This SIGO was the most dense (5.2 x 1072 g cm™3) and massive (3 x 10° M) SIGO
found in v2Cool, an order of magnitude more massive than the most massive found in V2Uncool
(which was 1.9 x 10°M). It was also an order of magnitude more massive than the next most
massive SIGO in v2Cool. The temperature was 3100 K. Although there is no corresponding object
in v2Uncool, we conjecture that this object is a result of Poisson statistics and not a sole result of
cooling. Using linear theory, Naoz and Narayan (2014) showed that a 20 overdense patch could

form SIGOs as big as ~ 10° M.
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Figure 3.8: The largest SIGO (red) in v2Cool with mass M, ~ 3 x 10° M, Surrounding DM/G
are in orange. The largest DM/G shown here is the second most massive in the simulation. The
SIGO is 1.1 kpc from the closest DM halo.
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3.6.2 DM/G

In this section we briefly reproduce several aspects of the effects of cooling on classical DM halos

such as density projections and temperature distributions.

Several gas density projections of DM/Gs are shown in Figure[3.9] The top panels are from the
v2Uncool run and the bottom are from v2Cool run. The circles represent the virial radius of the
DM/G. The white arrows are velocity maps showing accretion onto the DM/G. The left DM/G is
the most massive DM/G in each simulation and has similar large scale features. The cooling serves
to compactify the DM/G as expected. The outer environments of the DM/G are less dense overall
due to the gas condensing on the halo. The velocity field within the DM/Gs is more turbulent in

the v2Uncool run since in general the DM/Gs in v2Cool have lower average temperature.
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Figure 3.9: Column densities of a DM/G and its surrounding environment. A slice of the velocity
field is also shown. Gas is accreting onto the DM/G. The top row contains DM/Gs from the
v2Uncool run and the bottom contains three from the v2Cool run. The black circle indicates Ry
of the DM/G.
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CHAPTER 4

Shining Light on SIGOs - a New Formation Channel for

Globular Clusters

4.1 Abstract

Supersonically induced gas objects (SIGOs) with little to no dark matter component are predicted
to exist in patches of the Universe with non-negligible relative velocity between baryons and the
dark matter at the time of recombination. Using AREPO hydrodynamic simulations we find that
the gas densities inside these objects are high enough to allow stars to form. An estimate of the
luminosity of the first star clusters formed within these SIGOs suggests that they may be observed
at high redshift using future HST and JWST observations. Furthermore, our simulations indicate
that SIGOs lie in a distinct place in the luminosity-radius parameter space, which can be used
observationally to distinguish SIGOs from dark-matter hosting gas systems. Finally, as a proof-of-
concept, we model star formation before reionization and evolve these systems to current times.
We find that SIGOs occupy a similar part of the magnitude-radius parameter space as globular
clusters. These results suggest that SIGOs may be linked with present-day metal-poor local glob-
ular clusters. Since the relative velocity between the baryons and dark matter is coherent over a
few Mpc scales, we predict that if this is the dominant mechanism for the formation of globular

clusters, their abundance should vary significantly over these scales.
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4.2 Introduction

The puzzling origins of globular clusters (GCs) have been greatly debated over the years (Ashman
and Zepf, [1992; Bekki and Yong, 2012; Bromm and Clarkel 2002; Grillmair et al., |[1995}; |Gunn,
1980; Harris and Pudritz, [1994; Kravtsov and Gnedin, [2005; |[Kruijssen, 2015; Mandelker et al.,
2018t Mashchenko and Sills, [2005; [Moore, |1996; Muratov and Gnedin, [2010; [Peebles|, 1984} Re-
naud et al., 2017; Saitoh et al., 2006). These objects serve as the testing grounds for early structure
formation since they are very old (~ 13 Gyr, e.g., [Itenti et al., 2015). For example, they have
even been used to estimate the age of the Universe (Krauss and Chaboyer, [2003). Observations
suggest that GCs contain practically no gravitationally bound dark matter (e.g., Bradford et al.,
20115 Conroy et al.l 2011; Heggie and Hut, |1996; Ibata et al., 2013, although see [Taylor et al.
(2015) for evidence to the contrary). Although direct observations of high redshift GCs is difficult,
statistical studies with strong gravitational lensing have enabled the investigation of high redshift
star-forming GC candidates (e.g., Elmegreen et al., 2012} Vanzella et al., [2017). There has even
been some direct evidence of possible GC progenitors (e.g., Bouwens et al., 2017; Vanzella et al.,
2019, 2016). Furthermore, GCs and their progenitors may also play a large role in reionizing the
Universe (e.g., Boylan-Kolchin, 2018;|Schaerer and Charbonnel, 2011). The upcoming James Web
Space Telescope (JWST) offers an exciting chance to observe GCs and their progenitors at early
times. These observations will give insight to the formation of the very early building blocks in

the Universe.

In the standard model of structure formation, due to the baryon-radiation coupling, baryon
over-densities at the time of recombination (z ~ 1020) were about 5 orders of magnitude smaller
than dark matter (DM) over-densities. Tseliakhovich and Hirata (2010) showed that not only were
the amplitudes of the DM and baryonic density fluctuations different at early times (e.g., Naoz
and Barkana, |2005b)), but so were their velocities. After recombination, the baryons decoupled
from the photons and their subsequent evolution was dominated by the gravitational potential of
the DM. In the period following recombination, the baryons underwent rapid cooling. At this
point, their relative velocity with respect to the DM, which at recombination was of the order of

~ 30 km sec™!, became supersonic. Tseliakhovich and Hirata (2010) also showed that this relative
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velocity between the baryons and the DM remained coherent on scales of a few Mpc and in these

regions it can be modeled as a stream velocity.

The stream velocity effect has previously been overlooked because the velocity terms are for-
mally second order in perturbation theory and are therefore neglected in the linear approximation.
However, this second-order effect is unusually large, resulting in the non-negligible suppression of
power at mass scales that correspond to the first bound objects in the Universe (Tseliakhovich et al.,
2011). The non-linear effects of the stream velocity on the first structures were subsequently inves-
tigated using numerical simulations (e.g., Fialkov et al., 2012; |Greif et al., 2011} Maio et al., 2011;
Naoz et al., 2011b} 2012; /O’ Leary and McQuinn, 2012; Richardson et al., 2013} [Stacy et al., 2011}
Tanaka and Li, 2014). The stream velocity also has significant implication on the redshifted cos-
mological 21-cm signal (e.g.|Dalal et al., 2010; McQuinn and O’Leary, 2012; Visbal et al.,|[2012),
the formation of primordial black holes (e.g.,|Hirano et al., 2017a}; |Latif et al., 2014} |Schauer et al.,
2017; Tanaka and Li, [2014; Tanaka et al., 2013), and even for primordial magnetic fields (Naoz
et al.| [2013)). See [Fialkov and Barkanal (2014)) for a detailed review.

Recently, [Naoz and Narayan| (2014) proposed that metal-poor GCs may be linked to objects
that can be formed without DM in the early Universe in the presence of the stream velocity. These
supersonically induced gas objects (SIGOs) were later found in numerical simulations by Chiou
et al.| (2018]); Popa et al.|(2016). However, their connection to GCs is still uncertain. Specifically,
the ability of SIGOs to form stars was not addressed in those simulations. If these objects indeed

form stars, these first star clusters will host little to no DM component.

The formation of the first stars from pristine gas was addressed in length in the literature fo-
cusing on the detailed chemistry and equation of state (e.g.,|Abel et al., 2002; Bromm and Clarke,
2002; |Glover, 2013} Reed et al., 2005; [Sarmento et al., 2018; Schauer et al., 2019; Stacy et al.,
2011; Xu et al., 20165 |Yoshida et al., 2006). In this chapter, we take a global, statistical approach
through an investigation of the conditions for star formation in SIGOs via a simple density thresh-
old argument. In particular, stars will form if the global gas density within a given SIGO is above
the predicted critical value for star formation in pristine and low-metallicity gas (e.g., Burkhart and

Mocz,|2019; Christlieb et al., 2002; [Krumholz and McKee, 2005). We then use semi-analytical cal-
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culations to determine the luminosities of objects in our simulations. We note that, although we
study these objects at z = 20, they still exists at lower redshifts (e.g., Chiou et al., 2018; Naoz and
Narayan, 2014; Popa et al., 2016). Thus, their expected luminosities could possibly be detectable
with JWST.

This chapter is organized as follows: we begin by describing our simulations in Section [4.3]
then we discuss the star formation model (Section and the subsequent luminosity (Section

M4.5). Finally we offer our discussion and qualitative predictions in Section

4.3 Simulation details and object classification

We run two cosmological simulations with the moving-mesh code AREPO (Springel, 2010a) in a
2 Mpc box with 5122 DM particles of mass Mpy = 1.9 x 103M,, and 512% Voronoi mesh cells
with Mg, = 360M. One run has a stream velocity value of v,. = 20, , where o,,_ is the
rms value of the stream velocity (i.e., the relative velocity between the gas and the dark matter
component), while the other, which we use for comparison, has no such stream velocity. Both runs
include radiative cooling (see Chiou et al., |2019). The cooling module in AREPO is based on a
self-consistent primordial chemistry and cooling network, which includes the evolution of species
H, H", He, He™, He™ and e~ in equilibrium with a photoionizing background that is spatially
constant but redshift dependent. The gas cooling and heating rates are calculated as a function
of redshift, gas density, temperature and (for the metal line part) metallicityE] See (Vogelsberger
et al., 2013}, and references therein) for further details on the numerical implementation of these

processes. The simulations do not include explicit star formation or feedback.

We note that our simulations do not include Hs cooling. Molecular cooling was shown to be
important for early star formation (e.g. |Glover and Jappsen, |2007; Hartwig et al., 2015} Schauer
et al.,[2019,2017)). Nonetheless, the densities in our simulations (as we show below) reach the nec-

essary high densities and low temperatures to trigger star formation. Thus, inclusion of molecular

!'Note that while all cooling rates include self-shielding corrections, these corrections do not apply above redshift
of 6, and thus do not contribute for the cooling of the z = 20 objects.
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cooling in followup simulations will yield even higher densities, further facilitating star formation.

The initial conditions adopted different transfer functions for the DM and baryon components
as described in |[Naoz and Barkanal (2005b)); Naoz et al. (2009, 2011b} 2012, 2013)). The runs were
performed from a redshift of 2 = 200 to z = 20. The stream velocity is implemented as a uniform
boost for the gas in the z-direction. The choice of v, = 20,,_ allows us to gain a larger effect,
however the same physical picture is applicable for vy, = 10,,_, (as noted by Naoz and Narayan,
2014). Furthermore, we gain more statistical power by adopting og = 1.7 (e.g., Chiou et al., 2019,
2018; Popa et al., 2016).

We follow the structure definitions suggested in|Chiou et al.|(2018]). In particular, DM-Primary/Gas-
Secondary (DM/G) objects are spherical overdensity DM halos that also contain gas. The Gas-
Primary objects are gas objects obtained through running a Friends-of-Friends (FOF) algorithm on
only the gas component and subsequently fitted to a tight ellipsoid. Both DM/G and Gas-Primary
objects are identified by using the FOF algorithm with a linking length of 0.2 times the mean par-
ticle separation. Finally, the SIGOs are Gas-Primary objects that are outside the virial radius of
the closest DM halo and also have gas fractions greater than 40%. These objects have little to no
DM component. The advantage of our small simulation box is that it allows us to resolve SIGOs,
however, it prevents us from following the detailed evolution of SIGOs to smaller redshift. Thus,

in order to investigate the evolution of SIGOs at z < 20 we employ semi-analytical modeling.

4.4 Star formation model

We estimate the plausibility that a dense gas clump (either a SIGO or within a DM/G) may form
stars. Primordial star formation may be the most suitable epoch during the evolution of the Uni-
verse for the application of the Jeans criterion since the level of turbulence and strength of the
magnetic field are expected to be significantly lower (Bromm et al., 1999, 2002). The Jeans cri-

terion (Jeans, 1902) and the related Bonnor-Ebert mass describes the balance between gravity and
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Figure 4.1: Density projections of two representative SIGOs at z = 20. The density has been
normalized to p.; for each SIGO. The highest density ratio here is ~ 40, corresponding to dark
blue color. Note the filamentary nature with multiple high, smaller scale density peaks. The SIGO
is embedded at the center of the region with a scale of (R, Rmax) of (.01, .03) kpc and (.08, .14)
kpc for the left and right panels, respectively.

thermal pressure and is given by:

3 1.18
Mg = 1.18—= _ — 3

\/G—Sp_mp)\la

where ¢ is the isothermal sound speed in the region, G is the gravitational constant, p is the

4.1)

density of the gas, and \; the Jeans length. The mass in Equation (4.1)) is the largest mass that
an isothermal gas sphere embedded in a pressurized medium can have while still remaining in

hydrostatic equilibrium (Bonnor, [1956}; Ebert, [1955). This depends on the Jeans length, defined as

follows:
w2

Gp

Ay = (4.2)

The Jeans length is therefore the critical radius of a cloud where thermal energy is counteracted by

gravity.

Since we are dealing with a supersonic medium the other length scale of interest for defining a
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critical density for star formation is the sonic scal:

L rive
A = ( /ixt? > . (4.3)

Xs 1s defined as the length scale such that o; = ¢, M is the mach number on the driving scale,

Lgyive, of the turbulence, and o, is the one-dimensional velocity dispersion computed over a sphere
of diameter [ within a turbulent medium. The sonic scale physically represents the scale at which

turbulence in the gas transitions from supersonic to subsonic.

As discussed in Krumholz and McKee|(2005), if A\; < A, gravity is approximately balanced by
thermal plus turbulent pressure, and the object is at best marginally stable against collapse. Here
we assume that the magnetic field is dynamically unimportant relative to turbulence and gravity.
If A\; > )\, turbulent/thermal kinetic energy greatly exceeds gravitational potential energy and
the object is stable against collapse. Since \j is a function of the local density, the condition
A; < ) for collapse translates into a minimum local density required for collapse (in the absence
of magnetic fields). Equating the two length scales yields a critical density

T2 M*
Perit = ST

drive

4.4)

which can be rewritten in terms of the virial parameter, and assuming that the driving scale of the

turbulence is the characteristic diameter of the cloud, i.e., Lgrive = Lcloud, S,

7T2

Perit = 1_5p005vir,1-/\/l2 ) (45)

where ayir) = 507 Letoua/ (2G Meioua ) the ratio of turbulent to gravitational energy. We note that

these equations are only meaningful in the presence of a supersonic flow, as in our case.

In this simple stability picture, once the critical density is reached, the gas becomes unstable to
gravitational collapse. Burkhart and Mocz| (2019) related the critical density to a transition density

between a piecewise lognormal and power law of the density distribution. A power-law density

2This expression assumes a line-width size relation with exponent of p=0.5, expected for supersonic turbulence
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Figure 4.2: The average temperature in the stream velocity run as a function of p/pe, at z = 20.
The red vertical line indicates the p = p.i; line. To the right of the line we expect star formation to
take place and to the left, star formation is suppressed. The color code depicts the gas fraction in
the object. Recall that by definition SIGOs have gas fraction above 40%. Note the majority SIGOs
are in the star forming regime.

PDF is the 1-point statistic’s signature of gravitational collapse, regardless of the gas metallicity.
A turbulent medium will have an initially lognormal density distribution, but once gravitational

collapse sets in, the distribution can be described by a power law (Burkhart et al., 2017; Girichidis
et al., [2014; |Guszejnov et al.l 2018). Thus, the transition density as a critical density for collapse

is a natural consequence of the density distribution function. Below, we adopt this critical density

threshold as a star formation indicator.

We apply the above star formation criterion to the objects found in the simulation. In Figured.1]
we show the density of representative star forming SIGOs normalized to their critical density for
star formation. To compute the critical density we need an estimate of the turbulence sonic scale,
Burkhart, 2018). Since SIGOs are ellipsoidal (e.g.,
2018)), we assume Leoug ~ 2Rmax, because this is the maximum scale at which turbulence

which is given by Lgoua/M? (e.g.,
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can be generated. We calculate the critical densities for each object type (i.e., DM/Gs and SIGOs)
in our simulations following Equation (#.4). Considering first the DM/G objects we find that at
z = 20, 19% (85%) of them have densities and temperatures that yield favorable conditions for
star formation for the 20, (v = 0) run. This difference between the stream velocity and no
stream velocity case is expected since the stream velocity effect reduces the gas fraction of DM
halos (e.g.,[Naoz et al.| [2012; Tseliakhovich et al., 2011)). In Figure .2] we show the temperatures
and densities for the DM/G objects in the presence of stream velocity. As expected DM halos that
host larger gas fractions are more likely to form stars, according to the p.,;; criterion. Note that gas
in the DM/G objects is expected to fragment into cooler clumps that will serve as star formation

sites (e.g., Bromm et al., 1999; Greif et al.| 2011)).

Significantly, 88% of SIGOs may form stars for the 20, run (there are ipso facto no SIGOs in
the vp. = 0 run). As depicted in Figure [3.5] SIGOs have densities that are much higher than pe,;
and are overall cool. In other words, the majority of SIGOs have supercritical densities and are

thus ripe sites for star formation.

Note that since SIGOs are only marginally bound (Chiou et al.,, |2018])), supernova feedback
may disrupt the rest of the gas in them, thus suppressing further star formation. Indeed GCs tend
to have multiple generations of stars, possibly from multiple star burst epochs. Subsequent star
bursts may form during pericenter passage as a SIGO orbits the closest DM halo, if gas survived
the supernova feedback or was able to accrete from the mediu Here we focus on the first star

formation episode and hence adopt a star burst formation model.

4.5 SIGO and DM/G Luminosity

For the SIGOs and DM/G, with pristine gas, we follow Schaerer| (2003)) and consider a star burst

model with no metallicity at redshift = = 20 (his model “A”). This includes Lyman-« lines and the

3Here we adopt a semi-analytical approach for star formation, since detailed zoom-in simulations exploring the
supernova feedback are beyond the scope of this chapter.
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Figure 4.3: Luminosity as a function of mass for the v,. = 20, run at z = 20. The color code
depicts the gas fraction in the object. The horizontal line represents a characteristic mass scale of

present-day, local, globular clusters (e.g.,[Kimmig et al., 2015)).
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Figure 4.4: Luminosity as a function of the characteristic scale for vy, = 0 (left), 20,, _ (right). For
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H ionizing photon flux, Q(H ). The luminosity is given by

Liferg s = (1 — fuse)Qi(t)[s71], (4.6)

where (); is the ionizing photon ﬂuxﬂ ¢; is the line emission coefficient for Case B, and f.. is the
photon escape fraction. We assume a photon escape fraction of f,,. = 0.5 and that 10% of the gas

mass of a SIGO or a classical object (DM/G) will be converted into stars.

With these relations at hand we estimate the luminosity-mass (Figure and luminosity-
radius (Figure [4.4) relation for the different objects. As it can be clearly seen in these Figures, the
SIGOs and DM/G occupy different parts of the parameter space. Moreover, as shown in Figure

4.3 SIGOs cover the GC mass range.

As expected, and noted previously in the literature (e.g., Greif et al., 2011; [Stacy et al., 2011)),
the stream velocity suppresses the abundance of DM/G objects and in particular the star-forming
ones. In Figure we display the results of the runs with and without stream velocity. The left
panel corresponds to the no stream velocity case. Here, there are no SIGOs present and there is
a fairly tight relation. With stream velocity, on the right panel, there are less DM/Gs and there is

more scatter in the distribution.

Considering the SIGOs, they occupy a dimmer and more compact part of the parameter space.
Since in general star formation would occur in high density peaks that are much smaller than the
size of the SIGO, we consider the characteristic scale to be the smallest ellipsoid axis’\ whereas
the characteristic scale for the DM/G is simply the virial radius). Indeed, it has been argued that
GCs might form as the nuclei of a dwarf galaxy that dissolved (e.g.,|[Searle and Zinn, |1978)). Since
luminosity is calculated based on the total gas mass of the object and SIGOs tend to be not be very
massive, there is a separation in luminosity-mass space. As for luminosity-radius space, the prolate
nature of SIGOs gives them a distribution of sizes and they tend to be less luminous in general than

the DM/G.

4Note that following the model of (Schaerer, 2003), Q;(t) has a linear dependency on the mass of the object.

5Recall that we use Rypax to calculate the the density threshold, because R,,ax describes the turbulence scale.
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The mass and characteristic scale of the SIGOs seems to be consistent with Little Blue Dots
(Elmegreen and Elmegreen, 2017) and the star forming dwarf detected recently by (Vanzella et al.,
2019). The aforementioned observed objects have been suggested to be GCs progenitors, their
similarity to SIGOs is uncanny and may suggest a strong link between high redshift, star-forming

SIGOs and GCs progenitors. Future HST and JWST observations may yield stronger evidence.

4.6 Discussion

The supersonically induced gas objects (SIGOs) are expected to exists in patches of the Universe
with non-negligible stream velocity (Chiou et al., 2018; Naoz and Narayan, 2014; Popa et al.,
2016). We showed that these gas-rich objects, with little to no DM components, have high enough
densities that can give rise to star formation. Thus, the early Universe is predicted to have two
classes of star forming objects, the classical ones, i.e., high gas densities within DM halos (DM/G),

as well as SIGOs.

We estimated the luminosity expected from star formation in these objects (both SIGOs and
the classical objects). Due to the formation nature of SIGOs, they occupy different parts of the
parameter space than the classical DM halos with gas. The SIGOs are dimmer than the classical
objects at the same redshift. Note that, while the simulation snapshot here is associated with
z = 20, we expect these objects to continue to fornﬁ and exist (at least before reionization),
based on the agreement between the analytical calculations (Naoz and Narayan, 2014) and our
simulations (Chiou et al., 2019, 2018}; [Popa et al., 2016).. Thus, future JWST observations may be

able to disentangle star forming SIGOs from classical objects.

Moreover, we note that the recently observed Little Blue Dots (Elmegreen and Elmegreen,
2017), which are suggested to be star-forming progenitors of globular clusters, are consistent with
with the mass and radius of SIGOs in the simulation. The star-forming dwarf found by |Vanzella

et al.[(2019) has also a similar mass and size to our largest SIGOs. There may also be a connection

6Note that ~ 105 M, objects are expected to be fairly common (represent about a 1 — o fluctuation) at about z ~ 6
(e.g.,Barkana, |2016; |[Fialkov et al., 2012; Naoz and Barkanal, [2007).
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between SIGOs and Giant HII Regions and HII Galaxies (Terlevich et al., 2018]). Furthermore,
we note that SIGOs that formed little to no stars may be connected to the starless dark HI objects
predicted by Burkhart and Loeb| (2016). Interestingly, the recent discoveries of two galaxies with
little to no dark matter (Danieli et al., [2019; van Dokkum et al., 2019, [2018)), share a striking
resemblance to SIGOs. While the size estimation of these low redshift galaxies is somewhat larger
(few kpc) than the SIGOs (1 — 100 pc), we speculate that these objects may be a result, in the
local Universe, of a collections or mergers of SIGOs. Moreover, the 10 GCs identified around one
of these galaxies (Danieli et al., 2019), are consistent with multiple high densities peaks we have

found within our high redshift simulated SIGOs.

The separation of SIGOs and DM/G in the luminosity-radius parameter space (e.g., Figure 4.3)
highly resembles the magnitude-radius separation parameter space of present-day, local, globular
clusters and sub-groups separation (e.g., McConnachie, 2012, see their figure 6). Thus, we may
speculate on how SIGOs and DM/G objects will be observed today. Assuming a burst-like star
formation before reionization (z = 10), we adopt an initial mass function (IMF) for the objects.
In particular, we adopt a top-heavy IMF for the SIGOsﬂ following |Decressin et al.| (2007), and a
Salpeter IMF for the DM/G. We then calculate the fraction of spectral types of stars that evolve
along the main sequence. The majority of the stars that survive to present-day then will be G and K
type stars, as well as red giants. Given this population, we subtract their various bolometric correc-
tions. We can then roughly estimate each object’s visual bolometric magnitude. We also estimate
that the observed stellar cluster that formed within the SIGOs corresponding to the highest density
peak which is, typically smaller than R,,... Thus, we adopt the R,,;, for the observed value. Our
order of magnitude estimations are presented in Figure We also over-plot the region of the
parameter space that is associated with globular clusters (red box) and Andromeda and the Milky
Way sub groups (blue area) (McConnachie, [2012). Heuristically, the SIGOs are consistent with
the absolute visual magnitudes of present-day, local, globular clusters. Although the SIGOS in this

simulation only contain primordial gas, we speculate that some self-enrichment or second popula-

"Following Decressin et al.|(2007), we use a piecewise IMF, with low mass end (0.1M, < M < 0.8M) is given
by a lognormal form and above 0.8 it is given by a top heavy power law with slope x = 0.55. Note that using a
Salpeter slope for the SIGOs IMF did not significantly affect the results.
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tion formation mechanism (such as pericenter passage of orbits about the nearest DM halo) may
contribute to the nonzero metallicity in metal-poor GCs. Further simulations including explicit
star formation (and the associated metal enrichment) are needed to address this. Nevertheless, the

agreement between our rough estimates and the observations is very encouraging.

Finally, these results suggest that if this is the dominant formation mechanism of globular clus-
ters, varying patches (on the order of few tens of Mpcs) in the Universe associated with different
coherent vy, values, will have significantly distinct abundances of globular clusterﬂ Indeed, about
39% of the Universe contains patches of stream velocity with v,. > 1o, (Tseliakhovich et al.,

2011). Thus, detailed HST and future JWST observations may allow to disentangle between dif-

ferent formation channels of globular clusters.

8From linear theory, the abundance of SIGOs on face value should follow the abundance of gas poor DM halos (e.g.,
Naoz and Narayan, [2014). Numerically, SIGOs undergo two body relaxation processes and numerically evaporate,
(e.g.,|Chiou et al.| 2018 |Popa et al.| 2016), thus, detailed abundance studies are challenging. Note that our choice of
a larger og provides higher power that enables us to overcome some of the numerical challenges and can be viewed as
a high-fluctuation patch in the Universe.
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CHAPTER 5

Conclusion

5.1 Summary of Results

In this work, we have investigated the effects of the stream velocity between baryons and DM
in the early Universe through the use of numerical simulations. In particular, we have focused
on Supersonically Induced Gas Objects (SIGOs), that arise naturally due to the relative velocity
between baryons and dark matter in the early Universe. Here we have paved the way towards

progress in understanding a novel formation mechanism for globular clusters via SIGOs.

We began by studying how the stream velocity affects the spin morphologies of primordial
objects via the spin parameter. This is an observable quantity that determines the rotational support
of a object. We showed that with the inclusion of stream velocity, the spin parameter of DM
halos follows lognormal distribution (as expected, e.g., Bullock et al., 2001)), but the median spin
parameter is larger. The misalignment angle between the angular momenta of gas and DM in a
DM halo was shown to have a nearly isotropic distribution in contrast with the standard picture
of galaxy formation which states that tidal torques endows the same initial angular momentum to
both DM and baryons. This was the first time that analysis of the spin parameters of DM halos at

the low mass range (105~ M) at high-redshift.

Focusing on the SIGOs, we studied their ellipsoidal morophology and showed that they differ
from a standard NFW profile which describes classical DM halos and display a more cored inner
profile. Since SIGOs themselves are not contained within a DM halo, we generalized the spin
parameter to SIGOs by normalizing with respect to fiducial DM halo’s mass which is ~ 6Mg

contained in the SIGO. This generalized spin parameter also follows a log normal distribution and
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SIGOs have higher spin parameters compared to the gas components of DM halos without stream

velocity.

Further investigation of SIGOs requires the consideration of additional physical processes such
as cooling and star formation. The simulations of Popa et al.|(2016) only included adiabatic cooling
due to the expansion of the Universe. To further connect SIGOs with globular clusters, we ran a
new suite of simulations which included atomic cooling as well as stream velocity. Atomic cooling
(as opposed to molecular cooling or metal-line cooling) was chosen since SIGOs form in the early
Universe out of pristine gas. We showed that atomic cooling does not significantly alter SIGO
properties such as overdensity, prolateness, and temperature. Since atomic cooling is inefficient
below 10* K and most SIGOs with only adiabatic cooling already have temperatures lower than
10* K, this result is expected. Nevertheless, cooling does lead to a more diffuse environment
around SIGOs. For DM/G however, we reproduced results that cooling does indeed decrease
the temperature the hottest DM/G to below 10* K and also makes their structure more compact.
Comparing the cold gas fractions, SIGOs have a higher cold gas fraction than DM halos. Cooling

also further increases the scatter of the DM halo cold gas fraction as a function of mass.

To study the star formation in SIGOs from pristine gas, we employed a critical density for star
formation based on the balance between gravity, thermal and turbulent pressure. Although the
explicit details of formation of the first stars have been well studied in the literature, here we took
a more global approach via this density threshold to study population statistics. We found that
under this criteria, 88% of SIGOs form stars at z = 20 for a stream velocity of vy,. = 20.. Then,
we employed a starburst semi-analytic model to estimate the luminosity of star-forming SIGOs.
SIGOs were found to occupy a distinct parameter space in the luminosity - radius diagram. We
then evolved the stars along the main sequence and subtract bolometric corrections to obtain the
visual magnitudes of present-day SIGOs. We showed that the SIGOs occupy a similar region to

present day GC.

These results suggest that SIGOs may be a viable formation channel for modern day metal-
poor GC. Indeed, the recently observed Little Blue Dots (Elmegreen and Elmegreen, [2017), which

have been purported star-forming progenitors of GC are also consistent with the mass and size of
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SIGOs in simulation. Furthermore, the observations of galaxies with little to no DM (Danieli et al.,
2019; ivan Dokkum et al., 2019, 2018]) also seem reminiscent of SIGOs, which also contain little to
no DM. Although the sizes of these galaxies are larger, they may be a result of SIGO mergers. We

leave the further investigation of detailed comparisons of SIGOs to observations to future work.

5.2 Future Work

It is important for any model of structure formation to predict the abundance of halos. Future work
should calculate analytically the number density of the SIGOs and dark halos as a function of mass
and redshift. The simple analytical model of Press and Schechter| (1974), which is based on Gaus-
sian random fields, assumes spherically symmetric collapse. It predicts that the abundance of halos
depends on mass and redshift through the the two functions o (M, z) and 6.(z), where o(M, z)
is the variance (calculated from the power spectrum) as a function of halo mass at redshift z, and
d.(2) is the critical collapse overdensity. Further work will study both the Zel’dovich approxima-
tion and the nonlinear evolution of over densities, as explained above. Using these results, one can
calculate object abundances and compare them to results from simulations. This comparison will
be used to disentangle the different physical processes that take place in the simulations and will
allow us to better understand this formation scenario. The abundance of these halos is particularly

important for comparisons with observations.

To further compare SIGOs to GC, the environments of the SIGOs and their clustering and
abundances should be studied in-depth, which can be compared to present day GC abundances.
Additional cooling channels such as molecular hydrogen can be explored to drive the temperatures
down and densities up to further investigate the star forming potential of SIGOs. Higher resolution
simulations are also favorable due to the numerical evaporation of SIGOs at low redshift (Popa

et al.,[2016).

Since SIGOs are only marginally bound (Chiou et al., 2018), an open question is to whether a
first round of star formation and subsequent supernova will blow away all the gas and destroy the

SIGO. Future simulations will include explicit star formation and feedback, though this remains
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challenging since the exact details of Population III star formation are still uncertain.

To follow SIGOs evolution to present day, future studies will employ a zoom-in method and to
follow SIGOs to z = 0. This will allow us to directly compare our numerically results with the
predictions presented in Naoz and Narayan| (2014). This will allow us to quantify the survival of

these objects up to present day, and will compare with linear analysis predictions.

Further connecting SIGOs to GC, we consider GC properties. In particular, observations show
evidence for multiple stellar populations in GC (see e.g., Bastian and Lardo, 2018}, \Gratton et al.,
2012, for a review). In|Chiou et al.| (2019), we have assumed a single star burst event in SIGOs and
only primordial star formation. However, several close approaches of SIGOs in its orbit around a
galaxy may correspond to further star formation episodes during accretion from pericenter passage.
This may replenish gas and lead to a second round of star formation. Further work to study the

in-depth time evolution and kinematics of SIGOs is necessary.

The upcoming JWST mission will be able to see deeper into Universe than ever before and
uncover the mysteries of high redshift galaxies. SIGOs are a promising candidate to be found
by this mission. Future studies and observations will further clarify the link between SIGOs and

globular clusters.
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