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ABSTRACT

Context. High-redshift (z ~ 2—3) galaxies accrete circumgalactic gas through cold streams. Recent high-resolution magnetohydro-
dynamic (MHD) simulations of these streams show a significant amplification of the intergalactic magnetic field in the shear layer

around them.

Aims. For this work we estimated the magnetisation of high-redshift galaxies that would result purely due to the accretion of already

magnetised gas from cold streams.

Methods. We used the mass inflow rates and saturated magnetic field values from cold stream simulations as input to a simple analytic
model that calculates the galactic magnetic field purely from mass accretion.

Results. Our model predicts average magnetic field strengths that exceed uG values at z ~ 2-3 for inflow rates above 0.1 Mg yr~!.
For high inflow rates, our model results are consistent with the recent detection of a strong magnetic field in z > 2.6 galaxies.
Conclusions. Within the assumptions of our simple model, magnetised cold streams emerge as a viable mechanism for seeding a

dynamically important galactic magnetic field.

Key words. magnetic fields — magnetohydrodynamics (MHD) — methods: analytical — methods: numerical — galaxies: evolution —

intergalactic medium

1. Introduction

Local spiral galaxies are strongly magnetised, with a magnetic
energy density in equipartition with turbulent kinetic and cosmic
ray energy densities (Beck et al. 2019). Galactic dynamo the-
ory (see Brandenburg & Ntormousi 2023, for a review) has been
very successful in explaining cosmic growth and the observed
large-scale coherence of the field, predicting growth rates of
the order of 2 Gyr~! for the large-scale field (Beck et al. 1996).
However, recent observations suggest field strengths >uG at
high redshifts as z ~ 1 (Bernet et al. 2008; Mao et al. 2017),
z ~ 2.6 (Geach et al. 2023), and up to z ~ 5.6 (Chen et al. 2024).
Strongly magnetised galaxies at a cosmic time of about 1-2 Gyr
pose a critical challenge: either the seed fields for the galactic
dynamo are stronger than previously thought or there is an addi-
tional magnetic field amplification process at high redshift.
Numerical simulations of cosmic structure formation pre-
dict that massive galaxies are fed by filamentary cold accre-
tion, penetrating through the hot circumgalactic medium (CGM)
(Fardal et al. 2001; Keres et al. 2005; Dekel & Birnboim 2006;
Dekel et al. 2009). Recent high-resolution simulations of these
cold streams have focused on their small-scale structure
and hydrodynamical stability (Mandelker et al. 2019, 2020a;
Berlok & Pfrommer 2019; Aung et al. 2019, 2024; Ledos et al.
2024; Hong et al. 2024). Using magnetohydrodynamic (MHD)
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simulations with radiative cooling, Ledos et al. (2024) have
revealed that an nG-strength field can be amplified up to uG val-
ues in the cold gas, due to the tangling and stretching of the field
lines inside the mixing layer between the stream and the CGM.

In light of this result and the observational evidence for
high-z galactic magnetisation, for this work we estimated the
degree of magnetisation that can be obtained from magnetised
gas inflow onto early galaxies. To this end, we constructed a
simple analytical model, quantifying the build-up of magnetic
energy in the galaxy from magnetised cold inflows.

First, we present the origin of the magnetic field amplifica-
tion from the simulations of Ledos et al. (2024) and from new
3D simulations in Sect. 2. Then, we present the model in Sect. 3
and discuss the results in Sect. 4.

2. Magnetic field growth in cold streams

Among recent high-resolution simulations of cold streams in the
CGM with idealised geometry, Ledos et al. (2024) is to date the
only one to cover the evolution of cold streams with magnetic
field and radiative cooling over a wide range of parameters. We
used their simulation results as input for our analytical model.
We briefly present the simulation suite below, along with the
new 3D simulations. For an extensive description, we refer to
Ledos et al. (2024).
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Fig. 1. Time evolution of the stream and the magnetic field lines for a 3D simulation (with ns = 0.01 cm™). Left: Maps showing volume rendering
of the density field and the magnetic field lines. The lines are coloured by magnetic field strength. Right: Same as the left panel, but with only the

magnetic field lines.

2.1. The simulation set-up

The stream is positioned at the centre of a box defined by
L, x L,(XL;) = 64 Rs X 32 R,(x64 R,) with Ry representing the
stream radius. The stream axis is oriented in the y-direction. The
stream traverses the simulation box repeatedly due to periodic
boundary conditions. Initially, the cold stream and the hot CGM
gas are uniformly distributed in isobaric equilibrium, with a den-
sity contrast 6 = pg/pcem. This set-up is consistent with previous
idealised cold stream simulations (Mandelker et al. 2016, 2019,
2020a; Berlok & Pfrommer 2019; Vossberg et al. 2019).

The initial conditions for the density and the magnetic field
are shown in the top panels of Fig. 1. The physical prop-
erties are assumed to match those of the stream and CGM
at the virial radius R, = 100kpc of a typical massive halo
of 10> M, at z ~ 2, consistent with cosmological simula-
tions (Goerdt et al. 2010), empirical models (Dekel et al. 2013;
Mandelker et al. 2020b), and observations (e.g. Martin et al.
2012; Daddi et al. 2021; Emonts et al. 2023; Zhang et al. 2023).
This yields n, = 1073,1072, 107" cm™3, along with two density
ratios 0 = ps/pcem = 30, 100, a set of stream and CGM metal-
licities (Zy, Zegm) = (10‘1-5 , 10‘1) Zo, and three different stream
Mach numbers M = Mg = 0.5,1,2. We fix the stream radius
to Ry = lkpc. In all cases, the magnetic field is initially uni-
form with a ~nG strength, which yields a plasma beta (ratio of
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thermal pressure to magnetic pressure) 8 = p/pmag = 10°. Mag-
netic fields with angle of 0°, 45°, and 90° with respect to the
stream are also considered. Initial perturbations of the velocity
field are introduced at the interface of the stream and the CGM.

Since magnetic fields can behave differently in 3D than
in 2D, we ran two 3D simulations to validate our 2D results,
extending the 2D stream into a 3D cylinder. The 3D simulations
are initialised with ns = {0.001,0.01}cm™, 6 = 30, and M = 1,
employing a radiative cooling model from Ferland et al. (2017)
without self-shielding or thermal conduction to reduce computa-
tional time'.

It should be noted that 6 = 30 represents a limit for the
CGM properties, leading to relatively low temperature (Tcgm ~
3 x 10° K) and sound speed (Cegm ~ 120km s7!) and high den-
sity (Megm ~ 3 X 10°-3 x 1073 cm™3) (Dekel & Birnboim 2006;
Mandelker et al. 2020b). However, this value of ¢ does not sig-
nificantly affect the magnetic field growth and the stream’s evo-
lution (Ledos et al. 2024), and has the advantage of reducing the
computational cost of the simulations.

! As demonstrated in Ledos et al. (2024), thermal conduction has only
a significant effect on magnetic field growth when M < 0.5 and ny <
0.001 cm™3.
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2.2. Stream evolution

Figure 1 illustrates the evolution of the stream density and of the
magnetic field lines in the 3D simulation with n, = 0.01cm™.
The time is in units of the sound crossing time in the stream
to = Rs/cs, with ¢4 the sound speed in the stream. For the sim-
ulations in Fig. 1, #p ~ 45 Myr, with a virial crossing time of
ty = Ry/vso ~ 181. As the stream progresses, the shear at the
interface between the stream and the CGM triggers the Kelvin-
Helmholtz instability (KHI). The growth of the KHI creates a
mixing layer. The fate of the stream is determined by the ratio of
the cooling time in the mixing layer to the dynamical time,

g:@ (D

b
tdyn

with feeo = (Tmixkb)/[('y - l)nmixAnet,mix], and Idyn ~ R /v,
where Thix, Mmix, and Apermix are the mixing layer gas tem-
perature, number density, and net cooling rate, estimated as in
Begelman (1990) and Hillier & Arregui (2019). The term vy is
the stream velocity. If cooling dominates (i.e. ¢ < 1), then the
CGM gas in the mixing layer condenses onto the stream, lead-
ing to a growth of the stream mass. This situation is illustrated
in Fig. 1, where the simulations shown have & ~ 6 X 1072, In
cases where cooling is not dominant, Ledos et al. (2024) show
that magnetic fields and thermal conduction can stabilise the
stream against KHI up to & ~ 8. For higher £ values, the thermal
conduction timescale becomes shorter than 7. and fgyn, caus-
ing the stream to diffuse into the hot CGM, reducing its cold gas
accretion rate.

2.3. Magnetic field amplification mechanisms

Ledos et al. (2024) showed, in the situation described in the
previous section, that two mechanisms lead to magnetic field
growth: (1) the coherent stretching of the field lines due to the
velocity shear at the interface between the stream and the CGM
and (2) the tangling of field lines due to the growth of the KHI
(including an incoherent stretching of field lines by turbulence
or vortexes). We confirm that mechanisms (1) and (2) are domi-
nant and well-resolved in our simulations by analysing the power
spectra in Appendix A. Additionally, the condensation of CGM
gas onto the stream can lead to a compression mechanism, which
we discuss at the end of this section.

Figure 1 shows the stretching and tangling of the magnetic
field lines around the stream. The magnetic field is initially
amplified by the stretching of the field lines at t ~ 0.47 ~
0.02 t,. Following the growth of the KHI, the field lines tangle,
and the magnetic field is mixed within the stream. This tangling
has already developed well at the early time of t ~ 2#y ~ 0.1¢,.
Appendix B compares the results between the 2D and 3D sim-
ulations. We demonstrate that at later simulation times, the 3D
simulations allow more efficient mixing of the magnetic field
in the stream compared to 2D simulations with the same flow
parameters. Some simulations in Ledos et al. (2024) have a mag-
netic field parallel to the stream, which results in a magnetic field
growth only by tangling as there is no magnetic field component
to be coherently stretched by shear at the interface of the CGM
and the stream. We refer to this configuration as a no-stretching
amplification case, which represents a lower limit for the mag-
netic field amplification.

The field amplification is approximated as a stretching flux
tube (see e.g. Spruit 2013). The details of the model are derived
and discussed in Ledos et al. (2024, Appendix D). The magnetic
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Fig. 2. Time profiles of the magnetic field in the stream for 2D and
3D simulations (dotted and solid lines, respectively). Simulations are
shown for n; = 1072 and 1073 cm™3 in purple and orange, respectively.
The dotted grey line stands for a 2D simulation with n;, = 1072 cm™
and with a magnetic field parallel to the stream (no amplification due to
stretching). The dashed lines show the model results from Eq. (2) with
the same Mach number as the simulations (M = 1).

field growth takes the form of
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where By, is the theoretical magnetic field, and g8 = 10° the
plasma beta. The term R,/ (R + v.t) indicates the stretching of
the field lines over time, with v, the characteristic velocity of the
mechanism responsible for the amplification. In the case where
field lines are stretched due to shear (mechanism 1), v, = v59
(i.e. the shear velocity between the stream and the CGM). In the
case of the tangling of the field lines due to mixing (no-stretching
case), vc = vwrb (Eq. 34 Ledos et al. 2024), where vy, denotes
the turbulent velocity in the mixing layer.

In Fig. 2 we present the time profile of the mean magnetic
field in the stream for the 3D and 2D simulations, along with the
model derived from Eq. (2). The magnetic field growth follows
the same functional dependence on time in 2D and 3D. How-
ever, when cooling dominates (n; = 1072 cm™), the 3D simu-
lation predicts a higher magnetic field strength compared to its
2D counterpart. This occurs because in 3D the mixing layer sur-
rounds the stream, leading to a larger surface area for the stream
to incorporate magnetic fields through the condensation of CGM
gas. When condensation is subdominant (ng = 1073 cm™3), there
is no significant difference of magnetic strength between the 2D
and 3D simulations. Given that the model (Eq. 2) is indepen-
dent of n, it reasonably reproduces the magnetic field growth in
terms of shape and order of magnitude. Figure 2 also depicts the
magnetic field growth for a 2D simulation in the no-stretching
case (only tangling and incoherent stretching, corresponding to
a magnetic field initially parallel to the stream). By replacing
the shear velocity v in Eq. (2) with the turbulent velocity, By,
closely matches the simulation result (compare the grey dot-
ted and dashed lines). This highlights that in the absence of
stretching, the primary mechanism for the field amplification is
the tangling of the magnetic field lines due to turbulence.
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Fig. 3. Illustrative sketch of the main processes of the model. The cold stream arrives initially from the intergalactic medium (IGM) with a mass
flow rate M, and a magnetic field By ~ nG. Step 1: As the cold stream enters the halo, a mixing layer forms at the interface of the CGM and the
stream. Magnetic field lines are tangled and stretched in the mixing layer, resulting in magnetic field amplification. Simultaneously, CGM gas in
the mixing layer condenses onto the stream, accumulating magnetic fields. From the interaction of the stream and the CGM, the cold mass flux
and the magnetic field of the stream become F and B. Step 2: Upon falling into the halo, the cold stream narrows and is squeezed by the dark
matter potential. Consequently, magnetic fields in the stream are also compressed, further amplifying it by a factor . The stream is also expected
to entrain CGM gas while falling through the halo potential, increasing its mass flux by an efficiency factor 77. Step 3: Ultimately, if the stream
reaches the galaxy, it continuously accretes cold gas at a rate M;, with an associated magnetic energy inflow rate Ey,j, to the galaxy, elevating the
galactic mean magnetic field. By default, we did not consider outflow; however, we introduced a simple outflow term in Appendix C.

Following these results, we consider that the magnetic field
growth due to gas condensation is, in most cases, small com-
pared to the effects of stretching and tangling. If compression
was the dominant mechanism, the magnetic field growth would
primarily depend on the efficiency of cooling in the mixing layer
(i.e. the parameter &), and there would be almost no magnetic
field amplification when the stream does not condense CGM gas
(¢ > 1). However, (1) the magnetic field growth is both signifi-
cant and independent of ¢ when the magnetic field is not parallel
to the stream (Ledos et al. 2024, Fig. 12), and (2) when the mag-
netic field is parallel to the stream the magnetic field growth can
be well described by our model that accounts for the tangling of
the field lines (see Fig. 2). The dependence on ¢ then arises from
the turbulent velocity vy,,. Based on these two arguments, we
argue that compression is subdominant, and we do not include it
in our simple model.

3. A simple analytical model

In this section we present a simple analytical model to esti-
mate the potential contribution of magnetised cold streams to
the galactic magnetic field.

3.1. Model summary

We illustrate the main idea of the model in Fig. 3. The model can

be decomposed into three physical steps:

— Step 1: Growth and accumulation of the magnetic field in the
stream. Once the cold stream enters the hot halo, the velocity
shear at the interface of the cold stream and the hot CGM
triggers the KHI. From the growth of the KHI, a mixing layer
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forms at the interface. The magnetic field lines are tangled
and stretched by shear and KHI-generated turbulence, lead-
ing to an amplification of the magnetic field in the mixing
layer. Concurrently, if the cooling time in the mixing layer
is shorter than the shearing time, the CGM gas condenses
onto the stream. The condensation incorporates the magnetic
field from the mixing layer into the cold stream. This pro-
cess occurs relatively quickly, with t < 87 ~ 0.41. As a
consequence of the interaction between the stream and the
CGM, the amplified magnetic field B within the stream and
the stream’s cold mass flux M; are expressed as follows:

B, = B(X), 3)
dM,
e F(X). 4)

To keep generality, one may use any functions for By(X) and
F(X) with X being a vector of any relevant inputs variables.
The specific form of these functions is defined in Sect. 3.3
within the context of our simulations.

Step 2: Growth of the magnetic field in the stream from com-
pression. The cold stream falling towards the central galaxy
undergoes compression due to the gravitational potential of
the dark matter halo. This compression is expected to amplify
the magnetic field within the stream further. Additionally, as
the stream grows due to the condensation of CGM gas, its
velocity increases, resulting in a higher rate of cold gas accre-
tion onto the galaxy. Our suite of simulations, presented in
Sect. 2, does not account for this process, but we included it
in the analytical model by considering the results from other
works. Recent studies from Hong et al. (2024) and Aung et al.
(2024) show that the potential can indeed enhance the cold gas
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accretion rate by a factor of <3.5. Because of the halo poten-
tial’s influence, we defined the cold mass flux M;, reaching
the galaxy as

dMin
Tl nFX), Q)

and its associated mean magnetic field Bj, as
Bin = aBs(X), (6)

where 77 € [0, oo] represents an arbitrary efficiency rate for the
cold inflow due to the halo potential, and « is the compression
coefficient that accounts for the magnetic field amplification
resulting from compression.

— Step 3: Accumulation of magnetic energy in the galaxy.
We assumed that the galaxy is fed by magnetised cold
inflows with accretion rate M;, and magnetic field Bj,. Over
time, this inflow accumulates magnetic energy within the
galaxy, thereby increasing the mean galactic magnetic field
B,. Clearly, galaxies can also lose magnetic flux through
outflows, an effect not included in the model. Since out-
flow properties depend on the galactic properties in a non-
trivial way, including them would require extensions to the
model that are beyond the scope of this work. However, in
Appendix C we considered the simple case of a continuous
outflow term. More detailed estimates of the effect of outflows
on the galaxy’s magnetisation will be the subject of future
work.

3.2. Derivation

A general definition of the evolution of the magnetic energy in
the galaxy can be written as

dEm,g _ dEm,in " dEm,amp _ dEm,dif‘f _ dEm,out

dt dr dr dr dr @
where the terms Enin, Emamp, Emdiff, and Ep oy stand for the
variation of galactic magnetic energy by inflows, the amplifi-
cation inside the galaxy, diffusion processes, and removal from
outflows, respectively. For simplicity, in this paper we focus only
on the inflow component E, ;,, leaving all other terms equal to
zero. We provide the derivation of the model with a simple out-
flow component E, o, in Appendix C. We can then rewrite Em,g
as

dEm,g _ dEm,in _ dEm,in dMin (8)
&t dr  dM,, dr
Knowing that,
B? B2 M,
Em,in = TmVin = Tm ,Oinn’ (9)

where Vi, My, and py, are the volume, mass, and density of the
gas inflow reaching the galaxy, respectively. We end up with a
general formulation as

dEn, BX dM,
== 02 =G 10
dr 2,01'11 dr (10)
Assuming that Cj, is invariant in time yields
Eng() = Cint + Epg 0. an

For Cj,, using Egs. (5) and (6) for Bj, and M, gives

2

@ S
Cin = 5—nF(X),
2ps

(12)

where we use the compression coefficient such that pi, = aps.
Finally, the mean magnetic field in the galactic volume V, can
be recovered as

Emmy2

g

@mz@ (13)

From Eq. (13), the model predicts a continuous growth of the
galactic magnetic field.
The above derivation is kept general, such that any estima-

tion of the cold mass inflow M;, and the inflow magnetic field
B;, can be used and plugged in, either in Eq. (10) or Eq. (13).

3.3. Step 1: Input values from simulations

We now outline how we utilised the simulations to determine
values for the cold stream mass flux F and its magnetic field By
resulting from the interaction with the CGM (Step 1). To deter-
mine the cold mass flux subsequent to the interaction with the
CGM, we employed a fitting function based on the cold mass
flux rate obtained from the 2D simulations suite (Ledos et al.
2024). This function is expressed as

F(X
.( ) =1 —agb,
Ms,O

(14)

where a ~ {0.03,0.11,0.05} and b ~ {0.95,0.24,0.12}, for M =
{0.5, 1,2}, respectively. Here X = (M, ). It is important to note
that the fits were performed based on the mass flux at ¢ = f.pg,
which therefore represents a lower limit scenario for the cold
mass survival rate.

The comparison of the fitted model and the simulations is
shown in Fig. 4. As described in Sect. 2.1, the cold stream mass
flux is expected to decrease with increasing £. Moreover, for
¢ 2 1, higher Mach numbers correspond to lower KHI growth
rates, resulting in higher values of F in the simulations. The fit-
ted model from Eq. (14) effectively predicts the simulation out-
comes, demonstrating its suitability as a definition for F.

For B, we assumed the magnetic field to be at the mean sat-
urated value following the initial rapid growth, By = (By,), with
the average done over the full simulation time ¢ = 22 #; and with
By, expressed in Eq. (2) for ¢ < 8. For ¢ > 8, to account for
the special case where the stream is diffused inside the CGM
due to thermal conduction, we used a linear function dependent
on Mach numbers fitted from values of Ledos et al. (2024). This
gives,

|

For & > 8, anisotropic thermal conduction is expected to diffuse
both the stream and the perturbations, thereby suppressing the
KHI. Thermal conduction occurs along the magnetic field lines,
which are stretched at the stream’s interface due to the veloc-
ity difference. Faster streams result in more stretching and less
efficient thermal conduction (see Ledos et al. 2024, Sect. 4.1.2).
Consequently, the stream’s diffusion continues over time only for
relatively slow streams (M < 0.5). For M > 0.5, the stream’s
diffusion becomes rapidly inefficient, so the magnetic field, ini-
tially amplified by stretching, remains in the cold phase, leading

(Bwn)
By (34 M - 16)

if £ <8,

if £> 8. (a5)
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Fig. 4. Cold mass flux rate normalised by the initial cold mass flux of
the simulations. Each point represents one simulation with a fixed &, M,
and initial magnetic angle ¢ with respect to the stream axis. Red dots,
blue squares, and cyan diamonds refer to 2D simulations with M =
2,1,0.5, respectively. Using the same colour legend, the fitted model is
represented by coloured curves. For a fixed & and M, the two points
represent simulations with an initial magnetic field angle of 90° and 45°
with the highest values associated with the 90° angle in all cases.

to a small amplification of the mean magnetic field within the
stream.

As discussed in Sect. 2, we also considered a no-stretching
case for the magnetic field amplification. In that case, instead of
using Eq. (2), we wanted to account for the impact of thermal
conduction and used the power-law fit from Ledos et al. (2024),
giving

B, ~ 0.13&701, (16)

We note that B is based on the 2D simulations results (see
Ledos et al. 2024, Fig. 12). As discussed in Sect. 2, this means
that our B; may be an underestimation compared to our 3D
results when cooling is dominant (¢ < 1).

4. Results and discussion

We first apply our model to a general case of an accreting galaxy
and then consider the particular case of the galaxy studied by
Geach et al. (2023).

4.1. Growth of the galactic magnetic field

We consider a scenario without outflows (Eq. 11) where the
impact of the halo potential (Step 2) is neglected (i.e. 7 = @ = 1).
For the galaxy volume V,, we first consider its halo mass to
be of the order of 10'2 M, to ensure that its CGM is hot and
that it is fed by cold streams between z ~ 3 and z ~ 2
(Dekel & Birnboim 2006; Aung et al. 2024). This redshift range
corresponds to ~1.15 Gyr, for which we assume for simplicity
that the cold accretion lasts for about 1 Gyr. We use the empir-
ical relation of Girelli et al. (2020) for the halo to stellar mass
ratio, and the empirical relation of Yang et al. (2021) for the
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Fig. 5. Mean galactic magnetic field from our model as a function of
the stream cold mass flux entering the halo M. The cold mass flux is
obtained by varying its number density n; € [0.001,0.1] cm™ for dif-
ferent stream radii R = (0.3, 3, 30) kpc (plain, dashed and dotted lines)
and for different Mach number M = 0.5,1,2 (light to dark colours).
The red and blue colour maps show results for the default case By and
the no-stretching case (see Sect. 3.3), respectively. The vertical grey line
shows the maximum cold mass flux simulated in the simulations suite.

stellar mass-to-galactic radius conversion®. For our considered
halo and redshift, it gives us a stellar mass of M, ~ 2x 10'! My,
and R, ~ 3kpc. The galaxy’s disc height is fixed at d; = 0.1 Rq,
as suggested by observations of high-redshift galaxies from
the Hubble Space Telescope (HST) catalogue (Elmegreen et al.
2017, Fig. 19). Notably, their values of d, /R, range from ~2% to
~25% at 7 = 2.5-2. The effects of an extended height and radius
are discussed in Sect. 4.3.

By fixing § = 30 and M = 1, F and B; become solely func-
tions of Ry and ng, the cold stream radius and number density
at the virial radius of the halo. Fixing R;, the galactic magnetic
field can then be plotted in function of M by varying only n.

Figure 5 illustrates the galactic magnetic field strength after
1 Gyr of accretion by one cold stream of radius Ry as a function
of the cold stream mass flux. The results are plotted for three
values of the stream radius and the two values of By growth.

From the fiducial model (default B;), even a small cold
stream of radius Ry = 0.3 kpc yields nG galactic magnetic field
values for MS,o > 0.1 Mg yr‘l. A lower Ms,O corresponds to a
lower stream number density ng (higher &), resulting in a shorter
thermal conduction timescale and a longer cooling time®. Conse-
quently, for narrow streams with Ry = 0.3 kpc, thermal conduc-
tion only diffuses the stream at relatively low accretion rates per
stream of Ms,() <1072 M, yr’l. This stream diffusion inhibits the
magnetisation of the galaxy only below this low accretion rate

2 The Girelli et al. (2020) empirical estimation of the stellar-to-halo
mass relation is for star-forming galaxies up to redshift z ~ 4 from
the COSMOS catalogue (Scoville et al. 2007) and the DUSTGRAIN—
pathfinder simulations (Giocoli et al. 2018). The empirical relation
from Yangetal. (2021) is for massive star-forming galaxies up to
z ~ 2.75 and uses the ASTRODEEP catalogue.

3 Lowering the radius, the number density, and the stream velocity can
also lower Msﬁ and increase the parameter ¢. For a detailed quantita-
tive description of the timescale comparison depending on the stream
parameters, we refer to Ledos et al. (2024, Sect. 2.5).
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threshold. In the no-stretching case, the magnetic field amplifi-
cation occurs for Ry = 3 kpc with Mgo > 1 Mg yr~'.

Constraining both the minimum size and the number of
cold streams that feed massive galaxies remains a signifi-
cant challenge, primarily due to the current resolution lim-
its for cold gas in the CGM of cosmological simulations
(e.g. Bennett & Sijacki 2020). Given the connectivity between
galaxies in cosmological simulations, it is expected that mas-
sive star-forming galaxies are fed by approximately two or
more streams (Galarraga-Espinosa et al. 2023), with relatively
large radii when entering the halo (R; = 10kpc). The streams
become narrower as they approach the galaxy due to the pressure
gradient in the CGM and gravitational focusing caused by the
halo potential. This cold stream accretion picture is commonly
predicted in simulations and empirical models (e.g. Dekel et al.
2009; Rosdahl & Blaizot 2012; Mandelker et al. 2018, 2020b;
Luetal. 2024). With at least two large cold streams accret-
ing onto a galaxy for about 1 Gyr, our model naturally predicts
B, 2 10 uG for both cases of B.

4.2. Applying the model to the galaxy of Geach et al. (2018)

We now apply our model to the observed lensed star-forming
galaxy (Geach et al. 2018) at redshift z ~ 2.6 whose magnetic
field is estimated at ~500uG or less (Geach et al. 2023). The
galaxy’s dynamical mass is Mgy, ~ 8.1 x 10! M, with a radius
of about 2.5kpc and a star formation rate (SFR) of the order
of ~1000 My yr~!. We assume that the galaxy’s host dark mat-
ter halo follows a Navarro—Frenk—White (NFW) profile. Then,
assuming a polytropic equation of state Pcgy o pZém, the radial
density profile follows (Komatsu & Seljak 2001, Eq. 19)

_ ,chm(") _

Pcgm,0

y(r)

k)

3 ¥ e (gt 71
ooy — 1 m(c) X
(17)

where r is the radius, c is the concentration parameter of the halo,
x =rc/Ry, m(c) =log(c+1)+c/(c+1),and pegmo = Pegm(t =
0). The constant oy and the polytropic index y’ are empirical
functions* of c. Further assuming pressure equilibrium between
the stream and the hot CGM gas P = Pcen (Aung et al. 2024),
we can define the compression parameter a as the ratio of the
stream density between 0.1 R, and R,

_ Ps (0.1Ry) _ [!/ (0.1 Rv)]w
T opR) | yRY)

where we assume T(R,)/Ts(0.1 R,) ~ 1°.

We define two scenarios for our model: a lower limit scenario
and a fiducial scenario. For the lower limit scenario, the mass
accretion is assumed at its minimum, such that Ms,o = SFR =
1000 M, yr~'. For the model parameters, the accretion efficiency
n and the concentration parameter ¢ are both set to unity lead-
ing to @ ~ 22. The no-stretching case is assumed for B;. We
note that ¢ = 1 only represents a numerical lower limit of the
model and is a factor of 2—4 lower than estimation with A-Cold

Ts(Ry)
T5(0.1R,)’

(18)

4 For ¢ = 10 and 1, this leads to o9 ~ 3.28,9 ~ 1.19 and oy ~
1.55,9" ~ 1.10, respectively (Komatsu & Seljak 2001, Egs. 25 and 26).
3 In equilibrium state, the cold stream’s temperature is defined by the
balance between radiative cooling and heating, leading to T, ~ 10* K.
However, as the stream becomes denser inside the halo, T can slightly
decrease, leading to T(R,)/Ts(0.1 R,) ~ 1-2 (Aung et al. 2024). This
additional factor would slightly increase the parameter a.
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Fig. 6. Time evolution of the mean galactic magnetic field of our model.
The corresponding redshift is also given at the top axis assuming that the
accretion starts at z = 3. The blue and red curves represent the fiducial
and lower-limit scenarios. The solid and dotted lines are models without
and with outflows. The black line with the arrow shows the target at
500 uG or less from Geach et al. (2023).

Dark Matter (A-CDM) (e.g. Prada et al. 2012; Dutton & Macciod
2014; Ludlow et al. 2016).

For the fiducial scenario, we adopt a ratio of mass accre-
tion rate Mj, to star formation rate € = M;,/SFR ~ 0.2. This
ratio accounts for the fact that the cold gas accreted by the
galaxy is not instantaneously transformed into stars, but instead
contributes to the gas reservoir of the galaxy, sustaining star
formation over longer timescales. The value of 0.2 is moti-
vated by those derived from observations by Daddi et al. (2021,
€ ~ 0.12), Emonts et al. (2023, ¢ ~ 0.56), and Zhang et al.
(2023, € ~ 0.12). It should be noted that this ratio is not well
constrained and can vary significantly, for example, during a
galaxy’s sudden starburst phase, where € can reach ~12 for
SFR ~ 1200 M, yr’1 (Fu et al. 2021). Further quantification of
the ratio € is left for future work as part of the development of a
less simplistic model. The resulting total accretion rate onto the
galaxy is Mi, ~ SFR e™! = 5000 M, yr~!. Following Aung et al.
(2024), we consider an efficiency parameter n = 3, yielding
Mgy = Min~' = 5000n7! Mg yr~! at the virial radius. We
assume a concentration parameter ¢ = 10, which leads to a com-
pression coefficient of @ ~ 450.

In both scenarios we assume that the galaxy accretes through
three cold streams with a number density at the virial radius
of ng = 0.1cm™3%. This results in stream radii of 19kpc and
35 kpc for the lower limit and fiducial scenarios, respectively. We
also apply our simple model extension with outflow presented in
Appendix C using a SFR = 1000 My yr~'.

Figure 6 illustrates the time evolution of the galactic mag-
netic field B, assuming that the accretions start at redshift z =
3. In the lower limit scenario, owing to the extreme assump-
tions, the galactic magnetic field is raised to ~250 uG values

® We fixed the number density for the stream at a relatively high
value compared to predictions from empirical models (Mandelker et al.
2020b; Aung et al. 2024) in order to avoid artificially large stream radii
or numbers.
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by z = 2.6. With the reasonable assumptions of the fiducial
model, the galaxy reaches 500 uG rapidly at around # ~ 10 Myr.
If we consider the expulsion of galactic magnetic energy by
a constant outflow (see Appendix C), the initial growth is the
same as before; however, the galactic magnetic field reaches a
plateau. This behaviour illustrates the necessity to embed this
inflow model into a more sophisticated framework that includes
the complex physics of galactic outflows. Within the limit of the
model assumptions, cold streams emerge as plausible candidates
for rapidly magnetising galaxies, potentially elucidating the puz-
zlingly large magnetic field estimates by Geach et al. (2023).

4.3. Discussion

Numerous simplifications are assumed in our model, and we
discuss here the potential impact of the missing mechanisms.
Firstly, the model assumes that the cold streams directly reach
the galaxy. However, cosmological simulations suggest that
cold streams have an impact parameter and circularise into
an extended ring around the galaxy (Danovichetal. 2015;
Stewart et al. 2017). Such an extended ring would likely delay
the buildup of magnetic energy in the galaxy. Additionally,
upon reaching the galaxy or its outer ring, the cold streams are
more likely to fragment, as suggested by observations of Ha
clumps in galaxies at redshift z ~ 1.5-2 (Fisher et al. 2017)
and simulations (Ceverino et al. 2016; Mandelker et al. 2018;
Aung et al. 2019). These studies associate these clumps with
the creation of turbulent galactic discs (Ginzburg et al. 2022;
Forbes et al. 2023). Such fragmentation and turbulence could
lead to further amplification of the magnetic field through mech-
anisms similar to our Step 1 and Step 2, in addition to galactic
dynamo processes. Additionally, we assume that cold accretion
remains constant across redshifts. Theoretical and empirical
models suggest a (1 + z)*>> dependence of the accretion rate for
z 2 2 (Neistein & Dekel 2008; Fakhouri et al. 2010; Dekel et al.
2013). While this would introduce only a factor of ~1.2 to the
final B, within the redshift range considered in Sect. 4, such
a redshift dependence might be necessary to accurately trace
magnetic field evolution over a longer timescale. Extending the
model to include this aspect is left for future work.

Our model only accounts for inflows. We estimated the
possible effect of an outflow from supernovae feedback only
in a simplified and limited case. Considering a wider frame-
work of galaxy evolution where supernova outflows arise self-
consistently is an obvious next step for our model. Active
galactic nucleus (AGN) feedback can also remove magnetic
energy from the galaxy, dispersing it into the CGM. Incorpo-
rating an AGN outflow term into Eq. (10) is a focus for future
work. However, in the presence of outflows, it would be nec-
essary to also consider re-accretion through the galactic foun-
tain (e.g. Putman et al. 2012) within the inflow term. Therefore,
while we do not account for AGN feedback, not accounting
for re-accretion might lead to an overall underestimation of the
galactic magnetic field growth by our model.

Our model also does not explicitly solve any diffusion pro-
cesses. The simulation suite from Ledos et al. (2024) explicitly
solves thermal conduction, and its effects are implicitly con-
sidered in our definition of the cold gas flux F after interac-
tion with the CGM (Step 1, Eq. 14). As the stream becomes
denser throughout the halo, the thermal conduction timescale
increases towards the centre of the halo. Consequently, its impact
should be negligible for Steps 2 and 3 of the model. Regard-
ing magnetic field diffusion, Ohmic and ambipolar diffusion are
also negligible in Step 1. The stream’s compression through-
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out the halo could lead to a decrease in its ionisation param-
eter, resulting in shorter ambipolar diffusion times. However,
simulations by Aung et al. (2024) indicate that, with or with-
out self-shielding, the streams maintain a temperature of ~10*K,
suggesting that the ionisation parameter should not significantly
decrease. Ohmic diffusion is also expected to remain insignifi-
cant throughout the halo. Eventually, magnetic diffusion is likely
to occur inside the galaxy and should be included in Eq. (10) as
a future work.

Finally, our model does not account for the magnetic
field structure in the galaxy. Previous theoretical models (e.g.
Henriksen & Irwin 2016; Nixon et al. 2018) estimated the result-
ing structure and polarisation of the magnetic field for a galaxy
embedded in a magnetised small halo (~20 kpc halo radius). Inter-
estingly, while they do not address the origin of the magnetic field
in either the halo or the galaxy, a by-product of their model is an
inflow or outflow of magnetic fields. An estimation of the galactic
magnetic field structure is left for future work.

5. Conclusions

We demonstrate that the stretching and tangling of magnetic
field lines are effective mechanisms for amplifying the mag-
netic field within cold streams through their interaction with
the CGM. Within the framework of the simple assumptions
of our model, cold streams emerge as plausible candidates for
raising the galactic magnetic field from zero to >uG for massive
high-redshift star-forming galaxies. With reasonable assump-
tions regarding the mass accretion rate derived from SFR, our
models, both with and without outflows, predict a very rapid
magnetisation of the galaxy (within 10 Myr) consistent with
the ~500 uG galactic magnetic field observed by Geach et al.
(2023). This magnetisation timescale could also account for the
observed galactic magnetic field at z = 5.6 (Chen et al. 2024).
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Appendix A: Power spectra

We first present the general evolution of the power spectra of the
kinetic energy, the magnetic energy, and the enstrophy, defined
as w? with w the magnitude of the vorticity. We then quantify the
similarities between the functional form of the magnetic energy
and the enstrophy power spectra.

A.1. General analysis

To confirm that the magnetic field is amplified by stretching and
tangling, we compare the energy power spectra’ of the magnetic

energy ey, kinetic energy e, and enstrophy w?. The time evolu-
tion of the power spectra for the kinetic energy, magnetic energy,
and enstrophy is shown in Fig. A.1 for a 2D and a 3D simula-
tion. All spectra are normalised to the initial total kinetic energy
Ek,() = f ‘ex(t = 0)dk. The evolution of the spectra is relatively
similar between 2D and 3D, although the energy spectra of the
3D simulation have a steeper slope than in 2D. The 2D spectra
display artificial peaks at high wavenumber & (green dashed lines
for t > 12t), corresponding exactly to the resolution limits of
the simulations.® The 3D simulation does not exhibit any artifi-
cial peaks. This can be attributed to the following two points: (1)
the higher number of cells per wavenumber bin when comput-
ing the power spectra in 3D compared to 2D; and (2) the lower
resolution of the snapshots used to compute the 3D spectra.

All spectra exhibit an energy injection scale, an inertial
range, and a dissipation range. The magnetic energy spectrum
shows a typical inverse cascade for scales = R, analogous
to the k oc 3/2 slope predicted by various theoretical models
(e.g. Kazantsev et al. 1985; Schekochihin et al. 2004), and as
observed in galaxy and cluster simulations (e.g. Xu et al. 2009;
Vazza et al. 2018; Pakmor et al. 2024). A near equipartition® is
first achieved at high wavenumbers, as the magnetic field ampli-
fication occurs initially on small scales.In agreement with previ-
ous numerical studies on MHD turbulence (e.g. Ryu et al. 2000;
Cho et al. 2009; Salvesen et al. 2014), the equipartition extends
to larger scales over time, resulting in similar slopes for the
magnetic and kinetic energy where equipartition is established.
The resulting slopes of the kinetic and magnetic energy at high
wavenumbers lie between k~>/3 and k3.

A detailed characterisation of the slope and its origin through
a spectral energy transfer function analysis is beyond the scope
of this current work. However, to support that stretching and tan-
gling drive the magnetic field amplification, we present a phe-
nomenological argument: at early times, the magnetic energy
spectrum is proportional to the enstrophy spectrum. Initially,
the magnetic field is uniform and lacks a defined spectrum,
but it immediately adopts the shape of the enstrophy spectrum,
corresponding to the characteristic timescale of magnetic field
amplification. The magnetic energy spectrum closely follows the
shape of the enstrophy spectrum for length scales > 0.1Rg, which

7 To save computational time, the power spectra for the 3D simulation
are computed at a uniform resolution (2m»~1)3, where I,,,x the maxi-
mum level of refinement in the simulation.

8 The simulation uses static mesh refinement. Hence, if the stream
grows with time, the mixing layer can be shifted to lower resolution
regions, leading to the appearance of artificial peaks at 2 and 4 times
lower wavelengths than the resolution limit.

° Equipartition is not strictly observed in Fig. A.1. In the simulation,
the magnetic field is amplified within the mixing layer, resulting in
equipartition only in that region. Since the power spectra are computed
over the entire computational domain rather than solely within the mix-
ing layer, this introduces excess kinetic energy into the spectra.
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also corresponds to the length scales of the mixing layer, where
tangling and stretching of the field lines occur. We verify this
similarity by quantifying the difference between the magnetic
energy and enstrophy spectra in the next section.

A.2. Quantification of the power spectrum difference

To quantify the difference between the enstrophy and magnetic
energy spectrum, both spectra are normalised by their maximum
value. From the normalised spectrum Ey, orm(k) and wrzn,norm(k),
we compute the difference of their logarithmic value,

- _Z( og ( mnorm(k)))
"\ W2 nom (k)

where N is the number of wavenumber on which the average
is done. As we are mainly interested in the short wavenumber,
the average is performed for k < 100. Figure A.2 shows the
normalised spectrum at the wavenumbers of interest from one
simulation at different times and the time profile of the devia-
tion ¢ for different simulations. From the normalised spectrum in
Fig. A.2, it appears that the magnetic energy spectrum is nearly
identical to the enstrophy one at the early stage of the simula-
tion. The shapes of the spectra slightly deviates from one another
towards the end of the simulation. The deviation € is shown for
different times where it appears that & ~ 0.3 can still reflect a
relatively good agreement between the normalised spectra. In
the right panel of Fig. A.2, all simulations exhibit a deviation
e < 03 for t < 71y, which correlates with the growth of the
magnetic field being the strongest also for the early stage of the
simulation. This small value of & suggests that the growth of the
magnetic field is driven by tangling and stretching of the field
lines at length-scales of size [ > 0.1R;.

(A1)

Appendix B: Evolution of the stream in 2D and 3D

The mechanisms leading to the magnetic field growth in 2D and
3D simulations are the same. However, slight differences appear
in the efficiency of the mixing. Figure B.1 shows the time evo-
lution of the stream density and magnetic field strength slices
through the stream midplane for both 2D and 3D simulations.
Initially, the magnetic field is amplified at the CGM and stream
interface where the velocity shear and the KHI are most pro-
nounced. Consequently, at t = 4ty ~ 0.2¢,, in both 2D and
3D simulations, the magnetic field near the centre of the stream
remains at its initial value, while it undergoes significant ampli-
fication at the interface, reaching up to = 200 times its initial
strength. By t+ = 11ty ~ 0.6¢,, the magnetisation of the stream
differs between 2D and 3D. In 3D, the mixing is more efficient
due to the KHI (see Mandelker et al. 2019), leading to a uniform
magnetic field distribution in the stream, while in 2D, the mag-
netic field near the stream’s centre remains unchanged.

Appendix C: Derivation of the model with a simple
outflow term

We hereby derive the model assuming that the galaxy experi-
ences a constant outflow from supernovae feedback.

Starting from Eq. 7, we focus on the inflow and outflow com-
ponents Ep,;, and Erm outs leaving all other terms equal to zero.

We can then rewrite Ey, ¢ as
dEm,g _ dEm,in _ dEm,out _ dEm,in dM;, _ dEm,out dMoul (C 1)
dr dr dr dMy, dtr  dMyy dt
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Fig. A.1. Power spectra of the kinetic energy, the enstrophy, and the magnetic energy normalised by the total initial kinetic energy. Results are
shown for both 2D and 3D MHD simulations with M = 1,6 = 30,n, = 0.01 cm~>. The spectra are plotted at different times in each panel. From
left to right, the vertical black lines refer to length-scales of R, Rs/16, R,/32, and R;/64, the minimum cell size. For illustration, the power laws
k372, k=73 and k=3 are shown by grey dotted, plain and dashed lines, respectively.

Enin is still given by Eq. 9, and E, oy Yields,

B; Emg M,
Em,out = _gvoul = ﬁ_out’ (C.2)
2 Vg Pout

where Vo, Moy and poy are the volume, mass, and density of
the gas outflow leaving the galaxy. V, is the galactic volume such
that Ep, g = 0.5 VgBé. We end up with a general formulation as

dEn
dr

_ By _
201 dt

Em,g dMout
PoutVe di

En
-
= Cn - —%,

Tout

(C.3)

with, 7o, representing the magnetic field expulsion timescale.
Assuming that 7o, and Cj, are invariant in time, the solution of
the first-order differential Eq. C.3 is,

! )+Tomcm[1—exp(— ! )} (C.4)
Tout

Tout

Em,g(t) = Em,g,O €Xp (_

For Cy,, Eq. 12 still holds. For 7., we define the outflow density
as the average density of the gas flowing out of the galaxy disc
surface 7R} at a velocity vou,

1 dMyy
ﬂRé Uout  df

Pout = , (C5)

which leads to

_ 2d,
Tout = s
Uout

(C.6)

where d, is the galaxy’s disc height, and we fix vy, = 300 km 57!

based on the isolated galaxy simulations of Oku et al. (2022,
Fig. 18).

Finally, the mean magnetic field in the galactic volume V,
can be recovered as

Emg(\'?
- .

g

By(1) = (2 (C.7)
From Eq. C.4, the asymptotic value for Ey g is TouCin Which
represents the amount of energy brought by inflow during a
timescale t = 74y;. The time for Ep, ¢ to reach a value of 0.974,Ciy
is given by ¢ ~ 2.37y.
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Fig. A.2. Difference between the enstrophy and magnetic energy spectrum. Left: Illustrative plot of the enstrophy and magnetic energy power
spectra normalised by their maximum values at different time (¢, #;,2,) ~ (0.02,0.1, 1)t.,q. For clarity, the spectra are shifted on the y-axis, and
their corresponding deviation & is shown. The results shown here are for a 2D MHD+TC simulation with M = 1,6 = 100, n; = 0.01 m™3. Right:
Time profile of the difference & for different Mach number M, and density ratio § = 100. The results shown here are for 2D MHD+TC simulations
with ng = 0.01 m™3, and a 3D MHD simulation (black dotted line) with M = 1,6 = 30, n, = 0.01 m™.
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Fig. B.1. Comparison of magnetic field (top) and density (bottom) in 2D and 3D MHD simulations with M = 1,5 = 30, n, = 0.01 cm™ at the
initial time, at t ~ 4y, and at half simulation time 7 = 11 #y. Each panel shows the 32 kpc full stream axis length in the horizontal direction and a
zoomed region of 10 kpc in the vertical direction. The 3D maps represent slices of the density and magnetic field and not projected quantities.
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