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ABSTRACT

We present new radio continuum images of the edge-on starburst galaxy NGC 5775, from LOFAR (140 MHz) and the Karl G.
Jansky Very Large Array CHANG-ES survey (1500 MHz). We trace the non-thermal radio halo up to 13 kpc from the disc,
measuring the non-thermal spectral index and estimating the total equipartition magnetic field strength (=13 nuG in the disc and
~7 uG above the plane). The radio halo has a similar extent at both frequencies, displays evidence for localized cosmic ray
streaming coinciding with prominent H « filaments and vertical extensions of the regular magnetic field, and exhibits a boxy
morphology especially at 140 MHz. In order to understand the nature of the disc—halo flow, we extend our previous model of
cosmic ray propagation by implementing an iso-thermal wind with a tunable ‘flux tube’ (approximately hyperboloidal) geometry.
This updated model is successful in matching the vertical distribution of non-thermal radio emission, and the vertical steepening
of the associated spectral index, in a consistent conceptual framework with few free parameters. Our new model provides the
opportunity to estimate the mass outflow driven by the star formation process, and we find an implied rate of M ~ 3-6 Mgp yr~!
(~40-80 per cent of the star formation rate) if the escape velocity is reached, with substantial uncertainty arising from the poorly
understood distribution of interstellar medium material entrained in the vertical flow. The wind may play a role in influencing
the vertical gradient in rotational velocity.

Key words: galaxies: individual: NGC 5775 — galaxies: ISM — galaxies: magnetic fields.

can play an important role in expelling material and energy back into

1 INTRODUCTION circumgalactic medium (CGM) or even in exceptional circumstances

In the outskirts of galaxies, various processes key to their evolution
take place. It is in these regions that gas accretes into the interstellar
medium (ISM), where it can become fuel for star formation (e.g.
Sancisi et al. 2008). On the other hand, star formation driven outflows
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into the intergalactic medium (IGM). This is especially important in
the case of starburst galaxies where the energetics are sufficient to
accelerate matter out of the galaxy’s potential well with significant
consequences for their properties and evolution (Veilleux, Cecil &
Bland-Hawthorn 2005), and in dwarf galaxies where the potential
well is particularly shallow (Martin 1998; Chyzy et al. 2016).
Magnetic fields are an essential component of the physics in the
outer regions of galaxies. The gas accretion process, seemingly
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required to fuel star formation (Sdnchez Almeida et al. 2014;
Putman 2017), may be facilitated by magnetic fields (Konz, Briins
& Birk 2002; Galyardt & Shelton 2016) and yet on the other hand
may hamper condensation of clouds from the disc-halo interface
(Grgnnow, Tepper-Garcia & Bland-Hawthorn 2018). The structure
and energetics of outflows are also substantially impacted by the
presence and features of the entrained magnetic fields (Heesen
et al. 2011). Generally speaking, the dynamo process is crucial for
understanding how magnetic fields reached their current strength and
structure in the local Universe (Beck et al. 2019). Recent advances
in numerical modelling reinforce the importance of the magnetized
medium and the impact of resulting cosmic ray (CR) driven winds
for galaxy evolution (e.g. Crocker, Krumholz & Thompson 2021,
and references therein). In this context, it has also been recognized
that CR-driven galactic winds are important for the build-up of the
CGM (Ji et al. 2020).

A broad range of observational techniques have been brought to
bear to probe the galaxy—IGM interface, and specifically the connec-
tion to the star formation process. The distribution and kinematics of
extraplanar ISM gas are probed across the electromagnetic spectrum
and particularly with emission line kinematics in the radio and optical
bands (e.g. Putman, Peek & Joung 2012), while mapping of broad-
band continuum emission is a complementary technique that traces
thermal bremsstrahlung radiation, magnetic fields and CRs in the
galaxy—IGM interface (Condon 1992). Studies of galaxies viewed at
different inclination angles tend to be required in order to develop
a holistic picture: face-on and intermediately inclined galaxies are
useful for directly associating extraplanar features with individual
star-forming regions, while edge-on galaxies are crucial for fully
studying the vertical distribution.

Studies of the kinematics of extraplanar ISM material have
revealed a common feature of galaxy gaseous haloes': an over-
all decrease in rotation curve with increasing distance from the
midplane (e.g. Sofue et al. 1992; Rand 1997; Swaters, Sancisi
& van der Hulst 1997; Zschaechner, Rand & Walterbos 2015).
While this qualitative behaviour is expected from 3D disc—halo flow
models such as the ‘galactic fountain’ (Bregman 1980; Norman &
Ikeuchi 1989), it is clear that simple models incorporating only
ballistic motion (Collins, Benjamin & Rand 2002; Fraternali &
Binney 2006) cannot reproduce the steepness of observed veloc-
ity gradients. Later models incorporating additional drag effects
have proven more successful (see e.g. Fraternali 2017) but a full
understanding may still require additional effects to be under-
stood, such as magnetic fields (Benjamin 2000; Henriksen & Irwin
2016).

A particularly useful view of magnetized galaxy haloes is now
becoming available at low radio frequencies (v < 350 MHz). At
these frequencies, the synchrotron and inverse-Compton (IC) energy
losses suffered by CRs are relatively low, so magnetic fields can
be traced far from the sites of CR acceleration (Hummel, Beck
& Dettmar 1991; Carilli et al. 1992). Low-frequency observations
are powerful in combination with observations at higher radio
frequencies, which provide a crucial benchmark for the distribution
of radio spectral index, and where synchrotron polarization reveals
the ordered magnetic field (e.g. Krause et al. 2020).

'In this paper, we use the word ‘halo’ to refer to gas, dust, CRs, and the
magnetic field above and below the galaxy disc, not to be confused with
stellar or dark matter haloes. Specifically, we call emission on larger scales,
at vertical height z > 1 kpc, halo emission, while the disc—halo interface is at
0.2 < z < 1 kpc (as defined by Irwin et al. 2012).
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Resolved studies of nearby galaxies at low radio frequency are
now feasible thanks to the aperture array interferometers that have
been constructed in recent years: the Murchison Widefield Array
(Tingay et al. 2013) and the LOw Frequency ARray (LOFAR; van
Haarlem et al. 2013). LOFAR in particular is now providing access
to the low frequency sky at high sensitivity and angular resolution,
and all nearby galaxies in the northern sky will be imaged as part of
the LOFAR Two-metre Sky Survey (Shimwell et al. 2017). The first
radio halo investigated with LOFAR was that of NGC 891, where
the scale heights of the non-thermal halo emission at 146 MHz were
found to be larger than those at 1500 MHz by a factor of 1.7 = 0.3
(Mulcahy et al. 2018).

At higher radio frequencies, our view of the extended synchrotron
properties of nearby galaxies has been dramatically improved with
Continuum HAlos in Nearby Galaxies: an EVLA Survey (CHANG-
ES?; Irwin et al. 2012). The survey was carried out with the Karl G.
Jansky Very Large Array (VLA). CHANG-ES has been successful in
probing the magnetic fields in and around galaxies (see e.g. Krause
et al. 2020); a recent review of the survey and its primary outcomes
is provided by Irwin et al. (2019a).

To better understand the mechanisms at work within the CGM
of galaxies, it is important to focus on individual targets that are
known to drive strong disc—halo flows. In this paper, we focus on
NGC 5775 (UGC 9579), an edge-on galaxy that is classified as
a starburst (see e.g. Tiillmann et al. 2006) featuring strong star
formation activity that is not centrally concentrated but is instead
widespread across the entire disc (similar to another CHANG-ES
sample galaxy, NGC 4666; Stein et al. 2019). NGC 5775 has been
well studied in the past, and is a prominent example of the class of
objects with bright and filamentary extraplanar ISM features (Irwin
1994; Collins et al. 2000; Tiillmann et al. 2006). The radio continuum
halo has been studied several times previously, including by Hummel
etal. (1991) who first identified radio continuum emission extending
above the star-forming disc in this galaxy. Deeper observations were
carried out by Duric, Irwin & Bloemen (1998), who mapped the
radio continuum emission up to vertical heights z = 10-15kpc
and interpreted the spectral index distribution above the plane as
arising from CR propagation and energy losses. Irwin, English &
Sorathia (1999) put the radio halo in the context of a larger galaxy
sample, arguing that CR diffusion alone was insufficient to describe
the data, and tying the extraplanar emission to energy injection from
star formation. Tiillmann et al. (2000) revealed the structure of the
ordered magnetic fields, identifying a strong vertical component
associated with features seen in the diffuse ionized gas (DIG). Soida
et al. (2011) presented a deep multifrequency polarization analysis
of the 3D magnetic field structure, concluding that both a galactic
dynamo and the influence of a galactic wind were required to explain
the field geometry.

The kinematics of the extraplanar gas in NGC 5775 have also been
well studied. Long-slit spectroscopy revealed that the DIG at large
vertical heights was rotating more slowly than the disc (Rand 2000;
Tiillmann et al. 2000), but the lack of a complete 3D view precluded
full tilted-ring analysis. Heald et al. (2006) returned to NGC 5775
with Fabry—Perot spectroscopy and found that the amplitude of the
rotation curve decreases to higher vertical distances, at a rate of
7kms~ kpc™! (corrected for the distance assumed in this paper).
Most recently, Boettcher, Gallagher & Zweibel (2019) confirmed a
vertical lag, and suggested that local values may exceed the global
value from Heald et al. (2006), with uncertainty deriving from the

Zhttps://www.queensu.ca/changes/
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Table 1. Properties of NGC 5775.

Parameter Value Reference
Right Ascension (J2000.0) 14h53m57557 1
Declination (J2000.0) +03°324071 1
Adopted distance 28.9 Mpc 2
Angular scale 7.14 arcsec kpc ™! 2
Diameter of the stellar disc (D;s) 4.17 arcmin = 35.0 kpc 3
Diameter of the star forming (H ) disc 3.58 arcmin = 30.1 kpc 4
Diameter of the radio continuum disc 4.7 arcmin = 39.5 kpc 4
Adopted (H a+IR) star formation rate (SFR)? 7.56 + 0.65 M yr‘1 5
SFR surface density (9.41 £0.81) x 107> M yr~! kpc—2 5
Alternative (1.4 GHz) SFR* 22.9Mp yr_' 4
Inclination 85°8 1
Position angle 14527 1
Maximum midplane vy 198 kms™! 1
Vertical rotation gradient (dvyot/dz) 1kms !arcsec™! = 7kms™! kpc’l 6

Notes. References: (1) Irwin (1994); (2) Irwin et al. (2012); (3) de Vaucouleurs et al. (1991); (4) this work;

(5) Vargas et al. (2019); (6) Heald et al. (2006).

“From the Murphy et al. (2011) calibrations, assuming a Kroupa IMF between 0.1-100 M.

lack of a 3D kinematic model. Even on the basis of the relatively
moderate lag reported by Heald et al. (2006), it is clear from their
analysis of ballistic-model fountain orbits (Collins et al. 2002) that
additional dynamical effects are required, as described above.

NGC 5775 has a close companion galaxy, NGC 5774. Signs
of interaction are clearly visible through tidal bridges observed
in multiple tracers including prominent features in HI and radio
continuum (Irwin 1994; Duric et al. 1998); a detailed discussion is
provided by Lee et al. (2001). A smaller companion galaxy, IC 1070,
may also be involved in the interaction. While the interaction is
not strong enough to drive any substantial disturbance in the optical
morphology of either NGC 5775 or NGC 5774, it is important to bear
in mind that there may be impacts in the distribution and kinematics
of the tenuous CGM many kpc from the star-forming disc.

In this paper, we build on the previous radio continuum observa-
tions by adding new low-frequency imaging that is ideally matched
in sensitivity and angular resolution to the data products collected
by the CHANG-ES project. Our aims are to enhance our view of
the extended synchrotron halo of NGC 5775, and thereby to clarify
the distribution and strength of magnetic fields, details of the CR
propagation, and their influence on the structure and kinematics of
the galaxy.

The global properties of NGC 5775 are summarized in Table 1. We
have adopted the distance employed for NGC 5775 by the CHANG-
ES survey, D = 28.9 Mpc, based on the Hubble flow (Irwin et al.
2012). Throughout the paper, spectral index is defined such that
S ocv®.

This paper is organized as follows. We describe the observations
and data reduction in Section 2. The properties of the radio halo
in NGC 5775 are described in Section 3, and new CR modelling
is presented in Section 4. We discuss the data and CR model in a
broader context in Section 5. We conclude the paper in Section 6,
including some thoughts on future studies of radio haloes.

2 OBSERVATIONS AND DATA REDUCTION

2.1 LOFAR

LOFAR data were collected for project LC1.046 over the course of
two nights, 6-7 and 7-8 May 2014, for a total on-source integration
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time of 9.6 h. We chose to observe in two short sessions on subsequent
nights in order to achieve a long combined integration, while also
avoiding times of low source elevation where both sensitivity and
(u, v) coverage are degraded. The frequency range covered by this
observation is 117.6-189.8 MHz. Visibilities were recorded in all
four linear polarizations (XX,YY,XY,YX) with 1 s time resolution,
and 64 channels per 195.3 kHz subband (200 MHz clock); the
recorded channel width is 3.1 kHz. We made use of all Dutch LOFAR
stations in the HBA_DUAL_INNER configuration, which maximizes
the similarity of the primary beam size between the differently sized
core and remote stations. International stations were not used.

The primary calibrator source 3C 295 was observed before and
after the primary target on each night, with the same frequency
coverage as the main target. A secondary calibrator (UGC 9799) was
observed simultaneously with NGC 5775 (in this case with reduced
frequency coverage), but we do not make use of that additional beam
in this paper.

We performed initial calibration of the visibility data using the
standard LOFAR imaging pipeline (Heald 2018). We used the
Averaging Pipeline to flag and average the data. After flagging of
edge channels in each subband, and RFI flagging using aoflagger
(Offringa, van de Gronde & Roerdink 2012) with the standard HBA
settings (as provided for example as part of PREFACTOR?), the pipeline
averaged the data to an intermediate frequency resolution of 48.8 kHz
and time resolution of 2 s. Demixing (van der Tol, Jeffs & van der
Veen 2007) was not performed.

The subsequent data reduction procedure followed the ‘facet
calibration’ approach presented by van Weeren et al. (2016) and
Williams et al. (2016). Calibration was carried out in two phases: a
direction-independent step followed by a direction-dependent step. In
the direction-independent step, we derived and corrected the data for
amplitude gains, clock offsets, offsets between the X and Y dipoles,
and ionospheric rotation measure. In this step, we also performed
phase calibration using a 25-arcsec model of the sky derived from
The GMRT Sky Survey (Intema et al. 2017).

Using the direction-independent calibrated data, we generated a
total sky model of all the sources within the field of view. We then
subtracted the sky model from the visibility data and divided the

3https:/github.com/lofar-astron/prefactor
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Table 2. Summary of CHANG-ES L-band observations of NGC 5775.

VLA configuration B C D
Observing date(s) 5 Apr 2011 30 Mar 2012 30 Dec 2011
Integration time (min) 116 40 18
Frequency (MHz)* 1247-1503, 12471503, 1247-1503,
1647-1903 1647-1903 1647-1903
Bandwidth (MHz) 512 512 512
Flux calibrator 3C 286 3C 286 3C 286
Zero-pol calibrator 0Q208 0Q208 0Q208
Phase calibrator J1445+0958 J1445+0958 1144540958
Min/max (u, v) (m) 174.2/10883.3 58.4/3385.7 25.8/994.6

Min/max (u, v) (1)

724.0/69027.1

242.6/21473.8 107.4/6308.3

“The gap in frequency coverage was chosen to avoid strong RFI.

field into multiple facets such that each facet has at least one point-
like facet calibrator source brighter than 0.4 Jy. For this data set,
we used 25 facets to cover a field spanning a diameter of about 10
degrees. For each facet, we added the model of the facet calibrator
source and performed four iterations of amplitude and phase self-
calibration. The new calibration solutions were used to image the full
associated facet, and the corresponding model was subtracted from
the visibilities. This process was followed sequentially for all facets.
The final facet to be imaged was the one containing NGC 5775, using
calibration solutions from an adjoining facet to avoid difficulties with
self-calibrating the target galaxy itself. The resulting visibility data
have a frequency resolution of 488.3 kHz and a time resolution of
10s.

The central facet containing NGC 5775 was ultimately reimaged
together with the CHANG-ES data (Section 2.2) as described in
Section 2.3.

2.2 VLA

VLA data were collected for the CHANG-ES survey (project 10C-
119) on several dates as summarized in Table 2. Data reduction pro-
ceeded as described by Irwin et al. (2012) and Wiegert et al. (2015);
we do not repeat the details here. In brief, the data were flagged
and calibrated in the Common Astronomy Software Applications
(CASA; McMullin et al. 2007) package. The absolute flux density
scale was set using 3C 286 on the Perley—Butler 2010 frequency
scale (Perley & Butler 2013). Flagging was performed on the basis of
visual inspection. Flagging and calibration were repeated iteratively
until satisfactory results were achieved.

Starting from the calibrated data, the B-, C-, and D-configuration
L-band data were imaged together using WSCLEAN (Offringa et al.
2014) with weighting and tapering tuned to match the LOFAR
imaging, as described in Section 2.3.

2.3 Final images

2.3.1 Total intensity imaging

The final imaging steps for both the LOFAR and CHANG-ES data
sets were performed with tuned parameters in order to result in
consistent image resolution, as well as closely matched sensitivity to
relevant angular scales. In this common imaging step, we excluded
data beyond the maximum and minimum common baseline lengths
as expressed in units of the observing wavelength, 39 ki and 110 A,
respectively. We used WSCLEAN to produce all of the images, using
multiscale multifrequency CLEAN (Offringa & Smirnov 2017). For
both the LOFAR and CHANG-ES data sets, we used CLEAN scales

Table 3. Summary of NGC 5775 imaging.

LOFAR
Reference frequency 140 MHz
(u, v) range (1) 110-10000

Briggs weighting -0.3

Imaging pixel size 1.5 arcsec

Unconvolved beam size 17.8 x 16.1 arcsec? (PA=70°)
Final resolution 18.5 arcsec (2.2 kpc)

Image noise 440 Wy beam™!
CHANG-ES

Reference frequency 1500 MHz

(u, v) range (1) 110-10000

Briggs weighting +1.5

Imaging pixel size 4.5 arcsec

Unconvolved beam size 18.2 x 16.0 arcsec? (PA=172°)
Final resolution 18.5 arcsec (2.2 kpc)

Image noise 24 Wy beam™!

ranging from O (point source) to approximately the angular size
of NGC 5775. The output image from each data set is a single map
with broad bandwidth formed via multifrequency synthesis, although
internally the CLEAN algorithm operated on 8 bandwidth segments,
accounting for spectral structure within the broad LOFAR and VLA
bandwidths. In each case, an initial image was formed using shallow
CLEAN (10 x the anticipated noise level). A mask was formed by
performing source finding with PYBDSF (Mohan & Rafferty 2015)
on that initial image, and then a final image was produced by
applying the CLEAN algorithm using the mask and with a threshold
corresponding to the expected noise level. The consistent inner to
outer (u, v) range listed in Table 3 was selected, and imaging weights
were chosen to provide consistent resolution without applying (u, v)-
plane tapering. The final images are summarized in Table 3. As
summarized in the table, minor additional smoothing was applied in
the image plane in order to produce images with exactly matched
resolution. The smoothing was performed in MIRIAD (Sault, Teuben
& Wright 1995) and preserved the flux scale.

As mentioned in Section 1, a radio continuum bridge connects
NGC 5775 to its companion NGC 5774 (see e.g. Duric et al. 1998).
We detect this feature using our new observations (see Section 4.5.1),
but it is best reproduced with lower resolution images generated with
a robust parameter closer to natural weighting and that emphasize
larger angular scales. We focus in this paper on the angular resolution
that optimizes our ability to constrain the CR propagation mechanism
(Section 4). We will return to the radio continuum bridge in more
detail in a follow-up paper (English et al., in preparation).

MNRAS 509, 658-684 (2022)
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Figure 1. Radio continuum images of the NGC 5775 field. Both are represented in grey-scale and with contours to illustrate the low surface brightness structure.
For the LOFAR image at 140 MHz (left-hand panel), black contours begin at 1.5 mJy beam™! and increase by factors of 2. For the CHANG-ES image at
1500 MHz (right-hand panel), black contours begin at 0.15 mJy beam ™! increasing by factors of 2. In both cases, light grey contours correspond to the negative
of the first black contour levels (i.e. —1.5 and —0.15 mJy beam ™', respectively). The positions of NGC 5775, NGC 5774, and IC 1070 are shown with a red
plus, cross, and Y-shape, respectively. The synthesized beam size is displayed in the bottom-left corner of each panel. Note that the full LOFAR field of view is

substantially larger than the region displayed here.

Following direction-dependent calibration of the LOFAR data
as described in Section 2.1, the astrometric scale is not necessar-
ily aligned with the CHANG-ES image. Before proceeding, we
performed source finding on the two final images at consistent
resolution using BANE and AEGEAN (Hancock, Trott & Hurley-Walker
2018), and cross-matched the resulting catalogues to identify a mean
position angular offset with a magnitude of (Aw, Ad) = (0.19 arcsec,
1.84 arcsec) in Right Ascension and Declination. An astrometric
correction was applied to the final LOFAR image to correct for
this offset. After the correction, the source finding procedure was
repeated, demonstrating that the relative astrometry is matched to
within <0.05 arcsec.

The total intensity images are presented in Fig. 1. The morphology
of the radio halo is discussed in Section 3.

2.3.2 Thermal subtraction

The radio images include a non-negligible contribution from thermal
bremsstrahlung radiation, which makes it difficult to isolate and
interpret the synchrotron emission and thus constrain the properties
of the magnetic fields and CRs. The thermal contribution was
estimated through the use of the H map from Collins et al. (2000)
and a Spitzer MIPS 24-um map from the NASA/IPAC Infrared
Science Archive’s Spitzer Heritage Archive (SHA)* (Rieke et al.
2004). We quantified the thermal contribution to the total intensity

“http://irsa.ipac.caltech.edu/applications/Spitzer/SHA/
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radio continuum emission using the following equation from Hunt
et al. (2004):

B e 1+"(He+)) T\
@w)" ( n(H) (WK)

v —01 Fra,cor
x (7) __ THacor ) )
GHz 1012 erg cm=2 s~!

Inequation (1), F,, is the estimated radio flux density due to thermal
emission at frequency v and Fp 4 corr is the extinction-corrected H o
flux. An extinction correction was applied to the H  image following
the recipe described by Calzetti et al. (2007). T is the electron
temperature within the emitting region and is assumed to be 10* K.
Following Martin & Kennicutt (1997), we have also assumed that
the ratio of the number density of ionized helium to that of ionized
hydrogen n(He™)/n(H") is 0.087.

Using this method, we determine that the mean thermal fraction
at 1500 (140) MHz is about 15 (4) per cent, with higher values up
to 57 (23) per cent found at the locations of star-forming regions
in the disc. That the thermal contribution reaches such high values
in isolated regions supports the conclusion drawn by Irwin et al.
(2019a) regarding localized areas of relatively shallow spectral index
in NGC 5775, and more broadly is consistent with measurements of
hundreds of individual star-forming regions across a large sample
of nearby galaxies (Linden et al. 2020). The thermal contribution is
relatively high even at LOFAR frequencies, consistent with the fact
that NGC 5775 hosts active and widespread star formation activity.

We note that an alternative method for estimating the thermal
contribution has recently been published by Vargas et al. (2018). It
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Figure 2. Contours of non-thermal radio continuum emission from NGC 5775. The background colourmap is the continuum-subtracted H « image from Collins
et al. (2000), smoothed with a 2 arcsec Gaussian kernel and presented with a log stretch to emphasize faint filamentary features in the thick disc region. The
image is overlaid with black contours corresponding to non-thermal radio emission derived from the 140 MHz LOFAR image (left-hand panel) and 1500 MHz
CHANG-ES image (right-hand panel), as described in the text. Contour levels start at 1 mJy beam™! for LOFAR, at 0.1 mJy beam~! for CHANG-ES, and in
both cases increase by powers of two. The beam size (18.5 arcsec) of the radio images is shown in the bottom left corner of each panel. In the left-hand panel,
locations of prominent H « filaments are displayed with dotted lines to guide the eye. Also in the left-hand panel we have annotated the NE, NW, SE, and SW
quadrants as they are referred to throughout the paper. The position of the centre of NGC 5775 is indicated with a white plus. The grey box indicates the region

considered for the analysis of the vertical distribution in Section 3.1.

is possible that through the analysis employed here, and specifically
the use of the Calzetti et al. (2007) extinction correction, we have
underestimated the thermal contribution within the disc by a factor of
approximately 1.36 (Vargas et al. 2018). However, all such estimates
carry substantial uncertainty for edge-on galaxies, and it is unlikely
that the systematic difference between these two procedures will
change any of the main conclusions in this paper. In particular, our
estimate of the non-thermal contribution will have most effect in the
midplane, but will be largely inconsequential in the halo where we
focus most of our attention.

The estimated thermal contribution to our radio continuum images
was subtracted to produce maps of the non-thermal radio continuum
emission. The resulting distribution at 140 and 1500 MHz is shown
in comparison to the sensitive H« image from Collins et al. (2000)
in Fig. 2.

3 PROPERTIES OF THE RADIO HALO

In this section, we describe the features of the non-thermal radio halo
of NGC 5775 as seen with our new images, highlighting aspects that
build on features already known from previous work.

3.1 Vertical distribution

The most striking feature of the radio halo in NGC 5775 is the highly
extended distribution of diffuse emission away from the midplane, up
to acharacteristic height of about 13 kpc from the star-forming disc on
both sides (at the surface brightness indicated by the lowest contours
in Fig. 2). The radio halo was known to be extended from previous
studies (Duric et al. 1998; Soida et al. 2011; Krause et al. 2018); here

we have traced the halo to approximately the same vertical extent,
and crucially added the low frequency image from LOFAR. The
very wide frequency span provided by the two images separated by
a decade in frequency is essential to constrain the CR propagation
and magnetic field properties in the halo. In these new images, the
vertical extent is nearly as large as the radial size. This effect is
similar to what has been seen in other galaxies in the gaseous and
non-thermal distributions (e.g. Oosterloo, Fraternali & Sancisi 2007;
Stein et al. 2019), and is understood to be indicative of a distribution
driven by vertical motions.

Another striking feature is that the morphology is apparently
boxier at low frequencies than at GHz frequencies. We have quan-
tified this through a technique typically used in optical astronomy
to parametrize the shapes of elliptical galaxies. As described for
example by Bender, Doebereiner & Moellenhoff (1988), a harmonic
decomposition around azimuthal angle of the radial deviation be-
tween an isophote and its best-fitting ellipse reveals through the
amplitude of the cos(46) term an indication of ‘boxiness’ and
‘disciness’. Typically, this value is normalized by the characteristic
radius and the local surface brightness gradient (e.g. Ciambur 2015),
yielding what we call here the ‘boxiness parameter’. Due to the
normalization by the local gradient, the boxiness parameter is
negative for discy isophotes, and positive for boxy isophotes. We have
calculated this metric using the PYTHON photutils.isophote
module (Bradley et al. 2019), and the result is visualized in Fig. 3.
At both frequencies, the radio morphology has a discy character at
intermediate radii, while the low-frequency morphology is clearly
boxy at the largest radii (R = 20 kpc). This is consistent with the
more general statement that the low-frequency radiation dominates
most strongly at large vertical extent and the outer radii. Interestingly,
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Figure 3. Boxiness parameter for the non-thermal halo of NGC 5775, cal-
culated as described in the text. Positive values indicate a boxy morphology,
while negative values indicate a discy morphology. Error bars are indicative
of the sample mean at that radius.

despite the generally X-shaped ordered magnetic field (Soida et al.
2011; Krause et al. 2020; and see Section 3.2), the radial extent of
the radio halo is essentially constant all the way up to z &~ 13 kpc.
We return to this in Section 5.

Inspection of the contours in Fig. 2 shows that the morphology at
lower frequency is also more diffuse (i.e. smeared out) than at higher
frequency. This is a qualitative way to recognize that the overall
spectral index distribution exhibits a steepening to higher z. This is
quantified and examined in more detail in Section 3.2.

We have fitted exponential scale heights to the vertical distribution
of the non-thermal emission at both frequencies, in each of the
quadrants separately. The scale height fitting includes the beam
size as a component of the procedure, following the approach
described by Krause et al. (2018) and assuming i = 90°. Specif-
ically, we extracted vertical profiles with 1 kpc sampling (~2.5
samples per synthesized beam) from each quadrant, for measured
values inside the star-forming radius which we take to be R <
90 arcsec (12.6kpc), and for heights |z| < 96 arcsec (13.5kpc).
This region is illustrated in Fig. 2. For each quadrant, we fitted
a function describing the convolution of an intrinsic exponential
vertical profile

I(z) = [ye /M 2

with the Gaussian beam of the images

G(Z) — e—z2/202, (3)

2mo?

where h, is the vertical scale height at frequency v, and o is related
to the synthesized beam (FWHM 18.5 arcsec) through FWHM =
24/21n20 . The convolution takes the form (see Miiller et al. 2017):

Iy 292 0% —zh, 2 o2 —zh
Iconv = /2 - fi 2
@ 2 ¢ {exp [( V2oh, ) :| erc( V2oh, )

2 h 2 2 h
(a +zu> erfc<0 +Z1))}’ @

\/E(T h v \/EG h v
where erfc(x) is the complementary error function. For completeness,

we note that this treatment does not account for radial variation of
the radio surface brightness. However, because NGC 5775 is viewed

+ exp
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from an edge-on perspective we are unable to reliably establish and
incorporate the radial surface brightness profile in the likely presence
of expected non-axisymmetric morphological features and localized
surface brightness fluctuations. We therefore consider the integrated
vertical structure in a similar fashion to Krause et al. (2018).

The functional form in equation (4) was fit to the data for
each quadrant using the curve_fit function in the PYTHON
scipy.optimize module. We used the Levenberg—Marquardt
algorithm, and provided uncertainties for each data point based on
the standard deviation of measured values within each vertical profile
bin. Formal errors for the fitted scale heights were obtained from the
covariance matrix returned by the curve_fit function.

The vertical profiles for the LOFAR and CHANG-ES images
in each quadrant, along with the fitted function (equation 4), are
displayed in Fig. 4. The corresponding fitted scale height (%, ) values
and their associated formal errors are provided in Table 4. The scale
height at 140 MHz is for all quadrants larger than or equal to that
at 1500 MHz, with an average scale height ratio of 1.2 & 0.3. This
weak frequency dependence is somewhat smaller than the value
derived for NGC 891 by Mulcahy et al. (2018), 1.7 £ 0.3, and
indicates that synchrotron losses are small. Interestingly, there is no
indication that we require more than a single exponential component
for each quadrant. For this same galaxy, Krause et al. (2018) required
separate ‘disc’ and ‘halo’ components. In part, this may suggest that
the thermal contribution is nearly exclusive to the thin disc and
thus after the subtraction of the thermal component as described
in Section 2.3.2, the thick disc component dominates so that we
only require a single scale height to reproduce the profiles. In the
NW and SW quadrants, the fitted exponential distribution slightly
underestimates the measured values in the midplane (z < 1 kpc),
which may be a consequence of a small underestimate of the thermal
contribution as mentioned in Section 2.3.2. We also note that Krause
et al. (2018) used images with an angular resolution of 11 arcsec,
and were therefore better able to resolve the non-thermal thin disc
component. Their analysis also used seven vertical strips across the
full radial extent of NGC 5775, whereas we use only two. Regardless
of the relative importance of these factors, our non-thermal images
are plainly dominated by emission from the thick disc.

3.2 Spectral index and equipartition magnetic field

With the thermal contribution to the total intensity removed, we can
now determine the spectral index associated with the synchrotron
radiation. We estimated the spectral index through

Sisoo.nn (1500 MHz\ -
140 MHz ’

S140.nth

where Sisoonh and Siaonm are the non-thermal contributions to
the broad-band CHANG-ES and LOFAR maps, which we take to
have characteristic radio frequencies of 1500 MHz and 140 MHz,
respectively. The spectral index map was computed for pixels
where the LOFAR and CHANG-ES maps exceed 1 mJy beam ™' and
0.1Jybeam™!, respectively. The spectral index distribution is shown
in Fig. 5.

Uncertainties in the non-thermal spectral indices were determined
by considering the noise levels in the non-thermal maps at both
frequencies, as well as estimated errors in the thermal subtraction
procedure. The latter was achieved through standard error propaga-
tion using equation (1) and assuming fractional errors of 10 per cent
in each of the temperature, extinction-corrected H « flux, and ratio of
ionized helium to ionized hydrogen parameters (see also Vargas et al.
2018), ultimately leading to an estimated 14 per cent fractional error
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Figure 4. Vertical distribution of LOFAR (filled black circles) and CHANG-ES (open blue squares) non-thermal emission, with fitted exponential distributions
(including resolution effects corresponding to the 18.5 arcsec beam) overlaid with dashed lines. Fitted scale height values are provided in Table 4.

Table 4. Best-fitting exponential scale heights (in kpc) for the non-thermal
thick disc, their frequency dependence (h o< v¢), and best-fitting exponential
scale height (in kpc) of equipartition magnetic field strength.

h140MHz h1500 MHz ¢ hBeq
NE 3.07 £0.24 2.03 £0.17 —0.17 £0.05 13.68 £1.79
NW 3.34 £0.26 2.64 £0.28 —0.10 £0.06 16.87 £2.09
SE 222 £0.16 1.92£0.10 —0.06+0.04 1245+1.14
SW 2.19 £0.21 2.19+£0.14 +0.00 £0.05 16.12 £ 1.15

on the thermal estimate. The resulting spectral index errors are also
shown in Fig. 5. Note that these errors do not account for possible
spectral curvature, or for a possible systematic underestimate of the
thermal contribution (see Section 2.3.2) which would apply nearly
equally at both frequencies and lead to only a small impact on the
spectral index.

The most prominent feature of the spectral index distribution is
the clear steepening from the disc to the halo . This effect has been
seen previously in this galaxy (e.g. Soida et al. 2011). The primary
cause is energy losses suffered by CRe™ as they propagate away
from the regions in the disc where supernova remnants associated
with ongoing star formation accelerate the particles to their injection
energy. This process has been studied in detail in other galaxies with
particular progress in recent years (e.g. Heesen et al. 2018; Vargas
et al. 2018). We address this in detail for NGC 5775 in Section 4.

The locations of some of the brighter and more prominent H o
filaments, and the distribution and orientation of the ordered magnetic
fields (from Krause et al. 2020), are also shown in Fig. 5. Remarkably,
the locations of the Ho filaments appear to coincide with regions
of the halo where high-z spectral indices are shallower, suggesting
that the CRe™ in those regions have suffered less energy loss than
in other regions. Moreover, the ordered magnetic field shows clear
vertical extensions at the same locations, with the field orientation
apparently aligned with the ‘channels’ of shallower spectral index.
CRs can stream along magnetic field lines and hence locally have
higher transport speeds (Wiener, Pfrommer & Oh 2017). This then
could explain the flatter gradient of spectral indices, since ageing
of the CRe™ is locally diminished. This is particularly clear for
the filament in the SW quadrant, where the radio emission in
the halo retains a spectral index o =~ —0.7 up to z =~ 10kpc,
while the surrounding emission rapidly steepens to typical spectral
index values « < —1. If attributed to an under-estimation and -
subtraction of the local thermal radio continuum, our estimate in
this region from the procedure described in Section 2.3.2 would
need to be incorrect by a factor of ~5-10, which we deem to be
unlikely. As noted in Section 2.3.2, our estimate of the thermal
contribution is possibly underestimated in the disc by a much
smaller factor of about 1.36 (Vargas et al. 2018), which would
lead to a typical spectral index error of only Aa =~ 0.02. We
return to the observed correspondence between H« morphology,
spectral index distribution, and ordered magnetic field orientation in
Section 5.
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Figure 5. Left: Non-thermal spectral index map constructed from the thermal-corrected LOFAR and CHANG-ES maps. Locations of prominent H & filaments
are displayed with white dotted lines, as in Fig. 2. The ordered magnetic field as determined by Krause et al. (2020) is shown with orange vectors. The channel
of shallow spectral index associated with the filament in the SW quadrant, discussed in the text (Section 3.2), is indicated with an arrow. Right: Spectral index

error estimated as described in the text. In both panels, the black contours show the distribution of 140 MHz radio continuum emission (starting at | mJy beam™

1

and increasing by powers of two), the centre of the galaxy is marked with a red plus, and the beam size is shown with a black circle at the bottom left corner.

On the basis of the spectral index distribution, we can now compute
the total magnetic field strength averaged along the line of sight as
implied by the assumption of energy equipartition with the CRs
(dominated by protons; Beck & Krause 2005). Equipartition is not
guaranteed and indeed is not expected to hold below the kpc scale
(see Seta & Beck 2019), but larger scale deviations in magnetic field
strength as large as an order of magnitude from the equipartition value
can be excluded on the basis of the typical non-thermal morphology
of galaxies (Duric 1990). We require estimates of the local path-
length (/) through the synchrotron-emitting medium, and Ky, the ratio
of proton to electron number densities per unit energy interval (for
our purposes, at energies of a few GeV). To approximate /, we take
the local projected distance through an edge-on cylindrical volume
extending above and below the disc, with a radius corresponding to
the maximum radial extent of the radio continuum detected from
NGC 5775 (20kpc; see Table 1). For the proton-to-electron ratio,
we take the canonical value of K, = 100. We neglected pixels
where the non-thermal spectral index was steeper than —1.2, to
avoid overestimating the magnetic field strength in regions where
strong synchrotron loss has occurred and the extrapolation to the
low-energy portion of the CR spectrum is expected to be incorrect
with the Beck & Krause (2005) method. The resulting distribution
of equipartition magnetic field strength (B.y) is shown in Fig. 6.
The average magnetic field strength is about 8 nG across the entire
galaxy, with relatively high values above 20 pG in the central region.
The span of total magnetic field strength that we have derived for
NGC 5775 is consistent with the higher end of the range that has
been established through radio continuum observations of a variety
of spiral galaxies over the years (see e.g. the compilation presented
by Beck et al. 2019, their table 3). The derived midplane field
strength is about 50 per cent higher in the southern disc than in
the northern disc (19 pG and 13 pG, respectively), and everywhere
drops off slowly with increasing distance from the disc, as shown
in Fig. 7. To broadly characterize the vertical profile, we fitted
exponential scale heights for Bey(z) following the same method as
was used for the synchrotron emission; these values are presented in
Table 4.
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Figure 6. Equipartition magnetic field strength in puG. The black contours
show the distribution of 140 MHz radio continuum emission (starting at
1 mJy beam™! and increasing by powers of two), the centre of the galaxy is
marked with a red plus, and the beam size is shown with a black circle at the
bottom left corner.

4 GALACTIC WIND

4.1 Physical picture

Our new radio images have revealed the distribution of non-thermal
radio emission in the thick disc of NGC 5775, with clearly distinct
vertical structure across the decade in frequency span. We now
seek to model the propagation of CRs in the thick disc, with a
particular aim to better understand the dynamics of the disc—halo
flow driven by the disc-wide starburst in NGC 5775. We assume that
the thermal gas and the CRs can be modelled as polytropic gases
with adiabatic indices of y, = 5/3 and ycr = 4/3, respectively.
This kind of set-up has been investigated in the literature with 1D
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Figure 7. Vertical profiles of spectral index (top) and equipartition magnetic field strength (bottom). Profiles are plotted separately for the north side of the disc
(filled black circles) and the south side (open blue squares). Error bars indicate the standard deviation of values within the corresponding vertical bin.

wind models that take both the CRs and the thermal gas into account
(Breitschwerdt, McKenzie & Voelk 1991; Everett et al. 2008; Everett,
Schiller & Zweibel 2010; Samui, Subramanian & Srianand 2010;
Recchia, Blasi & Morlino 2016). These papers have shown that
one can formulate a ‘wind equation’ that includes pressure terms
from both the thermal and the CR gas. The composite sound speed,
including both pressure contributions, is then nearly constant. CRs
are vital in this set-up since they prevent the wind from cooling
adiabatically as they are transported faster than the wind fluid. The
radio spectral index analysis in Section 3.2 suggests that the CRs
are transported faster along the vertical magnetic field lines at the
locations of the prominent H« filaments, which hints at either CR
anisotropic diffusion or localized streaming.

In this work, we sidestep the question of the importance of CR
streaming and/or (anisotropic) diffusion for the necessary energy
transport, a topic which is currently extensively debated in the liter-
ature (e.g. Wiener et al. 2017; Farber et al. 2018; Chan et al. 2019).
Instead, we solve the Euler (momentum conservation) equation,
where we assume for simplicity that the speed of sound is constant.
Assuming pure CR advection, we are able to test whether typical wind
velocity profiles are consistent with the radio data. We note that the
details of CR transport are important to investigate whether CRs are
indeed able to drive the wind, and to study their relative importance
in comparison to thermal and radiation pressure (Yu et al. 2020).
This is largely left to future work, but we show in Appendix B that
the physical properties of our iso-thermal wind model can indeed be
reproduced by a fully self-consistent model that explicitly takes into
account CR streaming as a driving agent.

If we conservatively assume that the pressure to launch the wind
stems from the CRs alone, and Ecg is the CR luminosity, M is
the mass flux, and v is the (asymptotic) wind velocity, then energy
conservation requires Ecg = 1/2¢ Mv?, where we introduced the
parameter € representing the efficiency of entraining thermal mass
into the wind. In order to ensure that the wind is energetically feasible,
we require € < 1. For € = 1, the CRs lose all their energy due to

adiabatic expansion and transfer it to the gas. This is an extreme case,
but as we will show in Section 5.1, the entrainment efficiency is of
order unity, so only a moderate correction is needed in order to ensure
energy conservation. We search for wind solutions with given energy
densities and pressures of the hot, thermal X-ray emitting gas (Li etal.
2008) and of the total CRs as obtained from energy equipartition with
the magnetic field. The required advection speeds in the halo are at
least v &~ 300 kms~!, so that with canonical diffusion coefficients of
D ~ 10% cm?s~! the length-scale where diffusion dominates over
advection is D/v < 0.1 kpc. This is much smaller than the size of
the halo (~10 kpc) and of the resolution provided by our radio data,
hence we neglect diffusion and use pure advection to describe the
CR transport.

We make use of the SPectral INdex Numerical Analysis of
K(c)osmic-ray Electron Radio-emission (SPINNAKER®) package, as
described by Heesen et al. (2016, 2018). SPINNAKER is a 1D CR
transport code that numerically solves equations for pure advection
and diffusion, and calculates synthetic non-thermal radio continuum
profiles for direct comparison with observational quantities. We
assume a steady state where the CRe™ are injected in the galactic
midplane and are advected in a vertical direction, while losing energy
due to synchrotron and IC radiation. Other CR particles are not
included in the model because it is the electrons that dominate
the synchrotron radiation from galaxies at these frequencies (e.g.
Condon 1992). We experimented first with matching the vertical
profiles for NGC 5775 with a constant wind velocity and assuming
an exponential magnetic field. However, we found a model with
an accelerating wind to be equally suitable in terms of fit quality,
and with the substantial added benefit of better fulfilling the energy
equipartition condition (see Section 5.3 for more details). An accel-
erating advection speed had already been initially and successfully
explored as an approximation to a wind profile in the context of

Shttps://github.com/vheesen/Spinnaker
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NGC 891 and NGC 3556 (Schmidt et al. 2019; Miskolczi et al.
2019, respectively). In the case of NGC 891, for example, the best-
fitting advection flow was an accelerated galactic wind with midplane
velocity ~150 kms~!, reaching the escape velocity at a height of
9-17 kpc, depending on location in the galaxy. In this paper, we
further develop this model of a wind for the case of NGC 5775,
implementing the wind parameters in a conceptual framework that
consistently establishes vertical variation in key quantities with few
free parameters.

4.2 Main assumptions

The main assumptions of our simplified galactic wind model are as
follows:

(i) the geometry is a tuneable ‘flux tube’ (approximately hyper-
boloidal);

(i1) the wind is iso-thermal; and

(iii) the gravitational acceleration decreases exponentially in the
vertical direction.

The first assumption (i) ensures that the wind expands laterally
with height above the plane, so that the magnetic field strength
will decrease due to flux conservation. Note that even though we
use the flux tube approximation, we are dealing with a galaxy-scale
outflow. Hence, we use a single flux tube with an initial radius of
ro = 7 kpc, which is approximately half the star-forming disc radius.
Assumption (ii) means that the composite sound speed, of the gas
and the CRs, is constant. Winds start subsonic, and exceed the sound
speed at the so-called critical point to become supersonic. Because
the sound speed is constant, the wind can only go through the critical
point if the gravitational potential decreases. This is the case for
the superposition of a disc-like and dark matter halo gravitational
potential, which can be well approximated by an exponential function
(assumption iii). The latter assumption neglects the influence of the
companion galaxy NGC 5774. While we do see a bridge of radio
emission between the two galaxies (as discussed in Sections 1 and
2.3), the overall influence on the radio halo seems to be weak, as
there are no noticeable asymmetries in either the radio continuum
emission or the radio spectral index (see Table 4). We will address
the properties of the radio bridge in a future paper.

The primary limitation of our model is the assumption of a constant
sound speed, which is actually unphysical since the adiabatic cooling
of the CRs and the thermal gas reduces their temperature. In a
more realistic model, the temperature drops by a factor of a few
within the extent of our radio halo, and the sound speed is reduced
accordingly. This then reduces the ability of the gas and the CRs
to accelerate the wind further. Although it has not yet been directly
tested with observational data, our indicative self-consistent model
(see Appendix B) shows that in such a framework, the acceleration of
the wind is indeed considerably reduced in the halo. While we attempt
to correct for the inclusion of the unphysical source of energy by
adjusting the entrainment efficiency to reassert energy conservation,
our approach is by design partly phenomenological and thus offers
limited conclusions.

4.3 Iso-thermal wind model

We assume that the CRs are advected in the flow of magnetized
plasma. This flow is directed vertically and is expanding adiabati-
cally. We assume the following functional term for the cross-sectional
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Figure 8. A cartoon sketch illustrating the overall geometry of the flux
tube model employed here. The cross-sectional area A(z) increases with
height following equation (6). The starting radius ry, advection speed v, half
opening angle 61,2, and meaning of the characteristic height z = z¢ are also
displayed. The background image is the total continuum halo from the VLA
C-configuration only (see Irwin et al. 2019b), overlaid with an optical image
of NGC 5775 constructed from NASA/ESA Hubble Space Telescope data
(F658N and F625W) obtained from the Hubble Legacy Archive.

area (parallel to the disc):

B
I+ <i) } . ©)
20

This form describes an expanding flow, which has been used
previously in semi-analytical 1D wind models (see beginning of
Section 4). This particular choice eases the comparison with the
aforementioned models, and provides a unifying picture within which
we can approximate the vertical variations in the key quantities as we
describe below. If § = 2 then the model has a hyperboloidal shape,
initially cylindrical near the plane and opening up asymptotically
to the constant opening angle that would define the corresponding
(bi-)conical form. The cross-sectional area then defines also the
radius of the outflow via A = 7tr2. The model geometry is illustrated
in Fig. 8.

We also require an equation that governs the magnetic field
strength:

AN !
p=n() (5)
o Vo

where By is the magnetic field strength in the galactic midplane,
and ry and vy are the midplane flow radius and advection speed,
respectively. This is the expected behaviour for radial and toroidal
magnetic field components in an axisymmetric, accelerating, quasi-
1D flow (Baum et al. 1997). This prescription also ensures that
the magnetic field is approximately in energy equipartition with the
CRs, as B o« r~2v72 (see Section 4.5.3 for further discussion). We
tested that the magnetic field falls off in a similar way as the flux
conservation would demand with B oc #~2 for the vertical component.

The next conditions that need to be fulfilled are described by the
continuity equation and energy conservation. The continuity equation

A(2) = Ao
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is
PVA = constant, 8)

where v is the advection speed and p is the gas density. The flow of
the plasma is governed by the Euler equation:

dv dpP

— =—— —gp, 9
pvdZ & 8p 9)

where P = P, + Pcp is the combined gas and CR pressure, and g
is the gravitational acceleration. Here, we assume that the wind is
driven by the thermal gas in the hot phase and the CRs together. We
now assume that the composite sound speed (Breitschwerdt et al.
1991),

2 d(Pg+PCR)
vi= —————
c dp

is constant. Because we do not explicitly include CR streaming and
diffusion, the composite sound speed is simply:

10)

v? = Ve Py + yer Per

c /O ’
where y, and ycr are the adiabatic indices of the thermal gas and
CRs, respectively. This is the reason we refer to this wind model
as iso-thermal even though we include the CRs as a non-thermal
component. The aforementioned 1D wind models show that this
is a good approximation within 20 kpc distance from the galactic
midplane, beyond our detection threshold for the radio halo. Actually,
the composite sound speed increases slightly in the halo, which is a
consequence of a wind solution with a nearly constant gravitational
acceleration (Mao & Ostriker 2018). Hence, our wind speeds are on
the conservative (lower) side. Then, we can write the Euler equation
in the following way:

dv ,dp
,ovdZ = -V &
This equation contains only the velocity v and the density p, where
the latter can be eliminated using the continuity equation (8):

—1
2\ g 2_B-1 B

po Ve dv _Bul L (2 e (13)
v dz Zg 20

This ‘wind equation’ has a critical point at z = z. where v = v, and
dv/dz is undefined. Because the composite sound speed is constant,
the gravitational acceleration needs to fall off with height in order to
pass through the critical point. We have chosen an exponential fall-off
with g = goexp (—2/hgray), Where hgp,, is the gravitational scale height.
Here, go = vfm /(2rp) is the maximum gravitational acceleration
which is found near the disc. We assumed hgry = 419 = 28 kpc,
which is a bit smaller than the diameter of the star-forming disc as
viewed in the H« image (see Table 1). This scaling is modelled in
such a way that it describes the gravitational acceleration in the halo
of the Milky Way at the solar radius (Appendix A).

Integrating the wind equation leads to the conservation of energy,
equivalent to the Bernoulli principle:

2 2 B
v v z
(—) — log (—) =2log |1+ (*) :|
Ve Ue 20

2
vrolh grav

Z
— C. 14
v2rg eXP( hgraV) N (9

The integration constant C is chosen in such a way that the right-
hand side (rhs) of equation (14) fulfills 7is = 1 at the critical point.

1D

—8p- 12)

Radio halo of NGC 5775 669

This is the case if:

B 2
C horav C
1+(Z>:|_vr0t2«=exp<_z ) (15)
20 vcro hgrav

Note that the right-hand side of equation (14) has a minimum at the
critical point. The expanding flow leads to a rising potential (first term
of the rhs); on the other hand the decreasing gravitational potential
combines with the expanding flow to create a minimum. We solve
equation (14) numerically after searching for the minimum of the
rhs, after which we can calculate the integration constant C. The
derivation of the wind equation and its solution is explained in more
detail in Appendix A.

C=1-2log

4.4 Application

We have measured non-thermal intensities in vertical profiles as
function of distance from the galactic midplane, as described in
Section 3.1. In order to study the variation across the galaxy, we have
divided the maps into four quadrants, and determined one intensity
profile per quadrant. Values at large vertical distance from the plane
were excluded at heights where the spectral index shows an apparent
flattening (indicative of measurement errors or CR re-acceleration
that would not be accommodated by our model), or measurement
errors were excessively large. In practice, we fitted the observed
data up to z = 9kpc in the SE and SW quadrants, and z = 13 kpc
in the NE and NW quadrants. The profile for each quadrant was
fitted with quasi-1D CR transport models of pure CR advection. For
this, we implemented our wind model as described in Section 4.3 in
the SPINNAKER code (Heesen et al. 2016, 2018). We then fitted the
advection models to our data. We held the magnetic field strength in
the midplane (By) constant at the value determined in Section 3.2.
We fitted the flux tube scale height (zo) and the flux tube opening
parameter (). We also fit the CRe™ injection power-law index (y)
and the critical velocity (v.). These two parameters mostly fix the
radio spectral index profile, with y related to the spectral index in
the midplane and the critical velocity establishing the vertical profile
of advection speed.

4.5 Results

4.5.1 Advection velocity

We find that our model fits the data reasonably well, with reduced
chi-squared (x?2) values between 1.5 and 3.7. In Fig. 9, we illustrate
the best-fitting model in the NE quadrant; the best-fitting model
for each of the other three quadrants is included in Appendix A.
Table 5 presents the best-fitting parameters in all four quadrants.
The flux tube model can account for the observed intensities, where
we found that 8 is between 1.2 and 2.3. This is in good agreement
with B = 2.0, so that the cross-sectional area generally increases
as oz’ (see also Section 4.5.2). We note that it may be difficult to
reconcile the expanding geometry of this model with the boxy shape
of the observed radio emission. Further modelling may be required
to understand this apparent conflict. We discuss this issue further in
Section 5.

In Fig. 10, we present the physical conditions in the outflow as
implied by the fitted model. The area increases as can be expected
for an expanding flow. We assumed an initial outflow radius of ry =
7 kpc, approximately half the radius of the star-forming disc. The
velocity starts at 200-400 km s~! at some height near the midplane,
although we note that diffusion and streaming should dominate very
close to the midplane; see Section 5.3. The velocity profile goes
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Figure 9. Wind solution in the north-eastern quadrant of NGC 5775. From top to bottom, we show vertical profiles of the non-thermal intensities at 140 MHz
and 1500 MHz, respectively, and the non-thermal radio spectral index. Solid lines show the best-fitting advection model. The intensities were normalized with

respect to the 140-MHz data point at z = 0 kpc.

Table 5. Best-fitting wind solutions.

Parameter NE NW SE SW
By (nG)* 13.0 13.0 19.0 19.0
ve (kms™1P 310170 31014° 380180 320180
ze (kpo)© 0.779% <0.1 0.2794 <0.1
20 (kpe)! 8853 7053 697 4250
B 1%y 1253 sy 13y
—+0.1 +0.1 +0.08 +0.07
12 2.20% 2450, 217006 227006
x2¢ 1.5 1.9 3.7 2.0

Notes. “Total magnetic field strength in the disc (fixed);

bWind speed at the critical point;

“Vertical height of the critical point;

4Scale height of the flux tube (see equation 6);

¢Power-law index for the flux tube (see equation 6);

fCRe injection spectral index;

SReduced x2.

Solutions are in the north-eastern (NE), north-western (NW), south-
eastern (SE), and south-western (SW) quadrants.

through the critical point within 1.0 kpc distance from the disc. The
wind then accelerates and reaches a velocity of 400-900 kms~! at
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the maximum vertical height from the disc that we considered for the
model fits, namely 9 kpc (SE/SW) and 13 kpc (NE/NW) as described
in Section 4.4. The wind velocity profile is nearly linear for z < zo,
and at larger heights the acceleration decreases. In previous work
(Miskolczi et al. 2019; Schmidt et al. 2019), we also found linear
velocity profiles by empirically fitting different profile shapes. It is
encouraging to see that our new wind model produces such profiles
without any fine tuning (see Appendix A4 for a more formal proof).

4.5.2 Wind geometry

To illustrate the region of influence of the flux tube, we have
overplotted the periphery of the wind model [as bounded by the
run of A(z); see Fig. 10] on multiwavelength images of NGC 5775
in Fig. 11. It is striking that the flux tube shape is approximately
symmetric across the plane, although this was not constrained in the
fitting process. The lateral expansion is clearly more rapid in the SE
and SW quadrants, as captured by the zy and 8 model parameters, and
reflecting the typically smaller exponential scale height of the radio
continuum emission on that side of the disc. Signs of a widescale
wind are clearly visible in the infrared and X-ray images. The X-
ray distribution displays a superbubble morphology in the southern
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Figure 10. Vertical variation of the physical parameters for the wind solution in each of the four quadrants of NGC 5775 separately. Solid lines show the
best-fitting solutions while the shaded areas indicate 1o uncertainties. (a) Cross-sectional area of the outflow; the dotted horizontal line shows the cross-sectional
area corresponding to the maximum detected radial extent of the halo. (b) Advection velocity; the dotted lines bounding the hashed region indicate the lower
and upper bounds for the expected range of escape velocities (as described in the text). (c) Magnetic field strength; filled black circles show the equipartition
field strength in the NE quadrant. The other quadrants have similar values and are not shown for clarity. (d) Hot phase thermal electron density; data points show
H o measurements by Boettcher et al. (2019) scaled with a cloud volume filling factor of fij = 0.05 (filled black circles for the NE quadrant, and open black

squares for the NW quadrant).

halo (see also Li et al. 2008, and specifically their fig. 9). The radial
extent of the flux tube is reasonably consistent with the appearance of
the infrared and X-ray distribution, although these were not used to
constrain our model, and generally tend to enclose vertical features.
It is possible that the prominent H o filaments mark the walls of the
outflowing wind, and that they indicate entrainment of warm ionized
material (see also Section 5.1).

We also note the appearance of the X-ray ‘blob’ to the north-east
of NGC 5775, originally identified by Li et al. (2008). Our radio
images recover the possibly associated radio source (marked with
a plus in Fig. 11), with a spectral index o ~ —0.6. This value is
more suggestive of a distant radio galaxy rather than old plasma
associated with the NGC 5775 wind, but we do not attempt to draw
strong conclusions on the origin of this emission feature, nor do we
comment further on this X-ray feature here. Also visiblein Fig. 11isa
clear indication of the radio continuum bridge connecting NGC 5775
and NGC 5774. As noted in Section 2, this bridge is better reproduced
in images generated in such a way as to emphasize larger angular
scales than we have studied in this paper.

4.5.3 Magnetic field strength

The magnetic field strength is determined by an interplay between the
expanding area (increasing radius) and the increasing wind velocity.

Our model field strengths can be well described with exponential
functions having scale heights between 4 and 9 kpc. The CRs
are in approximate energy equipartition everywhere. This can be
understood in the following way. For the magnetic field strength we
assumed B o< 7~'v™!, so that the magnetic energy density scales as
ug o¢ r~2v~2. The CR number density scales without adiabatic losses
as n o< r~2v~!, which is just the application of the continuity equa-
tion (8) for the CRs. With adiabatic losses included, the CR number
density (per energy interval) scales as n o« (vA)” *273 (e.g. Baum
et al. 1997). Hence, the number density decreases slightly more.
We have compared our model field strengths with equipartition
values derived in Section 3.2. We find that our field strengths are
slightly (few nG) below the equipartition values. This is because
our model describes the shape of the CRe™ spectra in an improved
fashion that admits the possibility of curved spectra, whereas the
equipartition values assume a power-law spectrum. Even if the CRe™
spectrum in the halo steepens due to energy loss, the spectrum of the
total CRs will probably still be a power law, but with an uncertain
slope, which increases the uncertainty of the equipartition estimate.

4.5.4 Thermal electron density
At the critical point, the advection speed is equivalent to the

composite sound speed (equation 11). Since we know the energy
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Figure 11. Flux tube model in the context of multiwavelength images of NGC 5775. Left: WISE W4 (22 pm) image in grey-scale presented with a log stretch,
overlaid with black contours at 4 and 6o, and red contours from the adaptively smoothed Chandra X-ray (0.3—1.5 keV) image from Li et al. (2008); the contours
are at (2, 2.5, 3.5, 5, 8, 15, and 25) x1073 cts s~ arcmin~2. NGC 5774 is not clearly detected in X-ray because that region was imaged with low sensitivity;
see Li et al. (2008). Right: DSS2 R-band image of NGC 5775 and NGC 5774, overlaid with contours from the radio continuum images at 140 MHz (black) and
1500 MHz (red). For both radio images, the thermal contribution from NGC 5775 has not been subtracted; the contours start at 20 where o is the noise level
reported in Table 3, and increase by powers of two. In both panels, H« filament locations are plotted with dotted lines. The periphery of the fitted flux tube is
indicated with cyan curves. The radio source near an X-ray ‘blob’, discussed in the text, is marked with a plus. The galaxy to the south of NGC 5775 is IC 1070.
The beam size of the WISE and radio continuum images is shown in the bottom right corner of each panel.

densities of the thermal hot gas and the CRs, we can calculate
the corresponding pressures using Py = (yy — Duy and P. =
(ye — Duc, respectively. The energy density of the thermal hot halo
gas is uy =4 x 107'? ergem™ (Li et al. 2008, and Wang, private
communication), and for the CRs we assume energy equipartition
with u. = up, where the magnetic energy density in the galactic
midplane is ug = Bg/(87t) = (7-14) x 107'? ergcm™>. With P, =
3 x 1072 dynecm™2 and P, = (2-4) x 107'2 dyncm~2 the thermal
hot gas and the CRs are approximately in pressure equilibrium. With
equation (11), we can then calculate the gas density p at the critical
point and then we employ the continuity equation (8) to calculate the
density elsewhere. The thermal electron density in the hot phase is
then n, = p/(2fum,) with a mean molecular weight of fi = 0.65 and
my = 1.67 x 1072* g. The resulting vertical thermal electron density
profiles are shown in Fig. 10.

The thermal electron density falls off with height and can be well
described by an exponential function with scale heights between 3.0
and 6.5 kpc. The electron density starts with a volume density of ne =
(2-4) x 1073 cm™ near the midplane and falls off to approximately
(0.2-0.4) x 1073 cm™* at the edge of the halo. These values are
indicative of the hot ionized medium (HIM). It would be interesting
to draw a connection to the warm ionized medium (WIM) which is
not expected to play an important role in driving the wind, but is likely
entrained in the flow. However, it is hard to make a prediction for the
WIM thermal electron density due to uncertainties in the pressure
balance and filling factors of each phase. Nevertheless, we note that
Boettcher et al. (2019) found for the thicker (‘halo’) of two vertical
components midplane electron densities of v/ fon, = 0.05cm™3 with
a scale height of 3.6 &= 0.2 kpc in the south-west of NGC 5775 and
W/ fane = 0.02 cm =3 with scale height of 7.5 4 0.4 kpc in the north-
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east. Here, f; is the WIM cloud volume filling factor. These electron
densities were measured at a range of vertical distances along a slit
perpendicular to the disc, and we have compared the measurements
with our models as presented in Fig. 10. The scale heights are in
good agreement, and the average electron density values are similar
to the model prediction for the HIM if we adopt a low volume
filling factor (around f; = 0.05), which is a plausible comparison
for typical values of the relative gas phase pressures (e.g. Ferriere
2001).

5 DISCUSSION

5.1 Wind-driven mass-loss rate

Since the continuity equation is fulfilled, we can make an estimate
of the mass-loss rate that the galaxy experiences by calculating the
mass flux at the critical point. The advection speed may increase to
high enough values that the gas will escape from the galaxy. The
escape velocity does not depend strongly on the properties of the
dark matter halo, with ve,. = (2.6-3.3)v, (Veilleux et al. 2005) for
a truncated iso-thermal sphere halo model. In this picture and with
the observed v, listed in Table 1, the escape velocity for NGC 5775
is between 510 and 650 kms~!, and so the escape velocity is likely
exceeded already at the detected edge of the halo. Since the wind
would accelerate even further (e.g. Breitschwerdt et al. 1991), our
model predicts that the CR-driven wind largely meets the escape
condition, as indicated in Fig. 10. The total mass-loss rate (both above
and below the plane, combined) is M = (3.2-7.6)e x 10%° gs~',
which equates to M = (5-12)¢ M@ yr™', where the parameter €
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Figure 12. Energy and mass fluxes in the north-eastern halo (extrapolated
to an entire hemisphere) for an entrainment efficiency of € = 0.5. The mass
flux M is constant due to the continuity equation (8). The CR energy flux
(Ecr) decreases, the energy of which is transferred into the kinetic energy
flux (Exin) of the gas and into the work lifting the gas in the gravitational
potential (Egmv). The total energy flux of the wind Eying is approximately
constant.

was introduced in Section 4.1 to indicate the efficiency of entraining
gas into the wind. While we may not expect all of the hot gas to
participate in the wind, on the other hand we do expect some warm
ionized and neutral clouds to be entrained. These factors would need
to be included in the overall value of €.

The derived mass-loss rate for € = 1 should be broadly interpreted
as an upper limit. We have explored whether it is energetically
feasible for a star formation-driven wind to support such a large
mass flux. The adopted SFR from Ha+IR is 7.56 Mo yr~! (see
Table 1), so that the core-collapse supernova rate is vsy 2~ 0.09 yr~!
(Murphy et al. 2011). Assuming that each supernova injects 10! erg
of kinetic energy into the ISM, of which 10 per cent is converted
into CR acceleration (e.g. Rieger, de Ofia-Wilhelmi & Aharonian
2013, and references therein), the energy injection rate for CRs is
Ecg =3 x 10* ergs~!. This is slightly lower than our measured
CR energy fluxes of (6-12) x 10*' ergs~!. However, the alternative
SFR derived from the 1.4-GHz radio continuum—SFR relation is as
high as 22.9 M, yr~! using the total radio continuum flux measured
from our images and the SFR calibration from Murphy et al. (2011),
which would provide sufficient energy. The wind would hence lead
to a steady state where the produced CRs are transported in the wind
and energy losses within the galaxy are small.

So that the wind is energetically feasible for a given value of the
entrainment efficiency e, the energy flux of the wind,

Ewind = ECR + Ekin + Egraw (16)

should be approximately constant as function of height above
the disc. The kinetic energy flux of the wind can be calculated
as Eyn = 1Mv?. At the edge of the halo, we find Egn = (3-
10)(/0.5) x 10* ergs~!. The energy flux that is needed in order to
lift the gas in the gravitational potential is Egrav =M J gdz, which
is only about 10 per cent of the kinetic energy flux. In Fig. 12,
we show the mass and energy fluxes as an example for the north-
eastern halo (the remaining quadrants are shown in Appendix AS5).
We find that the energy flux is indeed approximately constant for
€ ~ (.5, which is the value that we adopt henceforth. This is the
global value with some spatial variation possible. Because our wind
model makes some simplified assumptions, especially the constant
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Figure 13. Predicted rotation speed as a function of distance from the disc at
radii between 7 kpc (at z = 0 kpc) and 12-16 kpc (at the maximum distance;
see Fig. 10). The solid black line represents the best-fitting kinematic model
determined on the basis of Fabry—Perot interferometry of the Ho emission
line by Heald et al. (2006), over the range of z considered in that study. The
dashed black line indicates the steeper gradient in rotation velocity that Heald
et al. (2006) indicated is appropriate in localized regions. Dotted black lines
extrapolate both determinations of the lag to larger vertical distance.

composite sound speed, further uncertainties will be introduced in
the exact profile shape of the vertical energy fluxes. In particular,
the CR energy density is expected to decrease faster with height
due to adiabatic cooling. While this is in part compensated by the
entrainment efficiency, the actual profile shape will be different for
a self-consistent model. None the less, in this way we estimate the
mass-loss rate to be M ~ (3-6)(¢/0.5) Mgp yr~!. The mass-loading
efficiency is then n = M/SFR, and we find n = (0.4-0.8) (¢/0.5)
where we have again used our adopted SFR estimate. Mass-loading
efficiencies of order unity are expected for stellar feedback-driven
winds which include CRs (Samui et al. 2010; Mao & Ostriker 2018).

5.2 Observational diagnostics

5.2.1 Lagging haloes

Our 1D model does not allow us to explicitly incorporate rotation, but
we note that an interesting expected consequence of the expanding
outflow model is that the rotation speed will decrease with increasing
height above the galactic midplane due to conservation of angular
momentum. Under that assumption

I = Urot?, (17)

and so the rotation speed v, decreases in inverse proportion to the
outflow radius. The predicted rotation speed as a function of distance
from the midplane is shown in Fig. 13 in each of the quadrants. As in
other calculations we use the midplane flux tube radius ry = 7 kpc,
this time for the launching radius, but the outflow radius increases in
the halo. The rotation speed decreases with a typical gradient between
—12 and —6kms~! kpc~'. These values are in very good agreement
with H o measurements by Heald et al. (2006) who found a vertical
gradient in rotation velocity of —7 kms~! kpc™! (corrected for the
distance assumed in this paper), with evidence for steeper gradients
in localized areas. More recent measurements by Boettcher et al.
(2019) found steeper gradients of up to —25 kms~!kpc™! along a
single vertical slice, cautioning, however, that they may overestimate
the true rotational gradient. The question is whether the warm ionized
gas is really participating in the outflow. Nevertheless, the observed
velocity gradient is at least in good agreement with our model.
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Previous kinematic measurements of a sample of galaxies includ-
ing NGC 5775 initially indicated an apparent correlation between
the scale height of thick disc gas and the corresponding vertical
lag in rotational velocity (Heald et al. 2007, for a small sample of
three galaxies only). This tentative correlation was later disputed
by Zschaechner et al. (2015) on the basis of their larger sample. In
the flux tube model used here, the scale height of the thermal gas is
linked through the lateral expansion of the wind to a vertical decrease
in rotational velocity, and thus we expect some sort of relationship
between them.

We can derive the expected value of the rotational gradient for
our model from the linearization of the radius around z = z,
(Appendix A4.3):

d Urot
— Vg = — ,
dz Tot 5 ﬁZO

where v, is the maximum rotation speed in the disc mid-
plane. Hence, we expect velocity gradients between —18 and
—8 kms~'kpc™! similar to values already derived. Additionally,
we can approximate the thermal electron density scale height as
he = zo/[2log (2)] (Appendix A4.2). Taken together, this means that
the rotational gradient can be expressed in terms of the extraplanar
diffuse ionized gas (eDIG) scale height as:

(18)

d Urot

— Uyt . (19)
dz " 4¢21og(2)he
Hence, the expected gradient would be 51 km s~! per unit eDIG scale
height for a rotation curve with v,o; = 200 km s~!. This is somewhat

higher than the typical values of 20 kms~! per scale height as had
been suggested by Heald et al. (2007), but provide a closer match to
the observations than the predictions from ballistic models (Collins
et al. 2002; Fraternali & Binney 2006) which typically underestimate
the rotational gradient by a factor of a few (e.g. Heald et al. 2007).

5.2.2 X-shaped halo magnetic fields

Another important diagnostic is radio continuum polarization.
NGC 5775 is the prototype of galaxies showing an ‘X-shaped’ halo
magnetic field, where the magnetic field orientation on kpc-scales
shows a characteristic shape, reminiscent of an ‘X’. These magnetic
field structures are possibly connected to the outflow, and indeed an
outflowing wind is a crucial element in efficiently amplifying an ‘X’-
shaped field through the dynamo mechanism (see e.g. Woodfinden
et al. 2019, and references therein). This association is what we have
assumed in our model. The cone half-opening angle is

61 = tan~! (’ = r") . (20)

Z

For B = 2 the cone half-opening angle is nearly constant, otherwise
it is a function of distance from the disc. We find cone half-opening
angles of 6, &~ 25°, resulting in cone-opening angles of 50°. This
is a fairly large opening angle, although Soida et al. (2011) find an
even larger opening angle of 80°. Hence, the model prediction seems
to be at least comparable to observations, and indeed we would not
expect perfect agreement since the impact of the wind on the field
depends on the velocity profile of the flow, the field strength and
its orientation with respect to the flow. Also, the observations may
be affected by superposition of the disc magnetic field on to the
projected field orientation. A proper modelling of the magnetic field
structure is, however, beyond the scope of this paper.

On the other hand, our modelling does seem to be in possible
conflict with the boxy shape of the radio halo, especially at LOFAR
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frequencies (Section 3.1). Our adopted flux tube geometry would
seemingly naturally imply a more bi-conical shape at large vertical
distances from the midplane. As seen in Fig. 2, that is clearly not the
radio morphology of NGC 5775. It is possible that the boxiness is
accentuated through the interaction with NGC 5774, particularly
at the northern edge where the radio continuum morphology is
particularly flattened. We have used the flux tube model as a
straightforward way to consistently treat the vertical variation of
key quantities, in the framework of a 1D model. The geometry
is clearly an approximation of a disc-scale outflow, and one way
to reconcile the model with the boxy halo morphology could be
to picture a more widespread wind with average vertical speed
increasing outward. It may ultimately become necessary to adopt a
2D model framework, or even a system that incorporates differential
rotation. Although beyond the scope of this paper, future work could
attempt to resolve the apparent morphological conflict by selecting a
different model configuration that accommodates similar behaviours
of physical parameters to Fig. 10 but with an eye towards matching
the apparent cylindrical geometry of the synchrotron emitting region
above the midplane. We leave this development to future work.

5.3 Comparison with previous models

Compared with our earlier models (as used by e.g. Mulcahy et al.
2018), our new wind model features the following improvements in
describing the propagation of CRs: (i) the vertical decrease of the
magnetic field strength can now be described coherently through
an accelerated, laterally expanding wind; (ii) there is no longer any
need for an ad hoc exponential magnetic field distribution; and (iii)
the increase of the advection speed is the result of the conservation
of total energy. Hence, with our new model, we have reduced the
free parameters in the fit to the flux scale height zo and the speed
at the critical point v.. In previous work (e.g. Miskolczi et al. 2019;
Schmidt et al. 2019), we fitted the exponential magnetic field scale
height and the velocity scale height separately. There was some
freedom in selecting these parameters, and so we chose the CRs to
be in approximate energy equipartition with the magnetic field. This
is now also a result of the model without requiring any subsequent
fine adjustments. The work presented by Mulcahy et al. (2018) and
Schmidt et al. (2019) should now be revisited with our new model.
We nevertheless explored whether our previous models can also
adequately fit the present data. We tested a constant wind speed
and found an equivalently good match to the data. However, as
already found in our previous work, the resulting magnetic field
strength would be significantly below the equipartition value. The
models presented by Heesen et al. (2018) for 12 galaxies (including
NGC 5775) result in a median departure from equipartition by about
an order of magnitude at a characteristic height of 10 kpc, and the
constant-velocity fit results using the new data in this paper yield
a similar problem. Such a large discrepancy is incompatible with
observations of radio haloes (e.g. Duric 1990; Mora-Partiarroyo
et al. 2019; Seta & Beck 2019). It is possible to obtain approximate
energy equipartition even with a constant wind in the flux tube
geometry; however, the resulting pressure gradient would have to
be exactly balanced by the gravitational acceleration, so that such an
arrangement is inherently unstable. For these reasons, we therefore
favour models incorporating an increasing advection speed. We
found that an exponential magnetic field together with a linearly
increasing advection speed is also sufficient to fit the data equally
well, but requires one additional free parameter in form of the velocity
scale height, and subsequent tuning as described above. This shows
again, as was already pointed out in Miskolczi et al. (2019), that with
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LOFAR we are now are able to probe the halo out to distances in
excess of 10 kpc from the midplane and yet the vertical spectral index
profiles have shallow slopes and are almost linear. Such behaviour can
be well modelled with CR advection as opposed to (pure) diffusion
(for such a case, see Heesen et al. 2019), indicating the presence of
winds.

Nevertheless, there remain a few limitations, which we discuss
next. Our pure advection model cannot explain why a galactic wind
develops in the first place. For this, CR diffusion and/or streaming
are highly important (Wiener et al. 2017; Farber et al. 2018). Our
models assume that once a galactic wind is present, advection will
dominate over diffusion everywhere except quite close to the disc for
typical diffusion coefficients of ~10?8 cm? s~!. The case of streaming
may be important as well, but the magnetic field structure and radio
spectral index distribution suggest that this could be a very local
process (compare with Fig. 5). Our 1D model applied to averaged
data in entire quadrants does not take these relatively small-scale
effects into account in an explicit way. Nevertheless, we acknowledge
that the unknown contribution from CR (anisotropic) diffusion and
streaming can potentially significantly impact our results since we
only take CR advection into account. Clearly, future modelling
should revisit these issues and attempt an even more physically
motivated description. For instance, diffusion and streaming depend
on the local magnetic field structure, which can be modelled on large
scales (=1 kpc) using the CHANG-ES polarization data (Krause
et al. 2020); on smaller scales, constraining aspects such as the
degree of anisotropy in the turbulent component of the magnetic
field will require new deep, high angular resolution observations
such as with the Square Kilometre Array (SKA; see e.g. Beck et al.
2015).

6 CONCLUSIONS

In this paper, we have presented new LOFAR 140 MHz radio
continuum observations of the nearby starburst galaxy NGC 5775.
The resulting map is the most sensitive of this galaxy to date below
1 GHz. We supplemented this low-frequency image with a new
multiconfiguration 1.5 GHz map from the VLA CHANG-ES survey.
In preparing these images we took particular care to match angular
resolution and sensitivity that was optimized for the detection and
analysis of vertically extended radio continuum emission. On the
basis of these images, we subtracted a nominal contribution from
thermal emission using combined Ho and Spitzer 24-pm data.
Following this correction, the pair of images was used to calculate
non-thermal radio spectral indices over a decade in frequency span,
as well as estimates of the equipartition magnetic field strength. We
then determined vertical profiles of the non-thermal intensity and
fitted them to determine exponential scale heights.

The resulting vertical intensity and non-thermal spectral index
profiles were fitted with a newly expanded CR transport model,
building on our previous 1D advection models by implementing a
simple wind model. We assumed a tunable flux tube geometry with an
approximately hyperboloidal form, together with an assumption of
iso-thermal flow, and an exponentially decreasing vertical component
of the gravitational acceleration. These assumptions were adopted in
order to coherently develop a physically motivated vertical variation
of key quantities relevant to the propagation and energy loss of the
CRs, while introducing few free parameters. Our new CR transport
model can explain many of the observed features in the radio halo.
On the other hand, we point out that our simplified wind model
is not yet self-consistent and incorporates an unphysical source of
energy which leads to an overestimate of the wind acceleration
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in the halo. An alternative, fully self-consistent wind model is
introduced in Appendix B, which qualitatively matches the model
presented here. The alternative model will be explored in more detail
and directly confronted with observational data in a forthcoming
paper.

These are our main conclusions:

(i) The morphology of the radio halo of NGC 5775 exhibits a boxy
appearance, especially at the lowest frequencies that are probed by
LOFAR. We detect radio emission up to about 13 kpc from the
midplane at both 140 and 1500 MHz.

(i1) Thermal emission contributes a relatively large proportion
of the continuum radiation observed from NGC 5775, due to the
high level of widespread star formation. At locations with prominent
ongoing star formation activity, up to 57 per cent (23 per cent) of
the continuum radiation is thermal in nature at 1500 (140) MHz, and
with typical values elsewhere of 12 per cent (4 per cent).

(iii) The non-thermal continuum emission is well characterized by
a single exponential distribution, with typical thick disc scale heights
of 2-3 kpc depending on frequency and location in the galaxy. The
scale height at 140 MHz is larger than or equal to that at 1500 MHz,
with an average scale height ratio of 1.2 4+ 0.3.

(iv) The non-thermal spectral index distribution steepens away
from the midplane as observed in previous work. Our new images
show that ‘channels’ of shallower spectral index coincide with
prominent He filaments, with corresponding aligned extensions
of the ordered magnetic field. This may be indicative of localized
regions of ongoing CR streaming.

(v) We find that the average equipartition magnetic field strength
across NGC 5775 is 8 uG. The field is typically 50 per cent higher
in the midplane of the southern side of the disc than in the north.
Exponential scale heights of the magnetic field distribution are highly
varied, but on average are 18 kpc.

(vi) Our new wind model does a good job of matching the
vertical distribution of non-thermal radio continuum emission and
corresponding steepening of the non-thermal spectral index. The
model accounts for varying magnetic field strength, thermal gas
density, and wind speed with height, but without requiring explicit
ad hoc vertical variation of each parameter separately.

(vii) The modelled scale height of the thermal hot gas is 5 kpc,
similar to measurements of the WIM scale height from the Ho
emission line. The midplane thermal electron density is (2—4) x
1073 cm™3, in approximate agreement with X-ray observations.

(viii) The expanding flow results in a decreasing magnetic field
strength with approximately the same scale height as suggested by
the data, but with typical values somewhat below the equipartition
strengths derived directly from the observations. This suggests that
the latter may be overestimated due to the different spectral behaviour
of CRe and total CRs.

(ix) Due to angular momentum conservation, the lateral expan-
sion of the wind has the consequence that the rotational velocity
will decrease with height. We find a predicted vertical gradient
in rotational velocity with values between —(6-12) kms~! kpc™!.
This is in excellent agreement with observations by Heald et al.
(2006), who found an average gradient from Ha spectroscopy of
—7 kms~ ' kpc~! (corrected for the distance assumed in this paper),
and noted indications of higher values in localized regions.

(x) With our new wind model, we are able to calculate the mass-
loading of the outflow. For both hemispheres taken together, we find
a mass-loss rate of M = (€/0.5)(3-6) Mg yr~!. Hence, the mass-
loading efficiency is n =~ 0.4-0.8 (¢/0.5), where € is the efficiency
of entraining gas in the wind.
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(xi) We find a predicted opening angle of the flow around ~50°.
If the magnetic field lines follow the flow of the plasma, we should
be able to compare this with polarization measurements; however,
Soida et al. (2011) found a somewhat larger opening angle of ~80°.

(xii) A possible shortcoming of our model is that it would tend
to suggest a biconical appearance for the radio continuum halo of
NGC 5775, whereas we observe a boxy morphology. Future models
should consider how to reconcile the vertical variation of the key
parameters in the context of a vertical flow confined to an overall
cylindrical structure.

Our results highlight the unique opportunities that are now enabled
by low-frequency radio continuum observations in the study of galac-
tic winds. Together with ongoing enhancements in the modelling of
CR propagation, we are developing a clearer picture of the impact
of winds on the structure and kinematics of star-forming galaxies.
NGC 5775, as a well-studied case with one of the most extended
known radio continuum haloes, provides the opportunity to test and
develop new aspects of our models, so that we can apply them in the
future to galaxies with lower star formation rates.

The prospects are particularly promising as we enter the era
of SKA precursor surveys and draw closer to the construction of
the SKA itself. Extending this study to observations with higher
sensitivity and angular resolution will soon be possible for galaxies
observable from the Southern hemisphere through the use of the
Australian SKA Pathfinder (Hotan et al. 2021), MeerKAT (Jonas
& MeerKAT Team 2016), and ultimately over a very broad range
of frequency with the SKA. The current proliferation of enhanced
observational capability is set to unlock community ambitions to
better understand magnetic fields and their role in the structure and
evolution of galaxies (e.g. Heald et al. 2020).
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APPENDIX A: ISO-THERMAL WIND MODELS

In this appendix, we provide further detail regarding the justification
for our selected vertical gravitational acceleration (Section Al)
and the derivation and solution of the wind model (Sections A2
and A3, respectively). Section A4 presents a few useful analytical
expressions that come out of the solution of the wind equation.
We also present the best-fitting wind models in the remaining three
quadrants (Section AS) to supplement the result for the NE quadrant
as was shown in the main paper (Fig. 9).

A1 Gravitational potential

The vertical gravitational acceleration can be approximated by an
exponential distribution. In this appendix, we motivate this approach.
The gravitational potential is the superposition of the disc, bulge,
and dark matter halo potentials. Since we do not have such detailed
information for NGC 5775, we use a scaled version of the Milky
Way gravitational potential as a template. We use the potentials as
presented by Wolfire et al. (1995). The gravitational potential of the
bulge is neglected since NGC 5775 has no noticeable bulge. Our
approximation is:

2
Urot ( —2 )

g = exp| — |, (A1)
2rO P hgrzlv
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Figure Al. Gravitational vertical acceleration in the Milky Way at a
galactocentric radius of R = 8.5 kpc as function of distance from the galactic
midplane. The green dotted line shows the contribution from the disc, the
blue dot—dashed line the contribution from the halo, and the red dashed line
the sum of both. Equations adopted from Wolfire et al. (1995). The black
solid line is our exponential model.

where we assume v, = 225 kms~!. Hence, the gravitational accel-
eration decreases exponentially with a scale height of Ay, = 4rp.
In Fig. A1, we show the vertical profiles of the vertical gravitational
acceleration for the Milky Way. The disc potential dominates near the
disc and the halo potential takes over as the dominant contribution
at 10 kpc distance from the Galactic midplane. The sum of both
contributions can be fitted reasonably well with our model from
z ~ 2 kpc onwards. We tested that this holds also for only half of the
solar radius, R = 4.25 kpc. For larger radii, this does not hold well
anymore as the dark matter halo potential starts to dominate, which
does not decrease as rapidly.

In NGC 5775, we assume that the wind is launched within a
galactocentric radius of R = 7 kpc. Hence, we scale the model in
equation (A1) to our radius and rotation speed.

A2 Derivation of the wind equation

In this appendix, we derive the wind equation in a similar way as
for the Parker-type winds (see e.g. Boyd & Sanderson 2003, for
a derivation of this particular type of wind equation). The only
differences to the solar wind are that we assume the wind to be
a stellar feedback-driven one with pressure contributions both from
the thermal and CR gas (although that does not change the equation),
the outflow geometry is not spherical but a flux tube geometry, and
the gravitational acceleration falls off exponentially rather than with
the square of the radius.
The Euler (conservation of momentum) equation is:

dv dP

= _ gy, A2
R T (A2)

We introduce the critical velocity v> = P/p, so that:
dpP ,dp
i b A3
& ‘4 (A3)
Plugging this into the Euler equation (A2), we obtain:

dv ,dp

= 2R gy, A4
PU L Vg 8P (A4)

Plugging the expanding flux tube approximation,
B
L4 (i) ] , (AS)
20
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A=A,

into the continuity equation,
d
— (pAv) =0, (A6)
dz
we obtain the vertical density gradient:
-1
d 2\’ e dv
& 1+(—) ﬂﬂ p— 20 (A7)
dz 20 z v dz

Inserting the density gradient into equation (A4), the Euler equa-
tion (A2) becomes:

-1

B B—1 2
z Bz v;p dv
1+ (—) } 5P + — —gp. (A8)

20 20 v dz

dv 2
vV— = v
P dz ¢

The expanded Euler equation (A8), expressed in p, needs to be
integrated. The flux tube approximation in equation (A5) can be

integrated:
p-1 B B
z 20 z
————dz=—"log |1+ | — . A9
/H(;)ﬂ gt <z0) } (47

Hence, integration of the expanded Euler equation (A8) leads to:
2\ d 2 _B—1 Bl
e {25 [
v dz Z) 20

which can be written as:

—g pdz,

(A10)

z B
14+ (—) —/gdz—i—C’, (A1)
20

where C' is an integration constant. Changing to a suitable integration

constant C, we find:
2\’ 2
1+ — - = / gdz + C.
20 L%

2 2
v v
(—) — log (—) = 2log
Ve Ve
(A12)
Now we integrate the gravitational potential:

-z -z
/gdZ = /gO exp < ) dz = _gOhgrav exp ( ) . (A13)
hgra hgra

Thus, we finally obtain the ‘wind equation’:

v z v : Z 8
<—) —log (—) =2log |1+ (*) :|
Ue Uc 20

2
v h oray
rot”" & exD

2
vero

1
Evz — v} log(v) = v?log

) +C.  (Ald)

grav

The equation becomes undefined at the critical point where v =
v and z = z., so that the right-hand-side (rhs) of equation (A14) has
to fulfil rhs = 1. This means the integration constant is:

Zc A
1+ (—) (A15)
20

2 h orav J
— ol o (— L ) : (A16)
vcro hgrav
So that equation (A14) is defined everywhere, rhs > 1 needs to be

fulfilled. Hence, the right-hand-side has a minimum of rhs = 1 at the
critical point z = z..

C=1-2log
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A3 Solving the wind equation

In order to solve the wind equation (A14), we first have to determine
the location of the critical point. The derivative of rhs is:

d 2 }/3—1 B 2 _
S (rhs) = Lﬂzoﬂ — D exp( < ) . (A7)
dz 1+ (i) viro Ngray
20
This becomes:
d 2 -z
—(rhs) = Zﬁzﬂ_lchrOeXP( : ) — G+, (A18)
dZ rot hgrav
Then, for the minimum at the critical point z = z. we require:
d
—(rhs) =0, (A19)
dz
which becomes:
2
2 =288 2 exp ( = ) +2f=0. (A20)
rot hgruv

This can be solved iteratively with the Newton method, where:

B po1 Ve e B
Jait =z¢ — 2Bz, —5— exp +zp, (A21)
rot hgrav
and
v 2 Z
fow =Bzl =28 ( - ) roexp ( : )
rot hgrav
vl
X {(ﬂ - D+ —] ) (A22)
hgrav
Then,
2=z — ?f“. (A23)
J crit

The wind equation is solved in an equivalent way, first defining a
dimensionless wind speed:

=" (A24)
Ve

Then the wind equation becomes:
2 — 2log(D) — rhs = 0. (A25)
Defining:
fuina = 0> — 2log(¥) — rhs, (A26)
and

, o2
Swing =20 — 7 (A27)
the solution can be again found iteratively:
ol = i vt (A28)

’
wind

The solution converges quickly, which then gives the wind velocity.

A4 Useful analytical expressions

In this appendix, we present a few analytical expressions that are
useful for the analysis in the main text.

A4.1 Linearized wind velocity profile

We show that within the flux tube scale height zo, the wind
velocity profile can be well approximated by the following linearized

Radio halo of NGC 5775 679

equation:

Z
v:v()(l—f—z—).
0

Here, vy is the wind velocity at z = 0 kpc. We now define 7 = z/z
and insert this into equation (A14),

(A29)

(1432)* —log(1 +2)* = 2log(l + %) + 1, (A30)

where we have chosen the integration constant C accordingly. For
7 « 1, we can neglect terms of 72,

1427 —log(l +27) = 1. (A31)
With log(1 4+ %) ~ Z,
1+27-2Z=1. (A32)

This equation is fulfilled everywhere, so that the solution in equa-
tion (A29) is indeed a solution of the wind equation (A14). We
checked that this linearization is indeed a good approximation of the
wind velocity profile as long as z < zo. Equation (A29) can also be
recast into a slightly different form:

U=UC(1+Z‘Z°>, (A33)
20

meaning the initial wind velocity is vy = vc(1 — zc/z)-

A4.2 Thermal electron density scale height

Because of the continuity equation (A6),

B+, (A34)

where we made use of the flux tube geometry assuming f = 2 and
used the linearized velocity profile from equation (A29). Here, py is
the density in the midplane and again Z = z/zo. Without proof, we
state that equation (A34) can be well approximated by:

20 _ expl210g(2)3], (A35)
P

in case Z < 2. Hence, the vertical profile of the density and therefore
of the thermal electron density can be well fitted by an exponential
function, so that n. = n.pexp (—z/h.). The scale height of the thermal
electron density is:

he=—2
2log(2)

(A36)

We found that this is indeed a good approximation in all four
quadrants. The largest deviation is found in the NW quadrant because
B deviates most from the assumed value of g = 2.

A4.3 Vertical gradient of rotation speed

We present here a derivation of the rotation velocity gradient as
expected for our model. The vertical gradient of the rotation speed
is:

doe(z)  d (Vo)7

(A37)

vl‘()l 5 -

dz dz \'r

where v, is the maximum rotation speed in the galactic midplane.
This equates to:
dvre(2) ro dr

— oY A38
dz Uot3 4z (A38)
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Figure A2. Wind solution in the north-western quadrant of NGC 5775. From top to bottom, we show vertical profiles of the non-thermal intensities at 140 MHz
and 1.5 GHz, respectively, and the non-thermal radio spectral index. Solid lines show the best-fitting advection model. The intensities were normalized with

respect to the 140-MHz data point at z = 0 kpc.

The derivation of the outflow radius with height is:
dr Z 70

& iz

where we again used 7 = z/z¢. Neglecting higher terms, assuming
B =2,and using Z ~ 1:

(A39)

dr N
dz B «/520.

Plugging this into equation (A38), we can estimate the rotational
gradient at 7 = zj:

(A40)

dvre(z)  Vror

=— . A41
dz 2ﬁZ0 ( )

MNRAS 509, 658-684 (2022)

Replacing zo with the scale height of the thermal electron
density using equation (A36), we can express the rotational gradient
at z = zp in this way:

dvrei(2) _ Urot

= . A42
dz 42 1og(2)he (A42)

A5 Remaining quadrants

Figs A2—A4 show the best-fitting models in the north-western, south-
eastern, and south-western quadrants, respectively, and supplement
Fig. 9 in the main text. Fig. A5 shows the mass and energy fluxes in
the remaining quadrants as well.
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Figure A3. Wind solution in the south-eastern quadrant of NGC 5775. From top to bottom, we show vertical profiles of the non-thermal intensities at 140 MHz

and 1500 MHz, respectively, and the non-thermal radio spectral index. Solid lines show the best-fitting advection model. The intensities were normalized with

respect to the 140-MHz data point at z = 0 kpc.
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Figure A4. Wind solution in the south-western quadrant of NGC 5775. From top to bottom, we show vertical profiles of the non-thermal intensities at 140 MHz
and 1500 MHz, respectively, and the non-thermal radio spectral index. Solid lines show the best-fitting advection model. The intensities were normalized with
respect to the 140-MHz data point at z = 0 kpc.
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Figure AS. Energy and mass fluxes in the north-western (top), south-
eastern (middle), and south-western (bottom) halo (extrapolated to an entire
hemisphere) for an entrainment efficiency of € = 0.5 (¢ = 0.4 in the south-
western halo). The mass flux M is constant due to the continuity equation.
The CR energy flux decreases, the energy of which is transferred into the
kinetic energy of the gas and the work lifting the gas in the gravitational
potential. The total energy flux of the wind is approximately constant.
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APPENDIX B: COSMIC RAY-DRIVEN WIND

In this section, we present a preview of a fully self-consistent wind
model using both the CRs and the thermal gas as driving forces (see
also the recent paper by Quataert, Thompson & Jiang 2021). We start
from the models of Samui et al. (2010) and Yu et al. (2020), who use
a spherical geometry, and adjust this model to a flux tube geometry
as in Everett et al. (2010). We divide the spatial coordinates into two
domains, one with source terms z < zg, and one without source terms
z > zg Where zy, is the height to which mass and energy are injected
into the flow —i.e. the height of the ‘starburst’, for which we assumed
zsp = 0.25 kpc. For a flux tube of cross-section A, the equations that
need to be solved are then the conservation of mass for z < zg,:

1 d( A) = (B1)
Adz pvAa) =4,

the conservation of energy for the thermal gas:

1dfJ 1 y P

—— |pvA | P+ 2 )| = I , B2
Adz | (2v +y_1p)} pvg+ 1+ 0, (B2)

where the gravitational acceleration g is defined below (equation
B8), and the conservation of energy for the CR gas:

1dfJ
—_ ﬁApcR(U + UA):| =1+ QCR- (B3)
A dZ _VCR —1
The CR energy flux transfer is then:
dP
I = —(v+vp) S (B4)
dz

Finally, the conservation of momentum translates to:

dv dPg dPCR
pU— = ——— —

dz dz dz

The source terms for the energy injection by the thermal gas O,
and for the CR gas Qcg, as well as for the mass injection, ¢, vanish
for z > z, in the above equations. As in Yu et al. (2020), we establish
the boundary condition as v = ¢, at z = zg,, Where ¢, is the compound
sound speed as defined by Samui et al. (2010). The Alfvén speed is
modelled as:

B
VA = ,
A Jamp
where B =3 uG is the vertical component of the magnetic field,
which we obtained from measurements of the linear polarization of

the radio continuum emission (Soida et al. 2011). Within the wind,
the magnetic field obeys

— pe. (B5)

(B6)

d
LEY=0 (B7)

Since the composite speed of sound is not constant in this model,
the gravitational acceleration needs to decrease near the galactic
mid-plane so that the wind can pass the critical point (Yu et al.
2020). We chose the following parametrization of the gravitational
acceleration:

_ vrzol <
8(z) = (E) (1 kpc) (z < 1 kpe)

2
= Dot gyp (=2 (z > 1kpo), (B8)
27’0 hgrav

with hg,, = 4rg so that the gravitational acceleration is identical to
our iso-thermal wind model at z > 1 kpc.

Details of this approach will be presented in a forthcoming paper.
Here, we only check for consistency of the physical parameters
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Figure B1. Example wind model using the fully self-consistent equations of
conservation of mass, momentum, and energy. The parameters were chosen
to resemble the wind velocities, densities, and pressures typically found in our
four quadrants. For comparison, we show the best-fitting iso-thermal wind
model in the north-eastern quadrant. See text for details.
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with our iso-thermal wind solution. As in the main text, we chose
ro = 7 kpc and a flux tube scale height of zy = 8 kpc in approximate
agreement with our four quadrants. The energy injection rate is
E = 1.5 x 10*? ergs~! with half channelled into the thermal energy
injection and the other half into the CR energy injection. These
values are consistent with those discussed in Section 5. As can
be seen in Fig. B1, the resulting vertical profiles of the wind
velocity, density, and pressure are in good agreement with our
results in Section 3. An exception is the more modest increase in
the wind velocity, which in the self-consistent model only rises from
~400 kms™! at z = zg to ~500 kms~'. On the other hand, the
density decreases from 4 x 107> cm™ to 4 x 107* cm™ at the
edge of the halo at z = 15 kpc, and the pressures are also in good
agreement with our mid-plane pressures for both the thermal and
the CR gas (Section 4.5.3) and the decrease of the CR gas pressure
in the halo. The calculated mass-loss rate is with M = 15 Mg yr~!
approximately twice as high as our previously calculated rate. The
reason is that this model takes the dynamical effect of the thermal
gas into account, whereas our mass-loss rate conservatively assumed
that the total energy rate is limited by the CR injection (Section 5.1).
In any case, the assumption of an entrainment factor € of order unity
is well supported by this model.
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