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ABSTRACT

This work aims at providing some general tools for the analysis of water spectra as observed in
protoplanetary disks with JWST-MIRI. We use 25 high-quality spectra from the JDISC Survey reduced
with asteroid calibrators as presented in Pontoppidan et al. (2024). First, we present a spectral atlas to
illustrate the clustering of water transitions from di!erent upper level energies (Eu) and identify single
(un-blended) lines that provide the most reliable measurements. With the atlas, we demonstrate two
important excitation e!ects: one related to the opacity saturation of ortho-para line pairs that overlap,
and the other to the sub-thermal excitation of v = 1→ 1 lines scattered across the v = 0→ 0 rotational
band. Second, from this larger line selection we define a list of fundamental lines spanning Eu from
1500 to 6000 K to develop simple line-ratio diagrams as diagnostics of temperature components and
column density. Third, we report the detection of disk-rotation Doppler broadening of molecular lines,
which demonstrates the radial distribution of water emission at di!erent Eu and confirms from gas
kinematics a radially-extended ↑ 170–190 K reservoir recently suggested from the analysis of line
fluxes. We also report the detection of narrow blue-shifted absorption from an inner disk wind in ro-
vibrational H2O and CO lines, which may be observed in disks at inclinations > 50 deg. We summarize
these findings and tools into a general recipe that should be beneficial to community e!orts to study
water in planet-forming regions.

1. INTRODUCTION

The infrared spectrum of water vapor has attracted
increasing interest in the community since the discov-
ery of its forest of lines in protoplanetary disks with the
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Spitzer-IRS (Houck et al. 2004) and ground-based spec-
trographs almost two decades ago (Carr & Najita 2008;
Salyk et al. 2008). With > 1000 transitions significantly
contributing to spectra at 10–37 µm, but only ↑ 150
blended features of multiple transitions that could be
distinctly observed with IRS (e.g. Pontoppidan et al.
2010b), water spectra are at the same time fascinat-
ing and challenging. Most of the attraction comes from
the fact that they trace inner disks at radii where rocky
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Figure 9. Definition of water diagnostic diagrams using line flux ratios as described in Section 4 and Table 1. Lower limits are
marked with grey arrows. Some targets mentioned in the text are labelled for easier visualization. The red arrow marks the
direction of increasing column density for the 400 K component, as shown by the model encircled in a dashed red line (model
“H+W2 (Tk)” that has a 10 times higher column density than model “H+W2”). Parameters for all the models in this figure
are reported in Table 9 in Appendix G. The diagram using the 1500/6000 K line ratio is included in Appendix F.

These di!erent regimes are well illustrated by the two
examples included in Figure 8.

4.2. Definition of general water diagnostic diagrams

The four line flux ratios defined above are shown in
Figure 9 (and in Appendix F) as measured in the entire
disk sample included in this work. The spectra of CI Tau
and SR 4 lie closest to the hot model as expected, being
both dominated by the hot component and having only
minimal warm component (for SR 4, see Appendix H).
The rest of the sample aligns with two series of models
defined as follows. First, we take the base hot model
and add a progressively larger amount of warm water
component (400 K) by increasing its emitting area to
mimic a larger warm-water-rich disk region as reported
in Appendix G (where we report the corresponding gas
mass in units of micro-Earth masses, which is not the
total water mass but just the mass that would be ob-
servable in MIRI spectra; see e.g. Bosman et al. 2022).
About 50% of the sample aligns well with this model
series, consistent with hot spectra enriched with some
warm (→ 400 K) water emission but no need for colder
(< 200 K) water. A notable example to highlight is the
case of FZ Tau, where indeed no water cooler than 300–
500 K was detected (Pontoppidan et al. 2024; Muñoz-
Romero et al. 2024a). Relative to CI Tau, the position
of FZ Tau in Figure 9 also suggests a slightly more ex-

tended and more optically thick warm component, sup-
porting what found from radial-gradient fits to the line
fluxes (Muñoz-Romero et al. 2024a).
The rest of the sample, instead, falls above this model

series requiring extra enrichment at cooler temperatures
to increase the flux of the 1500 K transitions. We re-
mark that also the flux asymmetry between the two
1500 K transitions, with stronger emission from the
lower-energy line at 23.867µm, gives evidence for water
emission at < 200 K, as shown by the models in Figure
7 in this work and in the grid of models in Figure 10 in
Muñoz-Romero et al. (2024a). This asymmetry is ob-
served in all disks in this sample that have strong emis-
sion from these two lines relative to the nearby higher-
energy lines (see Appendix H). To account for this colder
component, in a second series of models we take the first
series and progressively add a larger amount of cold wa-
ter component (170 K) by increasing its emitting area
to mimic a larger cold-water-rich disk region. The sec-
ond model of this series (H+W2+C2) aligns well with
GK Tau, which was identified to have a prominent cold
water excess in comparison to CI Tau (Banzatti et al.
2023b) and where temperature gradient fits have found
that water is detected down to sublimation temperatures
near the snowline (→ 180–200 K, Muñoz-Romero et al.
2024a). Another disk that was found with strong emis-
sion from colder water down to ice sublimation temper-
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Figure 10. Trends between the water lines from Table 1 and the accretion luminosity (top) or disk inclination (bottom).
Linear fits and their 95% confidence intervals are shown as dashed lines and shaded regions, and their parameters are reported
in Appendix D. The color-coding follows that of model tracks in Figure 9, from darker blue symbols for disks along the 400 K
model track to lighter green symbols for disks along the 170 K model track.

atures was GQLup, as already stated above, which lies
near the third model in this series (H+W3+C3), con-
sistent with its more extended cold water component in
comparison to GK Tau (Muñoz-Romero et al. 2024a).
A disk with an even stronger cold water component is
now found in IRAS 04385+2550, a young disk in Taurus.
Cases where the hot water emission is strongly reduced
or absent and the observed spectrum can be reproduced
mostly by a warm and/or cold water component may
provide lower limits in some line flux ratios, as is the
case for RY Lup and MY Lup in this sample (the latter
sits at → 5,6 in the left plot in Figure 9 and is reported
in Salyk et al. in prep.).
Data points in between the two model series are con-

sistent with a di!erent combination of warm and cold
components on top of the hot base model. Another ef-
fect that contributes to the spread of the sample is a
di!erent column density, as illustrated with one extra
model from the 400 K series where we increase the col-
umn density by a factor 10, marked with a dashed red
line in Figure 9. This model matches the direction of
spread in the data in the plot to the right, where the
3340 K line ratio decreases for increasing column den-
sity (as explained above). The sample analyzed in this
work is consistent with having a factor of ↑ 10 or more
spread in column density of the 400 K component; the
170 K component does not contribute to the flux of the
3340 K lines because it is too cold (therefore the two

model series overlap perfectly in the right panel of Fig-
ure 9), while the 850 K component has a much lower
contribution to these lines than the 400 K component.

4.3. Trends with accretion, inclination, and disk size

In reference to previous work that found correlations
in water emission as observed with Spitzer or ground-
based instruments (Salyk et al. 2011; Banzatti et al.
2020, 2023a), it is important to test for correlations be-
tween the line fluxes and ratios used in Figure 9 and the
accretion luminosity, one of the strongest correlations
found before, and the disk inclination, for comparison
to the inclination e!ects that will be shown later in Sec-
tion 5. In Figure 10 we confirm with the new MIRI
spectra that rotational water emission correlates with
accretion and anti-correlates with disk inclination. The
slope steepens with Eu in both cases, as found in Ban-
zatti et al. (2023b) in the case of the correlation with
accretion (linear correlation parameters are reported in
Appendix D). For a previous discussion of these corre-
lations in terms of inner disk heating and viewing an-
gle e!ects, see e.g. Salyk et al. (2011); Banzatti et al.
(2023a,b). The water line ratios, instead, do not corre-
late with these properties (Figure 11), suggesting that
the relative areas of emitting regions for water reser-
voirs at di!erent temperatures are not set primarily by
accretion and are independent of the viewing angle.
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accretion and are independent of the viewing angle.
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Figure 11. Same as Figure 10 but for the line ratios defined in Section 4. Linear fits and their 95% confidence intervals are
shown as dashed lines and shaded regions. No significant correlations are found in these cases.

Figure 12. Correlations between the line ratios defined in Section 4 and the dust disk size as measured from ALMA images.
Colored larger datapoints (used for the linear fit) show full disks with single stars, no millimeter cavity, and no cloud contami-
nation. The rest of the sample is shown with small grey dots and is excluded from the fit. The first two correlations to the left
correspond to what found in Banzatti et al. (2023b), which used a larger line list but similar energy levels. Linear fits and their
95% confidence intervals are shown as dashed lines and shaded regions, and their parameters are reported in Appendix D.

Another known correlation to test in the context of
water emission from inner disks is with disk sizes as
measured at high angular resolution with ALMA. In
Figure 12 we show the trends between the three line
ratios and the millimeter dust disk size following previ-
ous work (Banzatti et al. 2020, 2023b, see Appendix A
for the millimeter data references). In this figure we in-
clude in the linear regression only the sub-sample of full
disks with single stars, no millimeter inner dust cavities,
and without signs of being in younger embedded phases
(cloud/envelope contamination as reported in Andrews
et al. 2018). The reason for this selection is to isolate
the e!ects of gas and dust transport through the disk
from other e!ects that may regulate the observed inner
water vapor due to age and environment, inner disk de-
pletion, and binary interactions (e.g. Salyk et al. 2024;
Ramı́rez-Tannus et al. 2023; Perotti et al. 2023; Schwarz
et al. 2024; Grant et al. 2024). These e!ects are being
analyzed in upcoming papers.

The anti-correlations found in line ratios in the sub-
sample of eight disks in Figure 12 correspond to what
previously found in four disks in Banzatti et al. (2023b),
which used a larger line list but similar energy levels.
The correlation is detected only in the 1500/6000 K and
3600/6000 K line ratios, suggesting that the underlying
physical process regulates the flux (here interpreted as
emitting area) observed in the 170 K and 400 K wa-
ter components relative to the hot inner water reservoir,
which is instead mostly regulated by accretion (Ban-
zatti et al. 2023b). The 3340 K line ratio, instead, does
not correlate with disk size, suggesting that the column
density of the 400 K component is independent from the
underlying process driving this correlation. For a discus-
sion of these trends in terms of pebble drift and other
radial transport processes enriching inner disks with wa-
ter vapor, see e.g. Ciesla & Cuzzi (2006b); Najita et al.
(2013); Banzatti et al. (2020, 2023b); Schneider & Bitsch
(2021); Kalyaan et al. (2021, 2023); Mah et al. (2024),
Houge et al. (submitted).
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Figure 10. Trends between the water lines from Table 1 and the accretion luminosity (top) or disk inclination (bottom).
Linear fits and their 95% confidence intervals are shown as dashed lines and shaded regions, and their parameters are reported
in Appendix D. The color-coding follows that of model tracks in Figure 9, from darker blue symbols for disks along the 400 K
model track to lighter green symbols for disks along the 170 K model track.

atures was GQLup, as already stated above, which lies
near the third model in this series (H+W3+C3), con-
sistent with its more extended cold water component in
comparison to GK Tau (Muñoz-Romero et al. 2024a).
A disk with an even stronger cold water component is
now found in IRAS 04385+2550, a young disk in Taurus.
Cases where the hot water emission is strongly reduced
or absent and the observed spectrum can be reproduced
mostly by a warm and/or cold water component may
provide lower limits in some line flux ratios, as is the
case for RY Lup and MY Lup in this sample (the latter
sits at → 5,6 in the left plot in Figure 9 and is reported
in Salyk et al. in prep.).
Data points in between the two model series are con-

sistent with a di!erent combination of warm and cold
components on top of the hot base model. Another ef-
fect that contributes to the spread of the sample is a
di!erent column density, as illustrated with one extra
model from the 400 K series where we increase the col-
umn density by a factor 10, marked with a dashed red
line in Figure 9. This model matches the direction of
spread in the data in the plot to the right, where the
3340 K line ratio decreases for increasing column den-
sity (as explained above). The sample analyzed in this
work is consistent with having a factor of ↑ 10 or more
spread in column density of the 400 K component; the
170 K component does not contribute to the flux of the
3340 K lines because it is too cold (therefore the two

model series overlap perfectly in the right panel of Fig-
ure 9), while the 850 K component has a much lower
contribution to these lines than the 400 K component.

4.3. Trends with accretion, inclination, and disk size

In reference to previous work that found correlations
in water emission as observed with Spitzer or ground-
based instruments (Salyk et al. 2011; Banzatti et al.
2020, 2023a), it is important to test for correlations be-
tween the line fluxes and ratios used in Figure 9 and the
accretion luminosity, one of the strongest correlations
found before, and the disk inclination, for comparison
to the inclination e!ects that will be shown later in Sec-
tion 5. In Figure 10 we confirm with the new MIRI
spectra that rotational water emission correlates with
accretion and anti-correlates with disk inclination. The
slope steepens with Eu in both cases, as found in Ban-
zatti et al. (2023b) in the case of the correlation with
accretion (linear correlation parameters are reported in
Appendix D). For a previous discussion of these corre-
lations in terms of inner disk heating and viewing an-
gle e!ects, see e.g. Salyk et al. (2011); Banzatti et al.
(2023a,b). The water line ratios, instead, do not corre-
late with these properties (Figure 11), suggesting that
the relative areas of emitting regions for water reser-
voirs at di!erent temperatures are not set primarily by
accretion and are independent of the viewing angle.

Water excitation atlas, diagnostic diagrams, and Doppler broadening 15

Figure 10. Trends between the water lines from Table 1 and the accretion luminosity (top) or disk inclination (bottom).
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found before, and the disk inclination, for comparison
to the inclination e!ects that will be shown later in Sec-
tion 5. In Figure 10 we confirm with the new MIRI
spectra that rotational water emission correlates with
accretion and anti-correlates with disk inclination. The
slope steepens with Eu in both cases, as found in Ban-
zatti et al. (2023b) in the case of the correlation with
accretion (linear correlation parameters are reported in
Appendix D). For a previous discussion of these corre-
lations in terms of inner disk heating and viewing an-
gle e!ects, see e.g. Salyk et al. (2011); Banzatti et al.
(2023a,b). The water line ratios, instead, do not corre-
late with these properties (Figure 11), suggesting that
the relative areas of emitting regions for water reser-
voirs at di!erent temperatures are not set primarily by
accretion and are independent of the viewing angle.
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Figure 11. Same as Figure 10 but for the line ratios defined in Section 4. Linear fits and their 95% confidence intervals are
shown as dashed lines and shaded regions. No significant correlations are found in these cases.

Figure 12. Correlations between the line ratios defined in Section 4 and the dust disk size as measured from ALMA images.
Colored larger datapoints (used for the linear fit) show full disks with single stars, no millimeter cavity, and no cloud contami-
nation. The rest of the sample is shown with small grey dots and is excluded from the fit. The first two correlations to the left
correspond to what found in Banzatti et al. (2023b), which used a larger line list but similar energy levels. Linear fits and their
95% confidence intervals are shown as dashed lines and shaded regions, and their parameters are reported in Appendix D.

Another known correlation to test in the context of
water emission from inner disks is with disk sizes as
measured at high angular resolution with ALMA. In
Figure 12 we show the trends between the three line
ratios and the millimeter dust disk size following previ-
ous work (Banzatti et al. 2020, 2023b, see Appendix A
for the millimeter data references). In this figure we in-
clude in the linear regression only the sub-sample of full
disks with single stars, no millimeter inner dust cavities,
and without signs of being in younger embedded phases
(cloud/envelope contamination as reported in Andrews
et al. 2018). The reason for this selection is to isolate
the e!ects of gas and dust transport through the disk
from other e!ects that may regulate the observed inner
water vapor due to age and environment, inner disk de-
pletion, and binary interactions (e.g. Salyk et al. 2024;
Ramı́rez-Tannus et al. 2023; Perotti et al. 2023; Schwarz
et al. 2024; Grant et al. 2024). These e!ects are being
analyzed in upcoming papers.

The anti-correlations found in line ratios in the sub-
sample of eight disks in Figure 12 correspond to what
previously found in four disks in Banzatti et al. (2023b),
which used a larger line list but similar energy levels.
The correlation is detected only in the 1500/6000 K and
3600/6000 K line ratios, suggesting that the underlying
physical process regulates the flux (here interpreted as
emitting area) observed in the 170 K and 400 K wa-
ter components relative to the hot inner water reservoir,
which is instead mostly regulated by accretion (Ban-
zatti et al. 2023b). The 3340 K line ratio, instead, does
not correlate with disk size, suggesting that the column
density of the 400 K component is independent from the
underlying process driving this correlation. For a discus-
sion of these trends in terms of pebble drift and other
radial transport processes enriching inner disks with wa-
ter vapor, see e.g. Ciesla & Cuzzi (2006b); Najita et al.
(2013); Banzatti et al. (2020, 2023b); Schneider & Bitsch
(2021); Kalyaan et al. (2021, 2023); Mah et al. (2024),
Houge et al. (submitted).
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Figure 13. Evidence for disk-rotation Doppler broadening of molecular lines observed with MIRI-MRS. High-resolution (R >
50, 000) ro-vibrational CO line profiles are shown in black (from Brown et al. 2013; Banzatti et al. 2022). The single (un-blended)
MIRI water line at 17.35766 µm (Eu → 2400 K, Appendix E) is shown in red. A gaussian broadening that assumes a resolving
power equivalent to FWHM = 95 km/s is shown for comparison as a grey shaded area. The orange dashed line in IQ Tau shows
the centroid of the blue-shifted absorption component found in the ro-vibrational lines in its MIRI spectrum (Figure 17).
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Figure 14. Evidence for disk-rotation Doppler broadening of molecular lines observed with MIRI-MRS. In this figure we exclude
disks with inner dust cavities or lower S/N (see Appendices A and H). The observed line FWHM of H2O, OH, and CO correlates
with disk inclination (top) and with the high-resolution CO FWHM from ground-based observations where available (bottom).
The nominal MIRI resolving power is reported as a horizontal dotted line for reference in each panel from Pontoppidan et al.
(2024). The direction indicated with an arrow shows the e!ect of blue-shifted wind absorption observed in IQ Tau (Sect. 5.2).
Linear fits and their 95% confidence intervals are shown as dashed lines and shaded regions, and their parameters are reported
in Appendix D. The color-coding follows that of model series in Figure 9 as in Figure 10.

lower-energy OH line pair that overlaps in wavelength at
23.05 µm (with Eu → 4100 K), the P26 line of v = 1↑ 0
CO emission (one of the only three un-blended CO lines
in MIRI spectra with minimal contamination from wa-
ter and other higher-energy CO vibrational lines, to-
gether with P25 and P27), and the H2 S(1) line near
17 µm, which is well separated from emission from other
molecules (see Figure 3). While water, CO, and partly
OH show similar evidence for Doppler broadening, sup-
porting their disk origin, the H2 line width does not in-
crease with inclination, suggesting that the line is typi-
cally unresolved. Another H2 line that can be measured
is the S(3) line at 9.665 µm (Figure 2); this line too
provides evidence for being uresolved in MRS spectra
(Figure 15), but it is blended on each side with H2O and
OH lines which can contaminate its measured FWHM in

some cases (e.g. FZ Tau). The other H2 lines covered by
MRS are all blended with H2O but still consistent with
the local resolving power at each wavelength. That H2

is unresolved in MRS spectra is consistent with a non-
disk origin for H2 emission, which is indeed observed to
trace outflows and winds in young disks (e.g. Yang et al.
2022; Arulanantham et al. 2024; Delabrosse et al. 2024).
Another option could be extended emission from larger
disk radii (therefore narrower lines) than the emission
from other molecules detected in MIRI spectra.

5.1.1. Updates to the MIRI resolving power

The data in Figure 14 show that the narrowest lines
are found at low inclinations, as expected from Keple-
rian broadening. We can therefore use MIRI spectra
of low-inclination disks to measure the MIRI resolving

18 JDISCS collaboration

MIRI 
H2O

Ground 
CO

Figure 13. Evidence for disk-rotation Doppler broadening of molecular lines observed with MIRI-MRS. High-resolution (R >
50, 000) ro-vibrational CO line profiles are shown in black (from Brown et al. 2013; Banzatti et al. 2022). The single (un-blended)
MIRI water line at 17.35766 µm (Eu → 2400 K, Appendix E) is shown in red. A gaussian broadening that assumes a resolving
power equivalent to FWHM = 95 km/s is shown for comparison as a grey shaded area. The orange dashed line in IQ Tau shows
the centroid of the blue-shifted absorption component found in the ro-vibrational lines in its MIRI spectrum (Figure 17).

MIRI 
H2O

Ground 
CO

Figure 14. Evidence for disk-rotation Doppler broadening of molecular lines observed with MIRI-MRS. In this figure we exclude
disks with inner dust cavities or lower S/N (see Appendices A and H). The observed line FWHM of H2O, OH, and CO correlates
with disk inclination (top) and with the high-resolution CO FWHM from ground-based observations where available (bottom).
The nominal MIRI resolving power is reported as a horizontal dotted line for reference in each panel from Pontoppidan et al.
(2024). The direction indicated with an arrow shows the e!ect of blue-shifted wind absorption observed in IQ Tau (Sect. 5.2).
Linear fits and their 95% confidence intervals are shown as dashed lines and shaded regions, and their parameters are reported
in Appendix D. The color-coding follows that of model series in Figure 9 as in Figure 10.

lower-energy OH line pair that overlaps in wavelength at
23.05 µm (with Eu → 4100 K), the P26 line of v = 1↑ 0
CO emission (one of the only three un-blended CO lines
in MIRI spectra with minimal contamination from wa-
ter and other higher-energy CO vibrational lines, to-
gether with P25 and P27), and the H2 S(1) line near
17 µm, which is well separated from emission from other
molecules (see Figure 3). While water, CO, and partly
OH show similar evidence for Doppler broadening, sup-
porting their disk origin, the H2 line width does not in-
crease with inclination, suggesting that the line is typi-
cally unresolved. Another H2 line that can be measured
is the S(3) line at 9.665 µm (Figure 2); this line too
provides evidence for being uresolved in MRS spectra
(Figure 15), but it is blended on each side with H2O and
OH lines which can contaminate its measured FWHM in

some cases (e.g. FZ Tau). The other H2 lines covered by
MRS are all blended with H2O but still consistent with
the local resolving power at each wavelength. That H2

is unresolved in MRS spectra is consistent with a non-
disk origin for H2 emission, which is indeed observed to
trace outflows and winds in young disks (e.g. Yang et al.
2022; Arulanantham et al. 2024; Delabrosse et al. 2024).
Another option could be extended emission from larger
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CI Tau (minimal warm water component) 
GQ Lup (strong cooler water components)

Hot water model (850 K)

Figure 16. Evidence for Doppler broadening of MIRI water lines as a function of upper level energy Eu. The figure includes
the same two disks that have minimal warm water component (CI Tau) vs a strong cold water component (GQ Lup) as defined
in Section 4; the rest of the sample is included in Appendix F. In the upper panel, their spectra are scaled as in Banzatti et al.
(2023b) and show individual transitions as in Figure 3. The water lines in GQ Lup become narrower at lower Eu, as expected
if the cold water reservoir is in a disk region at larger radii (Banzatti et al. 2023b; Muñoz-Romero et al. 2024a). Light red dots
show the updated MIRI resolving power at each line wavelength from Figure 15. The two lines near 1500 K from Table 1 are
excluded from the fit, due to the lower resolving power at 23 µm.

gradient, we may be able to measure a trend between
FWHM and Eu, where the lower-Eu lines should become
increasingly narrower.
This is exactly what is observed in the data when com-

paring two disks that have previously been proposed to
be in these two di!erent situations: Figure 16 shows that
the spectrum of GQ Lup, with one of the strongest and
most extended cool water components found so far, has
a clear trend between FWHM and Eu, while the same
lines in CI Tau are flat with Eu. The rest of the sample
is shown in Appendix F. This finding provides new, in-
dependent confirmation of previous work that proposed
water to trace an extended disk region in disks with in-
creased emission from low-energy lines (Banzatti et al.
2023b; Muñoz-Romero et al. 2024a). Line broadening
will be applied in Section 6 to extract radial profiles
from the observed water emission.

5.2. Water and CO absorption at high inclinations

If lines observed with MIRI-MRS are rotationally
broadened at high inclinations as demonstrated in the
previous section, we could also expect to observe ab-
sorption on top of emission lines with di!erent Doppler
broadening, since this is observed at high-resolution
from the ground (e.g. Pontoppidan et al. 2011; Brown
et al. 2013; Banzatti et al. 2022, 2023a). The best test

case should be a high-inclination disk with deep blue-
shifted absorption observed in ro-vibrational CO emis-
sion from the ground, since absorption is observed to
deepen at higher disk inclinations possibly due to a
larger portion of an inner disk wind intercepted along
the line of sight (Pontoppidan et al. 2011; Banzatti et al.
2022). In our sample this is the case of IQ Tau, whose
CO ro-vibrational line shape shows broad double-peaked
emission (due to its high inclination of 62 deg) with at
least one blue-shifted absorption component (Figure 13,
previously shown in Brown et al. (2013)).
Figure 17 shows portions of the ro-vibrational CO and

H2O spectra from the MIRI spectrum of IQ Tau, con-
firming the scenario proposed above. The spectral lines
of both molecules show a broader and more complex
shape than in other disks in this work, a shape that
can be excellently matched with the simple di!erence
of two spectra: a hotter spectrum in emission at the
RV of the star (with FWHM = 150 km/s, much larger
than the nominal resolving power at these wavelengths,
as already shown in Figure 14), and a colder spectrum
blue-shifted by -7 km/s (with FWHM = 80–90 km/s);
the models used for absorption adopt a similar column
density of 1–5 →1017 cm→2. While the models in this
figure are just for quick demonstration, we remark that
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Figure 19. Radial profiles of water rotational lines observed in CI Tau (large, multi-gapped disk dominated by a single hot
water component) and GQ Lup (compact disk with strong warm and cold water components), by applying the simple Doppler
mapping technique described in Section 6 and Figure 18. ALMA continuum images are shown for reference in each panel (Long
et al. 2019, and in prep.). All lines are partially resolved in both disks, enabling estimates of emitting radii from the de-convolved
line broadening. Rotational lines are shown as filled circles with size proportional to the line flux (to illustrate the di!erent
spectral line flux distribution as in the top panel of Figure 8), ro-vibrational lines with grey crosses. Ro-vibrational lines in
GQ Lup (incl = 60 deg) are very weak and possibly include absorption (see discussion in Section 5.2).

emitting regions estimated from temperature-gradient
fits to the line fluxes in Muñoz-Romero et al. (2024a),
highlighting the potential in future work to improve
model fits to MIRI spectra by including both line excita-
tion and line broadening. These radial excitation maps
are also valid for comparing the relative emitting region
of di!erent lines in a given disk; for instance, CI Tau
shows that ro-vibrational lines are emitted from smaller
disk radii than the rotational lines. This is consistent
with what higher-resolution spectra from the ground
have recently shown (Banzatti et al. 2023a).

7. DISCUSSION

In this section we will discuss some applications of
the tools and findings presented above to study MIRI
water spectra in protoplanetary disks, with the intent to
provide a helpful framework for community e!orts and
a common ground for comparisons of di!erent samples.

7.1. Combining flux and broadening information

The diagrams in Figure 9 have been introduced for
providing a simple, general view of the relative emission
from water at di!erent temperatures in di!erent disks.
This simple diagnostic can provide a helpful starting
point before performing detailed fits with slab or more
sophisticated models, and provides an empirical frame-
work for comparisons across di!erent datasets indepen-
dently from di!erent tools that may be used in di!erent
works. The position of a given disk in these diagrams in-
forms on whether a → 400 K and → 170 K components
significantly contribute to its water spectrum, and on
the column density of a → 400 K component. These
temperature components are only a convenient approx-

imation of a temperature gradient that is found in disks
(Muñoz-Romero et al. 2024a; Temmink et al. 2024), and
they could in principle probe physical gradients both in
the radial and vertical direction in an inner disk surface.
As demonstrated in Section 5.1, the detection of

Doppler broadening of MIRI lines can help clarify the
interpretation of the position of a given disk in Figure
9 in terms of the radial distribution of water. As shown
in Figure 19, a disk like CI Tau that sits close to the
1,1 point in the diagram has compact emission from an
inner, hotter disk region that can describe the observed
emission from a large range of Eu, with only a slightly
larger emitting radius for the lower Eu → 1500 K. This
explains why it has been found in previous work to be
well reproduced by a single hot temperature component
(Banzatti et al. 2023b; Muñoz-Romero et al. 2024a). To
the contrary, a disk like GQ Lup that sits along the
warm+cold model series shows a gradient in line widths
that corresponds to a much larger range of disk radii,
with higher Eu emitted from an inner region and lower
Eu emitted from significantly larger radii. This was gen-
erally expected from disk models and velocity-resolved
surveys (Figure 13 in Banzatti et al. 2023a), but had
never been directly observed from the broadening of wa-
ter lines at > 13 µm before this work.
We now combine the flux and broadening measure-

ments from MIRI spectra into Figure 20, for the sub-
sample of disks in this work where Doppler broadening
is detected across all energy levels (Appendix F). The
figure shows the ratio of Keplerian radii (each radius
obtained from the deconvolved HWHM as in Figure 19)
as a function of their line flux ratio, for the character-
istic Eu values considered above in this work. To use
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Figure 20. Left: Ratios of Keplerian radii estimated from the deconvolved line widths (Figure 19) as a function of their line
flux ratio, using the 1500 and 6000 K lines from Table 1. This figure includes only disks where Doppler broadening is detected
(Appendix F). With the exception of IQ Tau, the disk where wind absorption is detected (Figure 17), the trend in this figure
shows that a larger flux in the 1500 K lines corresponds to their larger Keplerian radius too. Right: illustration of the three
temperature regions at increasing disk radii and processes of ice drift, sublimation, and gas di!usion, modified from Banzatti
et al. (2023b).

a representative Keplerian radius for each Eu, we take
the median radius of lines included in Figure 19 for each
of these ranges: 1400–1700 K, 3000–4000 K, and 6000–
6500 K. Figure 20 shows the example of the 1500/6000 K
line ratios (their flux ratio and Keplerian radius ratio),
which maximizes the range of values measured in spectra
(as the cold component is generally more distant from
the hot component). With the exception of IQ Tau (the
same high-inclination disk where wind absorption is de-
tected, see Section 5.2), the trend in this figure shows
that a higher line flux ratio generally corresponds to a
larger emitting radius of the cold component, supporting
the model tracks we have used above in Figure 9 where
it was the emitting area to increase. Therefore, the line
broadening measurements support the idea that Figure
9 can be generally used to obtain a quick reference for
the radial distribution of water in the inner disk in three
temperature regions, which we illustrate with a cartoon
in the right panel of Figure 20, adapted from Banzatti
et al. (2023b). In addition to the approximate distribu-
tion of these temperature components, the 3340 K line
flux ratio introduced in Figure 9 provides a proxy for the
column density in the warm region, as explained above.
To analyze more comprehensively the water abun-

dance near and across the snowline at a temperature
of 170 K and below, instead, access to lower-energy lev-
els at > 30µm will be needed (e.g. Zhang et al. 2013;
Blevins et al. 2016; Banzatti et al. 2023b), which would
be provided by a future far-infrared observatory (Pon-
toppidan et al. 2018, 2023; Kamp et al. 2021). Dynamic
disk models including dust evolution and water process-

ing are beginning to unfold how the observable water
columns can evolve with time under the e!ect of pebble
drift (see, e.g., Houge et al. submitted). Generating syn-
thetic spectra and evolutionary tracks of such models in
the context of the diagnostics presented in Figure 9 will
be the subject of future work. Here we note that by tak-
ing the cold water mass values from the model track in
Figure 9 and converting those into a pebble mass deliv-
ered to the snowline using Eqn. 11 from Muñoz-Romero
et al. (2024a) gives pebble mass fluxes between 0.6 and
5 mM→ yr↑1, consistent with typical predictions from
dust evolution models (e.g. Drazkowska et al. 2021).

7.2. A procedure for the analysis of water spectra

We propose now in Figure 21 a simple general proce-
dure for the analysis of water spectra, by combining the
findings and tools presented above to the list of guide-
lines provided recently in Banzatti et al. (2023a), which
was based on lessons learned from ground-based surveys
of water emission from protoplanetary disks.

7.2.1. Step 1 - Spectral line inspection

The first step after reducing the spectra and subtract-
ing the continuum (see Appendix B for guidelines on
that step) is to inspect them carefully across MIRI wave-
lengths for the general identification of a series of prop-
erties. These properties, related to line blending and
excitation, will be useful and in some cases fundamental
for a correct analysis of water emission to study physical
and chemical processes in inner disks.
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ABSTRACT

Context. Due to the high visual extinction and lack of sensitive mid-IR telescopes, the origin and properties of outflows and jets from
embedded Class 0 protostars are still poorly constrained.
Aims. We aim at characterising the physical, kinematic, and dynamical properties of the HH 211 jet and outflow, one of the youngest
protostellar flows.
Methods. We use the James Webb Space Telescope (JWST) and its Mid-Infrared Instrument (MIRI) in the 5–28 µm range, to study the
embedded HH 211 flow. We map a 0→.95↑0→.22 region, covering the full extent of the blue-shifted lobe, the central protostellar region,
and a small portion of the red-shifted lobe. We extract spectra along the jet and outflow and construct line and excitation maps of both
atomic and molecular lines. Additional JWST NIRCam H2 narrow-band images (at 2.122 and 3.235 µm) provide a visual-extinction
map of the whole flow, and are used to deredden our data.
Results. The jet driving source is not detected even at the longest mid-IR wavelengths. The overall morphology of the flow consists
of a highly collimated jet, mostly molecular (H2, HD) with an inner atomic ([Fe i], [Fe ii], [S i], [Ni ii]) structure. The jet shocks
the ambient medium, producing several large bow-shocks, rich in forbidden atomic ([Fe ii], [S i], [Ni ii], [Cl i], [Cl ii], [Ar ii], [Co ii],
[Ne ii], [S iii]) and molecular lines (H2, HD, CO, OH, H2O, CO2, HCO+), and is driving an H2 molecular outflow, mostly traced
by low-J, v = 0 transitions. Moreover, H2 0-0 S(1) uncollimated emission is also detected down to 2→→–3→→ (↓650–1000 au) from the
source, tracing a cold (T=200–400 K), less dense and poorly collimated molecular wind. Two H2 components (warm, T=300–1000 K,
and hot, T=1000–3500 K) are detected along the jet and outflow. The atomic jet ([Fe ii] at 26 µm) is detected down to ↓130 au from
source, whereas the lack of H2 emission (at 17 µm) close to the source is likely due to the large visual extinction (AV >80 mag). Dust
continuum-emission is detected at the terminal bow-shocks, and in the blue- and red-shifted jet, being likely dust lifted from the disk.
Conclusions. The jet shows an onion-like structure, with layers of different size, velocity, temperature, and chemical composition.
Moreover, moving from the inner jet to the outer bow-shocks, different physical, kinematic and excitation conditions for both mo-
lecular and atomic gas are observed. The jet mass-flux rate, momentum, and momentum flux of the warm H2 component are up to
one order of magnitude higher than those inferred from the atomic jet component. Our findings indicate that the warm H2 component
is the primary mover of the outflow, namely it is the most significant dynamical component of the jet, in contrast to jets from more
evolved YSOs, where the atomic component is dominant.

Key words. Stars: formation - Stars: jets - Stars: protostars, Stars: winds, outflows - ISM: dust, extinction - ISM: Herbig-Haro objects

1. Introduction

Accretion and ejection are common and related processes in the
formation of stars, from low- to high-mass young stellar objects
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Fig. 3. Tricolour MIRI-MRS map of H2 0-0 S(7) (at 5.5 µm, in blue), H2 0-0 S(1) (at 17 µm, in green), and [Fe ii] (at 26 µm, in red) emission
lines. The white circle marks the position of the ALMA mm continuum source. Black and white contours indicate the position (on the blue-
and red-shifted lobe side, respectively) of continuum emission integrated between 25.3 and 25.9 µm (displayed contours are at 3, 5, and 50ω;
1ω=4 MJy sr→1). Knots and bow-shocks (BS) showing continuum emission are indicated.

along the blue-shifted jet and in the outer bow-shocks. HD emis-
sion is analysed in detail in a forthcoming paper (Francis et al.
in prep.). CO2 at 15 µm is also faintly detected (SNR↑3ω) in
Knot 2 (see Fig. 5 and Tab. C.5).

In addition to the molecular emission, several atomic species
are detected along the jet. Besides the many transitions of [Fe ii]
with the excitation energy of the upper level (Eup) ranging from
↑500 to ↑4000 K (see Fig. 5 and Tab. C.2), strong [S i] and [Fe i]
emission (see middle and bottom panels of Figure 6) at 25.25
and 24.04 µm, respectively, are detected. Note that these transi-
tions have Eup similar to the [Fe ii] line at 26 µm (↑550–600 K).
These features match the jet very well, delineated by the [Fe ii]
emission (see top panel of Figure 6), although the intensity of
such lines largely vary along the flow, and likely follow the dif-
ferent excitation conditions along the jet. Indeed, the continuum-
subtracted map in Fig. 6 show that [Fe i] emission, seen for the
first time in a protostellar jet, is mostly detected along the jet,
whereas faint (signal-to-noise ratio - SNR↓5) or no emission is
seen at the outer bow-shocks, where [Fe ii] and [S i] emission
lines are strongest. This almost certainly reflects an increase in
the ionisation fraction along the flow. The other atomic species
detected along the jet is [Ni ii] at 6.6 µm (see Fig. A.2 in Ap-
pendix A). Two more transitions from [Ni ii] are also observed at
BS 3 (see Tab. C.2).

The terminal bow-shocks (BS 1–BS 3) are clearly richer in
terms of chemistry, especially BS 3, which is the brightest (see
Fig. 7). In addition to the species visible along the jet, many
other molecular and atomic forbidden lines are detected (see
Tab. C.2 and Tab. C.3). In particular, the tail (i. e. J ↔25 up to

J=59) of the P-branch CO fundamental (i. e. v = 1 → 0, up
to ↑5.4 µm) is the brightest molecular emission after H2 (see
Fig. 7, and middle upper panel of Fig. A.2), although P- and R-
branch low-J lines at shorter wavelengths (i. e. between ↑4.4 and
↑5 µm) are brighter (their total flux is ↑4–5 times larger than that
from the tail; see HH 211 BS 1 NIRSpec spectrum in Fig. 2 of
Ray et al. 2023). Our MIRI-MRS spectra only show CO on the
four bow-shocks (BS 1–BS 4, see Fig. A.2, middle panel), but
not along the jet or the outflow (see NIRCam image in Fig. 4 of
Ray et al. 2023), since the integrated CO emission in the NIR-
Cam image of Ray et al. (2023) is about one order of magnitude
fainter than our map 3ω threshold sensitivity (↑0.4 mJy arcsec→2

or ↑17 MJy sr→1).
Plenty of OH lines (between 9.1 and 25 µm) are detected

in the spectra of the terminal bow-shocks (see Fig. 7), com-
ing from pure rotational states (v = 0, J↗ ↘ J↗-1) arising in
the 2Π3/2 and 2Π1/2 ladders and cross-ladder. These OH mid-
IR lines (suprathermal OH rotational emissions; see Neufeld
et al. 2024) originate from water photodissociation by 114–
143 nm UV radiation, produced in this case by strong jet shocks
(v ↔ 40 km s→1) (see, e g. Tabone et al. 2021; Zannese et al.
2024). This emission was already observed in low-resolution
Spitzer/InfraRed Spectrograph (IRS) spectra of HH 211 (see
Tappe et al. 2008) and also predicted and modelled by Tabone
et al. (2021). In addition, these mid-IR lines were also observed
with Spitzer in DG Tau (at ε >13 µm Carr & Najita 2014) and re-
cently detected with MIRI also in the HOPS 370 jet (see Neufeld
et al. 2024). Additional H2O transitions (v = 0→0 and v2 = 1→0),
as well as faint HCO+ (v2 = 1 → 0) at 12 µm and CO2 at 15 µm
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Fig. 4. H2 line maps of the brightest transitions detected along the flow.
From top to bottom: 0-0 S(7) (5.5 µm), 0-0 S(3) (9.7 µm), and 0-0S(1)
(17.0 µm) lines. The magenta circle shows the position of the ALMA
mm continuum source. Integrated flux is in mJy pixel→1.

are also detected in the spectra of the three outer bow-shocks
(see Fig. 7).

Other atomic forbidden lines in emission detected in BS 3
include bright [Cl i] at 11.3 µm (also detected in BS 1 and 2,
see Fig. A.2 in Appendix A), [Ne ii] at 12.8 µm, barely visible
in BS 1, as well as faint (SNR↑3ω) emission of [Ar ii], [Cl ii],
[Co ii], and [S iii] (see Fig. 7 and Tab. C.2). Notably, all these
atomic lines and their intensities were predicted in Hollenbach
& McKee (1989, hereafter, HM89) J-shock models.

3.3. Jet radius

A noteworthy result from our line maps is that the size of the in-
ner jet is resolved, or marginally resolved, in both atomic species
([Fe ii] at 26 and 17.9 µm, [Fe i] , and [S i] ) and H2 lines (0-0 S(7)
and 0-0 S(1)). We compute the diameter of the jet for the diffe-
rent lines for various knots (knot id. and coordinates are listed
in Table 1), measuring the FWHM orthogonal to the jet axis at
each knot position, after collapsing the image over the knot size
along the jet axis. The spatial line-profile is then fitted with a 1D
Gaussian and the resulting deconvolved diameter (or jet size) is

d =
√

FWHM2 → PSF2, where PSF is the point-spread function
value at wavelengths close to those of the emission line. For the
atomic lines and the H2 0-0 S(1) line, we measure the PSF of the
continuum emission towards BS 1, that is not spatially resolved.
As no continuum is detected at 5.5 µm, to infer a reference PSF
for the H2 0-0 S(7) line we use a set of faint H2O lines towards
BS 1, which do not seem to be spatially resolved. The obtained
value is 0↓↓.3, which is similar to the nominal one reported in Law
et al. (2023) (0↓↓.28). It is also worth noting that, as the H2 jet is
fully resolved (0↓↓.5–1↓↓) at this wavelength, a difference of 0↓↓.02
would not significantly affect its inferred size.

Measured FWHMs (in ↓↓), deconvolved sizes (in ↓↓) and radii
(in au) of the jet for the different species and at different posi-
tions are reported in Table C.4. Figure 8 shows that the jet ra-
dius varies for the different species (i. e., [S i], [Fe ii] 26 µm, H2
0-0 S(1) and S(7) lines, depicted as green dots, magenta trian-
gles, blue, and black triangles, respectively) at different distances
from the source. The position and name of each knot are labelled
in red at the bottom of the figure.

Overall, Figure 8 confirms the onion-like structure of the jet,
with the atomic jet displaying smaller radii and the molecular
component larger radii. The different atomic lines show simi-
lar values in radius (ranging from ↔45 to ↔100 au), possibly be-
cause the angular resolution is not sufficient to separate neutral
and ionised gas. On the other hand, the H2 lines have radii si-
milar or larger than the atomic jet. The radius of the H2 0-0 S(7)
line ranges from ↔60 to ↔130 au, whereas the 0-0 S(1) line is
positioned on the outer layers of the jet (↔100–180 au).

In most cases, the jet size is just marginally resolved (see
Tab. C.4). Therefore these trends can be hardly seen in our maps,
with the exception of the H2 0-0 S(1) emission line, that overlaps
and encloses both atomic and hot H2 molecular emission (see
Fig. 3 and Fig. A.1).

3.4. H2 ro-vibrational diagrams

The large number of H2 rotational transitions from v = 0
and v = 1 levels and their ample range of excitation energies
(1000 K↭ Eup ↭16 000 K) allow us to infer both gas temperature
(T (H2)) and column density (N(H2)) along the flow (see, e.g.
Giannini et al. 2004; Caratti o Garatti et al. 2006) by means of
ro-vibrational diagrams. Extinction-corrected line column den-
sities, divided by their statistical weights, are plotted against
their excitation energies using a semi-logarithmic scale. For a
gas in local thermal equilibrium (LTE), the gas excitation fol-
lows a Boltzmann distribution (Nv,J/gv,J ↗ exp(→Ej/kTex)) and
points in the diagram align in a straight line, whose slope is
the reciprocal of the gas excitation temperature (if Tex=Tgas).
The y-axis intercept provides the gas column density. Often,
the H2 gas shows stratification in temperature. Generally, tran-
sitions at low excitation (Eup ↭4000–5000 K) trace a cold com-
ponent (T (H2) ↭1000 K), those at higher energy (Eup ↭10 000–
12 000 K) a warm component (T (H2) ↭2000–2500 K), and those
at the highest energy a hot component (T (H2) ↔ 3000–4000 K).

Lines tracing the cold, warm, and hot components can be de-
tected at MIR wavelengths (see Tab. C.1). Therefore, the MIRI-
MRS regime can trace up to three H2 components, and we might
expect to measure up to three different temperatures and column
densities (see e. g. Neufeld et al. 2009; Dionatos et al. 2010),
with the cold component tracing the highest column densities
and the hot component the lowest.

Unfortunately, it is not possible to directly measure the visual
extinction with our MIRI-MRS data, as we do not detect any pair
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Fig. 6. From top to bottom: [Fe ii] (26 µm), [S i] (25 µm), and [Fe i]
(24 µm) continuum-subtracted emission lines along the jet. The ma-
genta circle shows the position of the ALMA mm continuum source.
Integrated flux is in mJy pixel→1.

Figure 9 shows temperature (top panels) and column den-
sity (bottom panels) maps for the warm (left panels) and hot
components (right panels) of the gas. Overall, the gas is colder
and denser in the inner jet, whereas it becomes warmer and less
dense in the outer bow-shocks. Moreover, the warm component
has column densities one order of magnitude larger than the hot
component (see bottom panels of Fig. 9).

The temperature of the warm component varies from
↑300 K, in the inner jet close to source, to 500–700 K along
the jet, and up to 900–1000 K in the terminal bow-shocks, and
its column density changes from 1019 to 1020 cm→2 along the
jet, while it is just some 1019 cm→2 along the bow-shocks, with
the exception of BS 3, which has the highest column densities
(↑3↓1020 cm→2).

The hot component varies from 1000 to 2000 K along the
jet, whereas it is much higher (2000–3500 K) at the bow-shocks.
On the other hand, its column density is higher along the jet (1–
2↓1019 cm→2) and drops in the outer jet and bow-shocks (1018–
1019 cm→2).

Less collimated, colder (200–400 K) and less dense (1018–
1019 cm→2) gas (showing a U or V shape at the rear of the jet)
is detected in the inner regions (bottom panel of Fig. 4 and left

panels of Fig. 9), likely tracing a poorly collimated wind. In ad-
dition, the outflow gas (i. e. the entrained gas) appears less dense
and colder than that in the jet and bow-shocks, with the excep-
tion of the shocked outflow-ISM interface (blue coded in the
N(H2) maps), where column density and temperature appear to
be higher than those of the entrained gas.

3.5. Physical properties of the flow from the atomic species

We can use the different atomic species detected along the flow
to infer the main physical parameters of the atomic gas.

3.5.1. Electron density and temperature from [Fe ii]

Electron density (ne) and temperature (Te) of the atomic gas can
be derived from the many [Fe ii] transitions detected along the
flow in the MIRI-MRS data. For our analysis, we use a non-
local thermal equilibrium (nLTE) excitation model presented
in Giannini et al. (2013), here updated to include the MIRI-
MRS transitions at low Eup. The model assumes electronic colli-
sional excitation/de-excitation and spontaneous radiative decay.
It employs the atomic database of the XSTAR tool (Bautista &
Kallman 2001), which provides energy levels, Einstein coeffi-
cients, and collision rates (for temperatures between 2000 K and
20 000 K) for the first 159 fine-structure levels of Fe+. Our nLTE
model provides a line intensity grid for all transitions from the
159 levels for 100↔ ne ↔ 107 cm→3 (in steps of log10 (ωne/cm→3)
= 0.06) and 400↔ Te ↔ 105 K (in steps of ωTe=200 K).

The observed line fluxes are de-reddened using the values
reported in our AV map (see Sec. 3.1), and their line ratios are
used to find the best fit to our model, leaving Te and ne as free
parameters. Fits with the lowest chi-square (ε2) value provide
the best Te and ne solutions.

Along the jet we just detect the [Fe ii] lines at 5.3, 17.9, and
26 µm. On the other hand, for the external bow-shocks more
lines have been used in our fits (see Column 6 of Tab. C.2).

Spectra with 1↗↗ radii were extracted from eleven regions,
the four outer bow-shocks (BS 1–4), five knots along the blue-
shifted (Knot 1–5), and red-shifted jet (Knot 1 red and 2 red)
(see Fig. 1 and Column 2 of Tab. 1 for feature identification and
coordinates, respectively). Only in seven of these spectra (i. e.
the four bow-shocks and Knot 2, 3, and 5) the [Fe ii] 5.3 µm line
is bright enough for our analysis (↘5ϑ).

Columns 3 and 4 of Table 1 report ne and Te values of the fits
for each feature, while Column 5 lists the ε2 of the best fit along
with its degrees of freedom (i. e. number of line ratios used mi-
nus the two variables, ne and Te). Temperature increases moving
away from the source, notably from Te ↑1000 K in the inner
jet to Te ↑1400 K in BS 4, Te ↑2800 K moving further out to
Knot 5, and it reaches its peak at BS 3 (Te ↑3800 K). Te finally
drops in the two most external bow-shocks, BS 2 and BS 1, at
1800 and 2400 K, respectively. The trend of ne is similar, low va-
lues (100–230 cm→3) along the jet and at BS 4 and higher values
(350–800 cm→3) at the three terminal bow-shocks (BS 1–BS 3).

It is also worth noting that the three brightest [Fe ii] lines
(i. e. at 5.3, 17.9, and 26 µm) can be combined to infer both
parameters, as the 17.9/5.3 µm ratio is sensitive to ne and the
26/17.9 µm ratio to Te. Figure 10 shows a plot of the two line ra-
tios (26 µm/17.9 µm line on the x-axis and 17.9 µm/5.3 µm line
ratio on the y-axis) in logarithmic scale and the grid of Te and ne
values derived from our model. Line ratios and uncertainties of
each analysed feature are displayed (bow-shocks in blue, knots
in red). Derived values and errors for ne and Te are listed in Col-

Article number, page 9 of 27

Caratti o Garatti et al.: The textbook case of the HH 211 outflow

Fig. 6. From top to bottom: [Fe ii] (26 µm), [S i] (25 µm), and [Fe i]
(24 µm) continuum-subtracted emission lines along the jet. The ma-
genta circle shows the position of the ALMA mm continuum source.
Integrated flux is in mJy pixel→1.

Figure 9 shows temperature (top panels) and column den-
sity (bottom panels) maps for the warm (left panels) and hot
components (right panels) of the gas. Overall, the gas is colder
and denser in the inner jet, whereas it becomes warmer and less
dense in the outer bow-shocks. Moreover, the warm component
has column densities one order of magnitude larger than the hot
component (see bottom panels of Fig. 9).

The temperature of the warm component varies from
↑300 K, in the inner jet close to source, to 500–700 K along
the jet, and up to 900–1000 K in the terminal bow-shocks, and
its column density changes from 1019 to 1020 cm→2 along the
jet, while it is just some 1019 cm→2 along the bow-shocks, with
the exception of BS 3, which has the highest column densities
(↑3↓1020 cm→2).

The hot component varies from 1000 to 2000 K along the
jet, whereas it is much higher (2000–3500 K) at the bow-shocks.
On the other hand, its column density is higher along the jet (1–
2↓1019 cm→2) and drops in the outer jet and bow-shocks (1018–
1019 cm→2).

Less collimated, colder (200–400 K) and less dense (1018–
1019 cm→2) gas (showing a U or V shape at the rear of the jet)
is detected in the inner regions (bottom panel of Fig. 4 and left

panels of Fig. 9), likely tracing a poorly collimated wind. In ad-
dition, the outflow gas (i. e. the entrained gas) appears less dense
and colder than that in the jet and bow-shocks, with the excep-
tion of the shocked outflow-ISM interface (blue coded in the
N(H2) maps), where column density and temperature appear to
be higher than those of the entrained gas.

3.5. Physical properties of the flow from the atomic species

We can use the different atomic species detected along the flow
to infer the main physical parameters of the atomic gas.

3.5.1. Electron density and temperature from [Fe ii]

Electron density (ne) and temperature (Te) of the atomic gas can
be derived from the many [Fe ii] transitions detected along the
flow in the MIRI-MRS data. For our analysis, we use a non-
local thermal equilibrium (nLTE) excitation model presented
in Giannini et al. (2013), here updated to include the MIRI-
MRS transitions at low Eup. The model assumes electronic colli-
sional excitation/de-excitation and spontaneous radiative decay.
It employs the atomic database of the XSTAR tool (Bautista &
Kallman 2001), which provides energy levels, Einstein coeffi-
cients, and collision rates (for temperatures between 2000 K and
20 000 K) for the first 159 fine-structure levels of Fe+. Our nLTE
model provides a line intensity grid for all transitions from the
159 levels for 100↔ ne ↔ 107 cm→3 (in steps of log10 (ωne/cm→3)
= 0.06) and 400↔ Te ↔ 105 K (in steps of ωTe=200 K).

The observed line fluxes are de-reddened using the values
reported in our AV map (see Sec. 3.1), and their line ratios are
used to find the best fit to our model, leaving Te and ne as free
parameters. Fits with the lowest chi-square (ε2) value provide
the best Te and ne solutions.

Along the jet we just detect the [Fe ii] lines at 5.3, 17.9, and
26 µm. On the other hand, for the external bow-shocks more
lines have been used in our fits (see Column 6 of Tab. C.2).

Spectra with 1↗↗ radii were extracted from eleven regions,
the four outer bow-shocks (BS 1–4), five knots along the blue-
shifted (Knot 1–5), and red-shifted jet (Knot 1 red and 2 red)
(see Fig. 1 and Column 2 of Tab. 1 for feature identification and
coordinates, respectively). Only in seven of these spectra (i. e.
the four bow-shocks and Knot 2, 3, and 5) the [Fe ii] 5.3 µm line
is bright enough for our analysis (↘5ϑ).

Columns 3 and 4 of Table 1 report ne and Te values of the fits
for each feature, while Column 5 lists the ε2 of the best fit along
with its degrees of freedom (i. e. number of line ratios used mi-
nus the two variables, ne and Te). Temperature increases moving
away from the source, notably from Te ↑1000 K in the inner
jet to Te ↑1400 K in BS 4, Te ↑2800 K moving further out to
Knot 5, and it reaches its peak at BS 3 (Te ↑3800 K). Te finally
drops in the two most external bow-shocks, BS 2 and BS 1, at
1800 and 2400 K, respectively. The trend of ne is similar, low va-
lues (100–230 cm→3) along the jet and at BS 4 and higher values
(350–800 cm→3) at the three terminal bow-shocks (BS 1–BS 3).

It is also worth noting that the three brightest [Fe ii] lines
(i. e. at 5.3, 17.9, and 26 µm) can be combined to infer both
parameters, as the 17.9/5.3 µm ratio is sensitive to ne and the
26/17.9 µm ratio to Te. Figure 10 shows a plot of the two line ra-
tios (26 µm/17.9 µm line on the x-axis and 17.9 µm/5.3 µm line
ratio on the y-axis) in logarithmic scale and the grid of Te and ne
values derived from our model. Line ratios and uncertainties of
each analysed feature are displayed (bow-shocks in blue, knots
in red). Derived values and errors for ne and Te are listed in Col-
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Fig. 7. Spectrum of HH 211 BS 3 (see Fig. 1) extracted at R.A.(J2000): 03h43m59.s413, Dec.(J2000): +32→00↑35.↑↑27. The top panel shows the
full flux-density range of the spectrum (up to 7↓10↔11 erg s↔1 cm↔2 µm↔1), and the bottom panel shows a close-up (up to 10↔12 erg s↔1 cm↔2 µm↔1).
Detected lines are labelled. Different colours indicate different species.

Fig. 8. Inferred jet radius (in au) vs. distance (in arcseconds) from the
source for different lines. Green dots, magenta triangles, blue and black
triangles show [S i], [Fe ii] (at 26 µm), H2 0-0 S(1) and S(7) lines, re-
spectively. Knot identification is displayed in red.

umn 6 and 7 of Tab. 1, respectively. Within the error bars, these
results are the same as for the fits, however these numbers pro-

vide a better constraint on the uncertainties. The larger uncer-
tainties are those on ne along the inner jet and this is due to the
fact that the 5.3 µm line has a relatively low SNR (↗5) there. For
four more knots (Knot 1 and Knot 4 blue-shifted, and Knot 1 and
Knot 2 red-shifted, the latter labelled with an additional R for
distinguishing purposes in Fig. 10 and other figures and tables of
the paper), we report lower limits on ne (as the 5.3 µm line is not
detected or is below 3ω in our spectra) and the corresponding
temperature upper limits. The upper limit to the 5.3 µm line flux
is inferred by multiplying the 3ω noise of the spectrum at the
line wavelength by the nominal FWHM of the line.

Finally, we employ continuum-subtracted line images of the
three bright [Fe ii] lines to construct both log (26 µm/17.9 µm)
and log (17.9 µm/5.3 µm) maps, to visualise how Te and ne vary
along the flow. Images were sampled at the lowest pixel scale
of the 26 µm image, and, to avoid spurious detection, pixels
with fluxes below 3ωwere masked. Furthermore, in the resulting
maps, only pixels within the 3ω line contours are displayed.

Figure 11 shows the logarithmic map of the 26 µm/17.9 µm
line ratio. The colour-coded bar reports both logarithmic values
and the corresponding Te for a gas with ne=500 cm↔3 (i. e. an
average of the measured range of values along the flow). There-
fore, the corresponding temperature is slightly underestimated
along the jet and overestimated along the terminal bow-shocks.
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Fig. 9. Temperature (top panels) and column density (bottom panels) maps of the warm (left panels) and hot (right panels) H2 components. The
magenta circle shows the position of the ALMA mm continuum source.

Fig. 10. Logarithmic grid of the [Fe ii] 26 µm/17.9 µm line ratio (x-axis),
sensitive to Te and [Fe ii] 17.9 µm/5.3 µm line ratio (y-axis), sensitive to
ne. Line ratios and error bars for the studied features (bow-shocks in
blue, knots in red) are shown in the plot.

Notably, the counter-jet has Te similar to the jet and the increas-
ing Te trend towards the terminal shocks is also visible. Fig. 12
shows the logarithmic map of the 17.9 µm/5.3 µm. The colour-
coded bar indicates the corresponding ne of a gas at Te=1000 K.

Fig. 11. Logarithmic map of the ratio of [Fe ii] lines at 26 µm and
17.9 µm. Cyan contours show the [Fe ii] (26 µm) line flux at 3, 10, 50ω
(0.48, 1.6, 8 mJy pixel→1). Colour code displays the logarithmic value of
the ratio (bottom) and the corresponding Te (in Kelvin) for an average
ne of 500 cm→3. Only pixels within 3ω line contours are displayed. The
magenta dot shows the position of the ALMA mm continuum source.

Electron densities are lower along the jet and in BS 4 whereas
they are higher in the outer bow-shocks.

3.5.2. Gas-phase iron abundance

Gas-phase iron abundance, and thus the observed [Fe ii] and
[Fe i] line intensities, are regulated by the shock efficiency in
eroding the dust grains, through processes like sputtering and
grain-grain collision, which release iron into the gas-phase (see,
e. g. Seab 1987; Jones 2000; Colangeli et al. 2003). Studies of
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shows the logarithmic map of the 17.9 µm/5.3 µm. The colour-
coded bar indicates the corresponding ne of a gas at Te=1000 K.

Fig. 11. Logarithmic map of the ratio of [Fe ii] lines at 26 µm and
17.9 µm. Cyan contours show the [Fe ii] (26 µm) line flux at 3, 10, 50ω
(0.48, 1.6, 8 mJy pixel→1). Colour code displays the logarithmic value of
the ratio (bottom) and the corresponding Te (in Kelvin) for an average
ne of 500 cm→3. Only pixels within 3ω line contours are displayed. The
magenta dot shows the position of the ALMA mm continuum source.

Electron densities are lower along the jet and in BS 4 whereas
they are higher in the outer bow-shocks.

3.5.2. Gas-phase iron abundance

Gas-phase iron abundance, and thus the observed [Fe ii] and
[Fe i] line intensities, are regulated by the shock efficiency in
eroding the dust grains, through processes like sputtering and
grain-grain collision, which release iron into the gas-phase (see,
e. g. Seab 1987; Jones 2000; Colangeli et al. 2003). Studies of
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Fig. 13. Observed vs. predicted [Fe ii] 26 µm/[S i] and [Fe i] /[S i] line
ratios for different knots (red triangles) along the jet. Each curve re-
produces the Hollenbach & McKee (1989) dissociative models for dif-
ferent values of the gas-phase iron abundance (coloured curves, from
2.88→10↑5 - black dots - to 7→10↑7 - magenta open circles), pre-
shock density n0=105 cm↑3, and a range of shock velocities (vs=30–
100 km s↑1), as reported in the labels. The two blue arrows show how
the plots move by varying n0 from 104 to 106 cm↑3

Nevertheless, one would expect the opposite of what we find,
namely that the Fe gas-phase increases along the flow moving
away from the source (see, e. g., Nisini et al. 2005; Podio et al.
2006), as Fe is being released from grains via shocks along the
flow. Our measure of a decrement in the Fe gas-phase along the
jet (see Fig. 13) suggests that this difference is local and related
to the different strength of the shocks along the flow, rather than
a continuous destruction of grains along the flow.

3.5.3. Density, shock-velocity and ionisation fraction of the
atomic jet

Figure 13 already provides us with some indications about pre-
shock densities (n0) and shock velocities (vs) along the flow.
However, as both iron abundance and ionisation fraction are not
well constrained by such analysis, it is not possible to properly
infer vs and n0 values. The latter parameter is particularly impor-
tant to define the dynamical properties of the atomic jet compo-
nent and thus its relevance with respect to the molecular compo-
nent.

We can use other atomic lines predicted by the HM89 mod-
els, to constrain these two parameters. In particular, we note that
the [Ne ii] line intensity strongly depends on vs, but it is less
sensitive to n0 variations (see Figure 7 in HM89). In contrast,
[S i] and [Cl i] (at 11.4 µm) line intensities are strongly depen-
dent on n0 variations but not on vs (at least for shock velocities
↭60 km s↑1).

Therefore, we first constrain the shock velocity along the
flow using the dereddened [Ne ii] line intensity as observed in
different bow-shocks and knots of HH 211. As the line is de-

Fig. 14. A [Fe ii] 26 µm radial-velocity map. Black contours show the
integrated continuum-subtracted line intensity at 5ω (0.8 mJy pixel↑1).
The magenta dot shows the position of the ALMA mm continuum
source.

tected below 3ω (or not detected) in the knots along the jet,
here we use a 3ω upper limit to estimate its line intensity.
Shock velocities of 40±5 km s↑1 are measured for the bow-
shocks (35±5 km s↑1 for BS 2), whereas vs <50–60 km s↑1 is in-
ferred along the jet. Results are listed in Column 2 of Table 2.

We then employ [S i] and [Cl i] line fluxes to infer the gas
pre-shock density. Values derived from [S i] are more reliable,
as [Cl i] is only weakly detected along the jet (SNR↓3ω). De-
spite this, n0 values derived from [Cl i] are consistent with those
derived from [S i] (see Column 3 of Table 2).

Pre-shock density along the jet ranges from 7→104 to
2→105 cm↑3, being denser (1–2→105 cm↑3) in knots close to the
source (i. e. Knot 1, Knot 1 red and 2 red). The outer jet and bow-
shocks show a lower density (4–9→104 cm↑3).

By combining ne and n0, it is then possible to infer the H i
ionisation fraction (xe=ne/n0). Values along the jet are a few 10↑3

(see Column 4 of Table 2), whereas at the terminal bow-shocks it
is slightly higher (from several 10↑3 to 10↑2). We note that these
values are similar to what was inferred in HH 211 with Spitzer
by Dionatos et al. (2010). Such small xe values are typical of
Class 0 protostellar jets (see, e. g. Dionatos et al. 2009, 2010),
in contrast to Class I and II jets, where xe ranges from 0.03 to
0.9 (see, e. g., Ray et al. 2007; Frank et al. 2014, and references
therein).

3.6. Flow kinematics

MIRI-MRS datacubes also allow us to explore the velocity struc-
ture along the flow for the brightest atomic ([Fe ii], [S i], [Fe i])
and molecular (H2) lines. To derive radial velocity maps of these
lines, we employ the python routine bettermoments (Teague
& Foreman-Mackey 2018) and fit a Gaussian line profile to each
pixel with a SNR↔5ω in each line image. Depending on the SNR
of the spectral line, this method typically provides a radial veloc-
ity precision (↗∆vr/

↘
SNRline, where ∆vr = c/R) much higher

than the nominal spectral resolution (R) of the instrument.
Radial velocity maps for [Fe ii] at 26 µm (see Figure 14) and

17.9 µm, [S i], [Fe i] (see Figure D.1 in Appendix D), and H2 0-
0 S(1) and S(7) (see Figure D.2 in Appendix D) lines were con-
structed.

Figure 14 shows the radial-velocity (vr) map of the [Fe ii] at
26 µm. The red and blue lobes of the jet are detected straddling
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Lee et al. (2018) could not find any clear rotation signal and in-
stead found only an upper limit of →27 au km s↑1 for the inferred
jet specific angular-momentum. This upper limit is more than
one order of magnitude smaller than what was found here, thus
making it very unlikely we are detecting jet rotation.

3.7. Molecular and atomic mass-flux rates along the jet

Using both physical and kinematic parameters derived from the
H2 and atomic lines, mass ejection rates along the jet can be
inferred.

For the warm and hot H2 components we assume that the jet
has laminar flow across the observed pixels in each considered
knot along the blue-shifted jet (see, e. g., Dionatos et al. 2010):

Ṁjet(H2) = 2µmH ↓ (NH2 A) ↓ (vtg/ltg) (1)

where µ (=1.35) is the mean atomic weight, mH is the proton
mass, NH2 is the H2 column density (warm and hot, see Col-
umn 3 and 4 in Tab.3, respectively) averaged over the knot emit-
ting area (A; assumed circular and derived from the radii reported
in Tab. C.4), vtg is the knot tangential velocity (see Tab. C.7) and
ltg (see Column 2 of Tab.3) is the measured knot cross section.
Only values for knots along the blue-shifted jet are reported, as
the H2 column densities are poorly constrained in the red-shifted
jet (see Fig. 9).

Mass-flux rates for the warm and hot H2 components are
reported in Column 5 and 6 of Table 3, respectively. Derived
ṀH2 (W) range from 5 to 8↓10↑7 M↔ yr ↑1, whereas ṀH2 (H) are
about one order of magnitude smaller, given the lower column
density and (typically) smaller emitting size of the hot compo-
nent. Overall, our mass flux rates are typically two or three times
smaller than those found by Dionatos et al. (2010) with Spitzer,
likely due to the poor spatial resolution of the Spitzer/IRS mod-
ules, whereas both column densities and velocities are similar.
No mass-loss rates are derived for the external bow-shocks, be-
cause they would likely be overestimated, as part of the observed
material is made of entrained gas from the ISM.

Assuming that both blue- and red-shifted jet are symmetric
(i. e. red-shifted knots have same mass-flux), we infer a mass-
ejection rate along the jet of Ṁjet(H2)=1–1.6↓10↑6 M↔ yr ↑1.
These values perfectly match those derived from the SiO and CO
jet by Jhan & Lee (2021) (1.1↓10↑6 M↔ yr ↑1 with v=100 km s↑1)
and Lee et al. (2010) (1.8↓10↑6 M↔ yr ↑1 with v=170 km s↑1).
Using the mass accretion rate inferred by Lee et al. (2010)
from Lbol (Ṁacc=8.5↓10↑6), Ṁjet/Ṁacc varies from 12% to 19%,
consistently with what was found with ALMA. Such a high
Ṁjet/Ṁacc efficiency is predicted by MHD disk-winds at the pro-
tostellar stage (see, e. g., Ferreira et al. 2006).

As column density, mass flux, and velocities are known,
other important dynamical properties of the flow can be re-
trieved. In particular, momentum (P = M ↓ vtot) and momentum
flux (Ṗ = Ṁ ↓ vtot) of the molecular component can be inferred
and compared with those of the atomic component, to examine
whether the molecular jet is made of entrained material or it be-
longs to the jet, being launched from the disk. Column 7, 8, and
9 of Table 3 report momentum, momentum flux, and dynamical
time (ω) for the warm H2 component of the analysed knots.

To compare molecular and atomic dynamics, the mass-loss
rates of the various knots (Ṁknot) were derived from the physical
and kinematic parameters inferred in Sects 3.5.3 and 3.6. Ṁknot
can be expressed in terms of the pre-shock density (n0), speed
of the gas entering the shock, and jet radius (r j, as inferred in
Table C.4):

Fig. 15. Comparison between atomic (red dots) and warm H2 molecu-
lar (H2(W), black dots) dynamical parameters for different knots of the
HH 211 jet (see Tab. 2 and Tab. 3). Bottom, middle, and top panels dis-
play mass-flux rates (in 10↑7 M↔ yr↑1), momenta (in 10↑4 M↔ km s↑1),
and momentum fluxes (in 10↑5 M↔ yr↑1 km s↑1), respectively.

Ṁknot(atomic) = µmH ↓ n0 ↓ εr2
j ↓ vtot (2)

As n0 was obtained from [S i], rj values are also taken from
[S i] in Table C.4. In any event, this assumption should not
change our results as [S i] and [Fe ii] have the same rj values
within the error bars (see also Fig. 8).

The average jet velocity is assumed to be vtot=130±25 km s↑1

(see also Sec. 3.6)2. Namely, as [S i] and [Fe ii] radial velocities
are similar, knot radial velocities from Table C.6 are converted
to velocities assuming a jet average inclination angle of 11↗.

As in the case of H2, Ṁ, P, Ṗ, and ω (Columns 5, 6, 7, and
8 of Tab. 3, respectively) are computed for the atomic compo-
nent. Ṁ, P, and Ṗ values of the atomic (red dots) and warm H2
component (black dots) components of each knot are plotted in
Figure 15 (bottom, middle, and top panel, respectively) as a func-
tion of the distance to the source. It is clear that the dynamical
parameters of the atomic jet are always smaller than those of the
warm H2 component (H2(W)), indicating that most of the thrust
of jet derives from its molecular component. Most importantly,
this confirms that the molecular jet is not entrained but originates
from the disk.

3.8. HH 211: a dusty flow

Beyond 10 µm, MIRI-MRS maps spatially resolve continuum
emission at the three terminal bow-shocks (BS 1–BS 3). Their
position matches the brightest [Fe ii] emission (at 26 µm), with
the bulk of emission at BS 3 (SNR↘50ϑ or ↘200 MJ sr↑1 at
ϖ ↘25 µm, see contours in Fig. 3). More faint continuum emis-
sion (detected beyond 24–25 µm with SNR↘5ϑ or ↘20 MJ sr↑1)
2 Note that, at variance with Eq. 1, radius and velocity in Eq. 2 are
de-projected.
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ABSTRACT

Context. Magnetic turbulence is classified as weak or strong based on the relative amplitude of the magnetic field fluctuations com-
pared to the mean field. These two classifications have different energy transport properties.
Aims. The purpose of this study is to analyze turbulence in the interstellar medium (ISM) based on this classification. Specifically,
we examine the ISM of simulated galaxies to detect evidence of strong magnetic turbulence and provide statistics on the associated
magnetic coherent structures (MCoSs), such as current sheets, that arise in this context.
Methods. We analyzed MHD galaxy simulations with different initial magnetic field structures (either completely ordered or com-
pletely random) and recorded statistics on the magnetic field fluctuations (ωB/B0) and the MCoSs, which are defined here as regions
where the current density surpasses a certain threshold. We also studied the MCoS sizes and kinematics.
Results. The magnetic field disturbances in both models follow a log-normal distribution, peaking at values close to unity, which
turns into a power-law at large values (ωB/B0 > 1), consistently with strong magnetic turbulence. The current densities are widely
distributed, with non power-law deviations from a log-normal at the largest values. These deviating values of the current density
define MCoSs. We find that, in both models, MCoSs are fractally distributed in space, with a typical volume-filling factor of about
10 percent, and tend to coincide with peaks of star formation density. Their fractal dimension is close to unity below kpc scales, and
between 2 and 3 on larger scales. These values are consistent with MCoSs having a sheet-like or filament-like morphology.
Conclusions. Our work challenges the prevailing paradigm of weak magnetic turbulence in the ISM by demonstrating that strong
magnetic disturbances occur even when the initial magnetic field is completely ordered. This strong magnetic turbulence arises self-
consistently from differential rotation and supernova feedback. Our findings provide a foundation for a strong magnetic turbulence
description of the galactic ISM.

1. Introduction

Turbulence is ubiquitous in the interstellar medium (ISM) due to
the vast Reynolds numbers involved, and can be driven by a vari-
ety of processes, such as differential rotation and stellar feedback
(e.g., Elmegreen & Scalo 2004; Brandenburg & Lazarian 2013).
As a result, the ISM is organized in hierarchical structures that
efficiently direct energy across a huge range of scales, from kpc
to a fraction of a pc. Magnetic fields are a crucial player in this
process: they affect the formation of cold star-forming gas, shape
stellar feedback regions (e.g., Pattle et al. 2023), and can also di-
rectly influence the turbulent energy cascade (e.g., Goldreich &
Sridhar 1995, 1997; Cho & Lazarian 2003). As a consequence,
the modern description of ISM dynamics is that of magnetized
turbulence (see e.g., Ferrière 2020, for a review).

In general, the study of magnetized turbulence can be divided
into "weak" or "wave" turbulence and "strong" turbulence. Each
description makes different assumptions about the magnetic field
fluctuations in the plasma, with important implications for the
energy cascade and the interaction with charged particles, like
cosmic rays.

The "weak" or "wave" turbulence description assumes that
the turbulent perturbations are small-amplitude wave packets,

the nonlinear interaction of which is slow compared to the wave
speed (e.g., Nazarenko 2011; Schekochihin 2022). This repre-
sentation of a magnetized plasma is correct if, for example, the
fluctuations of the magnetic field ωB are very weak compared
to the mean ambient field of the plasma, B0, or |ωB| << |B0|.
In weak (wave) turbulence, the spectral energy transfer happens
through resonant three-wave interaction. This approach is very
convenient because it allows the use of quasi-linear theory and
prescribed energy dissipation at the small wavelengths (Vedenov
1963; Galtier 2009).

The regime in which unstable waves reach large amplitudes
(|ωB| → |B0| ) is called "strong" turbulence (Goldreich & Srid-
har 1995; Perez & Boldyrev 2008; Schekochihin 2022). In this
situation, the non-linear evolution of the magnetic disturbances
controls the energy transfer between the different scales and the
charged particles. The most important characteristic of strong
turbulence, which is not present in weak turbulence, is the inter-
mittent appearance of Magnetic Coherent Structures (MCoSs)
(Current Sheets (CS), magnetic filaments, large amplitude mag-
netic disturbances, vortices, and shocklets). MCoSs are collec-
tively the locus of magnetic energy transfer (dissipation) into
particle kinetic energy, leading to heating and/or acceleration of
the latter (see more details in Vlahos & Isliker 2023).
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Fig. 1: PDFs of log ωB/B0, where B0 is the median-filtered magnetic field over a set of N neighbors, at time t=500 Myrs. The dashed
red line is a fit to the power-law slope above log ωB/B0 = 0.

Fig. 2: PDFs of the logarithm of the current density normalized by its rms value, log J/Jrms for the two models at t=500 Myrs. For
clarity, here we only show the high-value end of the distribution, that extends down to near-zero values. The red curve shows a
Gaussian fit to the distribution.

strong fluctuations. In this context, the fractal dimension can be
interpreted as a surface- or volume-filling factor of the observed
structures.

In the ISM, the fractal dimension has been widely used to
characterize the complex dynamics of turbulence and gravity in
molecular clouds (e.g., Bazell & Desert 1988; Elmegreen & Fal-
garone 1996; Stanimirovic et al. 1999; Sánchez et al. 2005). Here
we will use the fractal dimension to characterize the distribution
of MCoSs.

For this calculation, we will use the simplest approach,
which is the box counting technique (e.g. Falconer 1990). For
each output, our method calculates the box counting dimension
of the locations with J/Jrms > (J/Jrms)c, with (J/Jrms)c as defined
in Sec. 2.3.

3. Results

3.1. Spatial distribution of MCoSs

As a first step we want to study the spatial distribution of MCoSs
in the simulations and see if there is any correlation with other
quantities, such as the local magnetic field fluctuations, den-

sity, and star formation rate, that could provide intuition into the
physical processes that drive their formation.

First, we focus on the local magnetic field fluctuations, mea-
sured by ωB/B0. In the top panel of Fig. 3, we plot the 3D dis-
tribution of ωB/B0 together with that of J/Jrms for the 500 Myr
snapshot of the two models. Interestingly, regions of high J/Jrms
are contained within regions of high ωB/B0, a correlation consis-
tent with a picture in which strong magnetic turbulence activates
regions of high electric current. However, for both models, re-
gions of high J/Jrms seem to concentrate near the galactic center,
while regions of high ωB/B0 extend to larger radii. Since by con-
struction, the models have a higher density and magnetic field in
the central regions, this spatial distribution could indicate a more
direct connection between J/Jrms and these quantities.

In the bottom panel of the same figure we show a zoomed-
in view of the midplane current density (in code units), which
highlights the filamentary structure of the currents, and confirms
their classification as CSs. While the two models follow a sim-
ilar evolution in terms of their star formation rate and overall
balance between magnetic and thermal energy (as pointed out
by Konstantinou et al. 2024), the morphology of the currents in
the central regions is visually very different, possibly due to the
complex nature of the system, that introduces stochasticity.
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J≠×Bֿٞ׀כַי־ُٜ٭ؿءMCoSכն䍚ַؙ٭؟ٜؾ丆鶱כ睦㯸ⱶ鵭䙫⽏ն

A&A proofs: manuscript no. coh_structures

Fig. 1: PDFs of log ωB/B0, where B0 is the median-filtered magnetic field over a set of N neighbors, at time t=500 Myrs. The dashed
red line is a fit to the power-law slope above log ωB/B0 = 0.

Fig. 2: PDFs of the logarithm of the current density normalized by its rms value, log J/Jrms for the two models at t=500 Myrs. For
clarity, here we only show the high-value end of the distribution, that extends down to near-zero values. The red curve shows a
Gaussian fit to the distribution.

strong fluctuations. In this context, the fractal dimension can be
interpreted as a surface- or volume-filling factor of the observed
structures.

In the ISM, the fractal dimension has been widely used to
characterize the complex dynamics of turbulence and gravity in
molecular clouds (e.g., Bazell & Desert 1988; Elmegreen & Fal-
garone 1996; Stanimirovic et al. 1999; Sánchez et al. 2005). Here
we will use the fractal dimension to characterize the distribution
of MCoSs.

For this calculation, we will use the simplest approach,
which is the box counting technique (e.g. Falconer 1990). For
each output, our method calculates the box counting dimension
of the locations with J/Jrms > (J/Jrms)c, with (J/Jrms)c as defined
in Sec. 2.3.

3. Results

3.1. Spatial distribution of MCoSs

As a first step we want to study the spatial distribution of MCoSs
in the simulations and see if there is any correlation with other
quantities, such as the local magnetic field fluctuations, den-

sity, and star formation rate, that could provide intuition into the
physical processes that drive their formation.

First, we focus on the local magnetic field fluctuations, mea-
sured by ωB/B0. In the top panel of Fig. 3, we plot the 3D dis-
tribution of ωB/B0 together with that of J/Jrms for the 500 Myr
snapshot of the two models. Interestingly, regions of high J/Jrms
are contained within regions of high ωB/B0, a correlation consis-
tent with a picture in which strong magnetic turbulence activates
regions of high electric current. However, for both models, re-
gions of high J/Jrms seem to concentrate near the galactic center,
while regions of high ωB/B0 extend to larger radii. Since by con-
struction, the models have a higher density and magnetic field in
the central regions, this spatial distribution could indicate a more
direct connection between J/Jrms and these quantities.

In the bottom panel of the same figure we show a zoomed-
in view of the midplane current density (in code units), which
highlights the filamentary structure of the currents, and confirms
their classification as CSs. While the two models follow a sim-
ilar evolution in terms of their star formation rate and overall
balance between magnetic and thermal energy (as pointed out
by Konstantinou et al. 2024), the morphology of the currents in
the central regions is visually very different, possibly due to the
complex nature of the system, that introduces stochasticity.
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Fig. 4: Midplane slices of magnetic energy (left) and current density, shown here only for values above the critical for each model,
overlaid with star formation rate surface density (right) for models T and R (toroidal and random initial magnetic field, respectively),
at 500 Myrs of evolution.

ture volume. In each panel of the figure we have also included
distributions where structures are identified among all locations
with J/Jrms > 1, shown in light orange. All distributions contain
only cell clusters with more than 16 members and are normal-
ized by total number of counts and bin width. We notice that the
size PDFs of MCoSs are quite narrow, ranging from about 125 to
about 400 pc, and peaking around 200 pc. Including all locations
where J/Jrms > 1 does not significantly widen the size range. It
is worth noting that this typical MCoS size is of the order of the
disk scale height, or the size of a typical dense cloud region. The
latter connection is particularly interesting, since we also noticed
a correlation between J/Jrms ans ΣS FR (see Section 3.1). The to-
tal number of MCoSs identified in each snapshot is quite low:
22 in model T, and 36 in model R, and including locations with
lower J/Jrms > 1 does not significantly increase the number of
structures: 211 in model T versus 195 in model R. However, we
should note that these simulations are most likely not converged
in terms of the typical structure number and size.

The systemic velocities of all MCoSs, in both models (not
shown here), are within one standard deviation from the mean
galactic gas motion at their location, meaning that they can move
towards each other and merge as the galactic flow evolves, but
they are not moving at a peculiar speed. Their internal velocity
dispersions, shown in the bottom panel of Fig. 5, peak at roughly
6km/sec in both models, reaching up to 56 km/s for a handful of

structures. These velocity dispersions are typical of molecular
cloud regions in these simulations and in the galactic ISM.

Recent studies using MHD simulations of driven turbulence
in a box (Lemoine 2021; Kempski et al. 2023), have identi-
fied sharp bends in the magnetic field as a crucial ingredient in
CR transport. In this study, we systematically see such features
around MCoSs. Fig. 6 shows an example, with the current den-
sity plotted in code units and randomly selected magnetic field
lines drawn around it. Similarly to all the MCoSs in the simula-
tions, it hosts a magnetic field with loops and strong bends. This
complex structure of the magnetic field suggests that MCoSs are
a fundamental feature for studying CR transport in the ISM.

Further, we notice that MCoSs are generally far from spher-
ical, showing a variety of elongated shapes. The velocity field
around the structures (where the systemic velocity of the struc-
ture has been removed) also shows a variety of morphologies: in
some cases, there is a clear vorticity pattern, like the structures
at the top-left and bottom-right corner of the figure, while in oth-
ers we can see compession, like the structure at the top-right and
bottom-right corner of the figure. However, the velocity field is
usually quite complex. This complexity explains the weak cor-
relation between MCoSs and vorticity or → · v mentioned in the
previous section.

Very useful information is also contained in the volume-
filling factor of MCoSs as a function of scale, as measured by
their fractal dimension. In Fig. 7 we show the box-counting frac-
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Fig. 5: Histograms of MCoS sizes (top) and internal velocity dispersions (bottom) in the 500 Myr snapshot of the two models.
The light orange histograms correspond to clusters of locations with J/Jrms > 1, while the purple ones to clusters of locations with
J/Jrms > (J/Jrms)c, which we identify as MCoSs.

tal dimension calculation at different simulation times. Interest-
ingly, at all snapshots and for both models, the box counting
yields two distinct scalings, corresponding to a fractal dimen-
sion: One scaling is identified at scales below 1 kpc, and is con-
sistently close to 1. This scaling, which can be interpreted as
MCoSs resembling filaments or ribbons, is consistent with the
elongated structure we identified through the clustering process.
The second fractal dimension, at scales above 1 kpc, is around
2.5, which can be interpreted as "porous" 3D structures. It is
worth mentioning, however, that the fractal dimension is quite
sensitive to the selected threshold: Increasing the threshold grad-
ually selects smaller portions of the regions, naturally leading
to a smaller fractal dimension, while the opposite is true when
lowering the threshold. The threshold we selected here is phys-
ically motivated, since it signifies the non-Gaussian limit of the
normalized current density distribution, a natural indicator of a
change of behavior. However, this finding should still be vali-
dated with higher-resolution simulations.

4. Discussion

Even though a plethora of numerical simulations have shown the
ubiquity of high Mach number flows in galaxies, to our knowl-
edge, this is the first numerical study to focus on the distribu-
tion of magnetic field fluctuations on galactic scales. Specif-
ically, here we focused on determining whether the magnetic
turbulence in the ISM should be considered strong or weak by

studying the magnetic field fluctuations and the development of
MCoSs in MHD numerical simulations of isolated spiral galax-
ies.

We found that in models of massive, gas-poor, quiescent
and strongly magnetized galaxies, the magnetic field fluctuations
range from 10→4 to about 100 times higher than the mean value
of the mean field, independently of the initial morphology of
the magnetic field. Moreover, the interstellar turbulence in these
models consistently produces a power-law distribution of ωB/B0
in the regime above unity. This finding shows that strong mag-
netic turbulence co-exists with weak turbulence in the galactic
ISM, covering a significant part of the galactic disk. Specifically,
in our models, the strongest fluctuations are clearly concentrated
in and around spiral arms.

The ubiquity of strong magnetic turbulence in the disk is con-
sistent with the existing observational probes of magnetic fields
in spiral galaxies. For example, Gaensler et al. (2011) found
strong variations in the Milky Way’s Faraday rotation signal, or-
ganized in filament-like structures. These structures in Faraday
rotation can either be associated with strong variations in the lo-
cal magnetic field or electron density. Later, in characterizing
the Galactic magnetic field in dust polarization, Planck Collab-
oration et al. (2016) were able to fit the observed data with a
ωB/B0 of about 0.9. There is observational evidence of strong
magnetic fluctuations also in external galaxies. For instance, us-
ing HAWC+ dust polarization data for the M51 galaxy, Borlaff
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Fig. 6: Example of a MCoS, taken from a snapshot of model T at
500 Myrs. Magnetic field lines are shown in yellow and orange
colors. The blue dots show the current density of each location
in code units, with darker colors indicating higher intensity. The
magnetic field around MCoSs in both models has similarly com-
plex structure.

et al. (2021) showed that the magnetic field around the spiral
arms is more strongly fluctuating than in the interarm regions.
The spatial distribution of ωB/B0 in our analysis (Fig. 3) is con-
sistent with this picture. According to similar analyses in the
starburst galaxy M82 (Lopez-Rodriguez et al. 2021) and in the
Antennae merging system (Lopez-Rodriguez et al. 2023), we can
expect ωB/B0 to be even stronger in these more dynamical envi-
ronments than what we estimated here. Clearly, a wider range of
simulation data is needed to predict the ωB/B0 statistics in more
dynamical ISM conditions.

Finally, the simulations we used in this analysis do not host
a dynamo. In a turbulent dynamo situation, we also expect the
ωB/B0 distribution to extend to even higher values (See, e.g. re-
cent numerical simulations by Gent et al. 2024).

We identify MCoSs in the simulations by looking for regions
of high current density, which is equivalent to studying regions
of strong dissipation. In general, strong dissipation in MHD tur-
bulence is organized in thin sheets. Lehmann et al. (2016) with
the SHOCKFIND algorithm and Richard et al. (2022) designed
several criteria that allow for the careful selection of strong dis-
sipation regions and characterize their physical nature as fast
shocks, slow shocks, rotational discontinuities or Parker sheets.
Our analysis does not go into the details of further categorizing
the dissipation regions, but confirms their sheet-like morphol-
ogy, showing strong currents organized in thin, elongated struc-
tures.

The fractal dimension of the MCoSs, which is between 2
and 3 at scales above 1 kpc and close to 1 at scales below 1 kpc,
is also consistent with sheet-like structures containing smaller-
scale filaments. Due to the limited resolution of these simula-
tions, we are not able to witness any smaller-scale fragmenta-
tion of these MCoSs, so follow-up work at higher resolution is
needed to elucidate this point. Eventually, at sufficiently high

resolution, the final state of this MCoS network should be a tur-
bulent reconnection environment (see Matthaeus & Velli 2011;
Lazarian et al. 2012; Karimabadi et al. 2013; Karimabadi et al.
2013; Karimabadi & Lazarian 2013; Karimabadi et al. 2014;
Vlahos & Isliker 2023, for articles and reviews on this topic).

The typical number of MCoSs at a given snapshot is of the
order of a few tens, rendering a number density of 10→7 structures
per pc→3. With the typical structure size of the order of 100 pc,
this means that the MCoSs cover about 10 percent of the galactic
disk. However, we should stress that, due to the limited resolu-
tion of our models in the halo, we could not calculate MCoS
statistics in the entire volume of the galaxy. In future work we
will expand our study to include the circum-galactic medium.

These findings are of particular relevance for CR propaga-
tion models. Many studies in the past few years have under-
lined the inefficiency of the Alfvén wave scattering picture to
capture the observed properties of galactic cosmic rays (e.g.,
Chandran 2000; Yan & Lazarian 2004; Chan et al. 2019; Hop-
kins et al. 2022; Butsky et al. 2024). Recently, Lemoine (2023)
and Kempski et al. (2023) proposed mechanisms for strong CR
scattering from non volume-filling, intermittent structures with a
large magnetic field curvature, which in our description consti-
tute MCoSs. Along the same lines, Butsky et al. (2024) proposed
a patchy scattering scenario for galactic CRs, and made order-
of-magnitude estimates for the required size and volume-filling
factor of the scattering structures. They concluded that strong
scattering of CRs by intermittent regions is a very promising
scenario for explaining the observed CR properties. Our work
provides the statistics of these locations in global galaxy mod-
els.

Our statistical analysis of the MCoSs, which in the case of
CR propagation would be scattering structures, shows that they
are not uniformly distributed inside our galaxy as was assumed
by several studies (e.g., Lazarian & Xu 2023; Lemoine 2023;
Kempski et al. 2023; Butsky et al. 2024). Instead, they have
a fractal structure. Transport and acceleration inside a fractal
environment is a well-studied topic in space physics (e.g. Is-
liker & Vlahos 2003; Vlahos et al. 2004; Sioulas et al. 2020b,a,
2022) and has been shown to change the transport properties
of the particles (Vlahos et al. 2008; Isliker et al. 2017). Funda-
mentally, if the scattering structures are not volume-filling, the
mean free path of the CR (εsc) traveling inside the galaxy is
not constant. Also, particles transported inside fractal MCoSs are
re-accelerated, rendering the mean free path energy-dependent:
εsc(E). This energy dependence adds a significant complication
in studying their transport properties (Bouchet et al. 2004). The
statistical description of MCoSs in this work provides a frame-
work for studying these processes in the ISM of galaxies.

5. Conclusions

Our analysis reveals the presence of strong magnetic turbulence
in the ISM of simulated galaxies, irrespective of the initial mag-
netic field morphology. In particular, after studying two galaxy-
scale MHD simulations with initially fully ordered and initially
fully stochastic magnetic field, we conclude that:

– The probability distribution of the magnetic field fluctua-
tions, ωB/B0, follows a log-normal distribution with a power-
law tail at values ωB/B0 > 1, for both models and since very
early evolution times. This characteristic is indicative of dy-
namical processes like strong turbulence.

– Similarly, the current density distribution normalized over its
rms value, J/Jrms, also follows a log-normal probability dis-
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Fig. 7: The fractal dimension of structures with ωJ/Jrms above a given threshold value, at different times.

tribution with a deviation at high values, which, however, is
not power-law shaped.

– Regions of strong current density, J/Jrms > (J/Jrms)c are em-
bedded in regions of strong ωB/B0, indicating an activation
of MCoSs by strong magnetic turbulence.

– Somewhat surprisingly, the regions of strongest current den-
sity coincide with regions of high star formation rate surface
density. This connection could indicate that gravitational col-
lapse motions drive abrupt changes in the magnetic field
morphology.

– The fractal dimension of the MCoSs is close to unity a scales
below 1 kpc and between 2 and 3 on larger scales, which
is consistent with sheet-like regions containing filamentary
dissipative structures.

In the context of ISM dynamics, this first statistical descrip-
tion of MCoS properties can serve as a benchmark for determin-
ing the environment in which galactic CRs propagate.
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