ISM structure and the star formation rate

The Role of Cosmic Rays

Shmuel Bialy

Technion - Israel Institute of Technology

e

CRs - the salt of the SF recipe I



2 years ago...

Dense Molecular Cloud Cores

“Cold Clouds as CR detectors’”

Bialy (2020)
Padovani et al. (2022)
Gaches et al. (2022)




Today...
The ambient ISM - galactic scales

2 years ago...

Molecular Cloud Cores

@

How do CRs control the ISM structure

“Cold Clouds as CR detectors”
and the SFR?
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Goals

' , . A) Theory of ISM’s phase structure

g - Predict ISM’s propoerties: n, T, P
as functions of conditions
(Z’ - metallicity, |,y - radiation intensity, { - CR ionization rate)



Take home

1. CRs dominate ISM heating

2. ISM become denser and pressuraized
3. Thermal pressurele > Turbulent pressure ®

4. SFR efficiency 2z /2., ¥ and ty, 3



Our Model

ISM physics

» 5
/'/

Heating:

* FUV: photoelectric heating — |, and Z’°y,;

* CR (or X-ray) ionization - {

Cooling: line emission
« Lyman a (n=1 transition of H)

« C*and O fine-structure transitions Z’

(+H, chemistry and cooling/heating)

Thermal Balance

[cooling=heating]



Results I:

ISM’s multiphase at low Z’



The multiphase ISM - solar metallicity (Z’=1)

Small P - only WNM
Large P - only CNM

Within a narrow pressure range

(Pmin - Pmax) a multlphase In agreement with
WNM-CNM exists Wolfire et al (95, 23)

The observed ISM pressure

P ~ 3000 Kcm-3, is inside
the multiphase zonel!




Low Z’ - CRs kick in!
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At Z’ ~ 1 (solar metallicity)
Photoelectric (PE) heating dominates

CR

heating

T II'IIII]
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For Z’ < 0.1
cosmic ray ionization dominates heating

Why?
PE heating is mediated through dust
CRs heat the gas directly via H ionization

Bialy & Sternberg (2019) Z!

metallicity

v o TR MWBR




Heating rate per volume o ¢y

Cooling rate per particle « nZ’

As 7’ decreases,
The Multiphase density and pressure increase [

Thermal pressure becomes dominant (Py, > Pyyrb)

Wouldn’t be the case if not for the CRs

107 10°

Bialy & Sternberg (2019)



*

Results Il:

The SFR law at low Z’



Star Formation Law

Multiphase ISM > Star-formation regulation
Gravity ~ 24,

3
*

P=P(lyy(Zsrr)> {(Zser)s Z°)




Star Formation Law | f |

Multiphase ISM
> Star-formation regulation

Low metallicity galaxies form stars less
efficiently due to CR heating

Wouldn’t be the case if not for the CRs

-4
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10°

Klein & Bialy (in prep)



Summary

Bialy & Sternberg (2019)

Klein & Bialy (in prep)



Summary

Bialy & Sternberg (2019)

Klein & Bialy (in prep)



EXTRA SLIDES




Cosmic Rays

Dense Molecular Cloud Cores

Neutral atomic ISM




Cosmic-Rays - Dense Molecular Cloud Cores

lonization (primary + secondary)
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What is the flux of low-energy cosmic-rays?

L
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Direct observations: Earth and space

a= — 12 . ) Y Voyager 1
cp = 2.27 eV cm Voyager 2
m  AMS-02
E V 7\\
."
&
Uncertainty i
solar modulations, local bubble
10—18

102 10 10* 10> 10° 107 10® 10° 10T 10T 103 -
E [eV] credit: NASA/JPL-Caltech




What is the flux of low-energy cosmic-rays?

Indirect observations:
astrochemistry in interstellar clouds

h.

0
Iu
Uncertainty:
observational
chemical models
assumptions: n, X,

5?
e

credit; Marco Padovani




What is the flux of low-energy cosmic-rays?

e

® Voyager1
Voyager 2
m  AMS-02

neg =0.61 eV em ™
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The idea

H2 energy level diagram

CIII,

Energy (eV)
10

Continuum

Rotational transitions: (v, dJ) =»(v,dJ’) (mid-IR)

Ro-vibrational transitions: (v, J) -V, J’) (near-IR)

H(1s)+H(1s)




The idea

Planetary nebula

Collisional (high T)
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Photo-dissociation region

NGC 2023 160" north

Photo excitation

Shocked gas

Stephafi’s Quintet

Imag.e: Visible
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The idea

—— CR (1-0)0(2)
---- CR (1-0)Q(2)
—-— CR (1-0)S(0)

CR (1-0)0(4)

formation

Bialy (2020, Nature Com. Phys. 3 32)

The four lines that are
preferentially excited
by cosmic-rays

1 |
Iula(c.r) - agNHz Cexpl..fg(cr_) (x[’:u;)lEul?

Cosmic-rays




Observations

NIR spectroscopy of molecular nearby clouds

Ak dust extinction

Bialy et al. (2022)
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Observations + Model

NIR spectroscopy of molecular nearby clouds Slope of CR proton spectrum lonization rate inside the
(interstellar) clouds

69" the low-energy spectral slope of CR protons (see Fig. 2) ¢/(10-17s1) - the CR ionization rate inside the cloud

Ak dust extinction

2022

)

Bialy et al. (
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Observations + Model

NIR spectroscopy of molecular nearby clouds .

“excluded® Vovagerl
Voyager 2
AMS-02

Optical Ak dust extinction

ncg =0.61 eV ecm
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Bialy et al. (2022) E [eV]
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The Future is Now




The Future is Now

Signal-to-noise ratio (SNR)

2.4

Wavelength (um)

Integration over 10 shutters with JWST’s NIRSpec
instrument, 1.3 hrs



The Future is Now
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Summary




Looking Forward

Cold Clouds as
Cosmic-Ray Detectors

Constrain the spectrum of low

energy CRs
Sources of CRs, and CR

propagation

Supernova feedback &
mapping interstellar gas

The role of SN in star formation,
and shaping interstellar gas

The structure of our “galactic

atm osp here” sbialy. wixsite.com/pertau

Shmuel Bialy
CTC postdoc

The FUV Interstellar
Radiation Field



The expanding local bubble

Interactive Figure

Per Tau

Interactive Figure
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Zucker, Goodman, Joao, Bialy et al. Nature 2022

Bialy et al. 2021 (ApJ Letters 919 L5)


https://faun.rc.fas.harvard.edu/czucker/Paper_Figures/Interactive_Figure1.html
https://faun.rc.fas.harvard.edu/czucker/Paper_Figures/sbialy/pertau_superbubble.html

scan (1|

FIG. 1.— Density n =5 cm ™ iso-surfaces in the Perse

s-Taurus region as derived from 3D-dust extinction observations. The coordinates are the 3D galactic

x—y—z coordinates (see footnote 1). Overlaid is our spherical shell model (Eq. 5). The positions of Perseus and Taurus and the sun are indicated.

It is useful to express the results in terms of gas density.
We first derive a conversion factor which we use to convert
the reported dust opacity density s, into gas Hydrogen nuclei
particle density 7 (units: em~3). The gas column density and
dust extinction are related through the wavelength-dependent
extinction curve, A /Ny, where A; is the dust extinction at
wavelength A and Ny is the H nuclei column density. For the
Gaia G-band, A = 673 nm (central wavelength), Ag /Ny =4 x
102 mag cm? (reference XXX). In terms of the dust opacity
76/Ni = 3.7 x 10722 cm?. Following the definition of s, we
get

%) AL
Ny pc
Dividing by AL we obtain the gas density (averaged over the
1 pe? resolution element):

n= % = 880 s, em™3 .

ANy = sx (

3)

tion of the 3D position, (x,y,z).

The gas density obtained via Eq. (3) is approximate as it
includes several approximations. First, it assumes an extinc-
tion curve A, /Ny that is independent of position. In practice,
there may be variations in the dust properties which result in
deviation from the canonical extinction curve. Second, it in-
cludes uncertainties involved in the derivation of the origi-
nal 3D dust map of 2, e.g., their assumptions on the priors,
etc. (see ? for more details XXX). The derived densities are
accurate probably to within a factor of 2-3. With these uncer-
tainties in mind, we note that this is a unique opportunity to
explore observationally the 3D density structure of the ISM in
the solar neighborhood.

3.2. Characterizing the shell profile

Radially-averaged mean density: In §4 we explore the
3D density structure in the Perseus-Taurus region, and dis-

cuss a large 3D-shell structure, extending from the Taurus




Bialy et al. 2021 (ApJ Letters 919 L5)
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Summary
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Observations + Model

- Cosmic Rays

NIR spectroscopy of molecular nearby clouds
Energy loss per cm-2 of cosmic-ray electrons propagating
into a molecular cloud

Ak dust extinction

......
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Bialy et al.‘ (2021, submitted) Padovani & Bialy, et al. (2021, submitted)
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