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CRs – the salt of the SF recipe III



Dense Molecular Cloud Cores

“Cold Clouds as CR detectors”

2 years ago…

Bialy (2020)

Padovani et al. (2022)

Gaches et al. (2022)



Dense Molecular Cloud Cores

“Cold Clouds as CR detectors”

The ambient ISM - galactic scales

How do CRs control the ISM structure

and the SFR?

Today…

2 years ago…



Motivation

Dense dark molecular clouds

Star-formation

Human-formation



 A) Theory of ISM’s phase structure

  - Predict ISM’s propoerties: n, T, P

    as functions of conditions 

    (Z’ - metallicity, IUV - radiation intensity, 𝝵 - CR ionization rate)

 B) Theory of star formation on galactic disk scales:
  as a function of metallicity Z’

  ΣSFR = A Σgas
 ⍺ 

 

  to be compared with extragalactic observations (“the Kennicutt Schmidt relation”)

Goals



Take home

 1. CRs dominate ISM heating
 

 2. ISM become denser and pressuraized

  

 3. Thermal pressure   ≫  Turbulent pressure

 4. SFR efficiency ΣSFR /Σgas    and  tdep 

 

Low Metallicity (Z’) galaxies

 - First galaxies (z~10,  JWST)

 - Dwarf galaxies



Our Model

Heating:

• FUV: photoelectric heating – IUV    and Z’dust

• CR (or X-ray) ionization - 𝝵

Cooling: line emission

• Lyman 𝜶  (n=1 transition of H)

• C+ and O fine-structure transitions Z’

• Forming stars (and SN) produce UV and CRs

𝝵, IUV  = f(ΣSFR)  

• Vertical gravity: Gas + stellar + dark matter

ISM physics 

Thermal Balance

[cooling=heating]

(+H2 chemistry and cooling/heating)

Star 

Formation

Hydrostatic equilibrium

[gravity = gas pressure]

In spirit of

Ostriker et al. (2010)



Results I:

ISM’s multiphase at low Z’



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

Phase diagram - Solar metallicity (Z’=1)

Bialy & Sternberg (2019)

In agreement with

Wolfire et al (95, 23)



Low Z’ – CRs kick in!

UV photoelectric heating  vs- Cosmic ray ionization heating

metallicityBialy & Sternberg (2019)

For Z’ < 0.1

cosmic ray ionization dominates heating

At Z’ ~ 1 (solar metallicity)

Photoelectric (PE) heating dominates

Why?

PE heating is mediated through dust

CRs heat the gas directly via H ionization



Low Z’ – High pressure and density ISM due to CR heating

metallicityBialy & Sternberg (2019)

At low Z’: 

Heating rate per volume ∝ 𝜻CR

Cooling rate per particle ∝  n Z’   

As Z’ decreases,

The Multiphase density and pressure increase 

Thermal pressure becomes dominant (Pth > Pturb)

Wouldn’t be the case if not for the CRs



Results II:

The SFR law at low Z’



Star Formation Law

Gravity ~ Σgas
a   

P=P(IUV(ΣSFR), 𝝵(ΣSFR), Z’)

Multiphase ISM > Star-formation regulation



Star Formation Law 

Multiphase ISM 

 > Star-formation regulation

Klein & Bialy (in prep)

Low metallicity galaxies form stars less 

efficiently due to CR heating

Wouldn’t be the case if not for the CRs

A metallicity- dependent star formation law



Summary

(1)

(4)
Klein & Bialy (in prep)

(2+3)

Bialy & Sternberg (2019)



Summary

(1)

(2) ISM become denser and pressuraized

(3) Thermal pressure   ≫  Turbulent pressure

(4) SFR efficiency ΣSFR /Σgas    and  tdep 
Klein & Bialy (in prep)

Bialy & Sternberg (2019)

     At low Z’ CRs dominate ISM heating  



EXTRA SLIDES



Cosmic Rays

Dense Molecular Cloud Cores
Neutral atomic ISM



Cosmic-Rays - Dense Molecular Cloud Cores

Low energy cosmic-rays

chemistry heating Coupling to B fields

Ionization (primary + secondary)



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

Uncertainty
solar modulations, local bubble

Direct observations: Earth and space

credit: NASA/JPL-Caltech



Indirect observations: 

astrochemistry in interstellar clouds

Uncertainty: 

observational

chemical models

assumptions: n, xe

credit: Marco Padovani

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

credit: Marco Padovani



Uncertainty: 

observational

chemical models

assumptions: n, xe

credit: Marco Padovani

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



The idea

Use H2 excitation to probe cosmic-rays

H2 energy level diagram



The idea

Photo-dissociation regionPlanetary nebula Shocked gas Cosmic-rays?

Use H2 excitation to probe cosmic-rays

Collisional (high T) Photo excitation Collisional (high T)



The idea

Cosmic-rays

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

Use H2 excitation to probe cosmic-rays

The four lines that are 

preferentially excited 

by cosmic-rays

v=1

J=0 or 2



c

Observations

Constrain the CR spectrum and ionization rate 

Bialy et al. (2022)

NIR spectroscopy of molecular nearby clouds

MMT 6.5m Arizona



c

Observations + Model

Constrain the CR spectrum and ionization rate 

Bialy et al. (2022)

NIR spectroscopy of molecular nearby clouds Slope of CR proton spectrum

(interstellar)

Ionization rate inside the

clouds



Observations + Model

Constrain the CR spectrum and ionization rate 

NIR spectroscopy of molecular nearby clouds

excluded

Bialy et al. (2022)



Observations + Model

Constrain the CR spectrum and ionization rate 

Cosmic Rays

NIR spectroscopy of molecular nearby clouds

excluded

Bialy et al. (2022)

Modeling CR 

propagation
Padovani, Bialy

et al.

(2022)



The Future is Now



The Future is Now

Integration over 10 shutters with JWST’s NIRSpec 

instrument, 1.3 hrs



The Future is Now



Summary

(1)

(2)

(3)

(4)

(5)



Shmuel Bialy

Cold Clouds as 
Cosmic-Ray Detectors

Supernova feedback & 
mapping interstellar gas

• Constrain the spectrum of low 

energy CRs

• Sources of CRs, and CR 

propagation

• The role of SN in star formation, 

and shaping interstellar gas

• The structure of our “galactic 

atmosphere”

CTC postdoc
Looking Forward

The FUV Interstellar 
Radiation Field

• Observing molecular gas at high z

• Sub-grid model for ISM and star 

formation in cosmological sims

sbialy.wixsite.com/pertau



Bialy et al. 2021 (ApJ Letters 919 L5)

Interactive Figure

The expanding local bubble

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

Per Tau

Interactive Figure

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


Bialy et al. 2021 (press-release)



Bialy et al. 2021 (press-release) Bialy et al. 2021 (ApJ Letters 919 L5)



Shmuel Bialy

Cold Clouds as 
Cosmic-Ray Detectors

Supernova feedback & 
mapping interstellar gas

• Constrain the spectrum of low 

energy CRs

• Sources of CRs, and CR 

propagation

• The role of SN in star formation, 

and shaping interstellar gas

• The structure of our “galactic 

atmosphere”

CTC postdoc
Looking Forward

The FUV Interstellar 
Radiation Field

• Observing molecular gas at high z

• Sub-grid model for ISM and star 

formation in cosmological sims

sbialy.wixsite.com/pertau



Summary

(1)

(2)

(3)

(4)

(5)



Bialy et al. 2021 (Harvard-Smithsonian press-release) Video credit: Jasen Chambers



Bialy et al. 2021 (press-release)



Bialy et al. 2021 (press-release)



Bialy et al. 2021 (press-release)



c

Observations + Model

Constrain the CR spectrum and ionization rate 

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

Cosmic Rays

Energy loss per cm-2 of cosmic-ray electrons propagating 

into a molecular cloud

NIR spectroscopy of molecular nearby clouds



Bialy et al. 2021 (press-release)



Bialy et al. 2021 (press-release)



Bialy et al. 2021 (press-release)
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