
“If you dig deeply enough into anything, you find mathematics.”

Thus, an applied mathematician is free to study anything…



Physical Applied Mathematics

•  the application of mathematics to outstanding problems in the physical sciences

Fluid mechanics
•  geophysical and environmental fluid mechanics 

•  interfacial flows: dominated by the influence of surface tension 

•  biocapillarity: the role of surface tension in biology

•  hydrodynamic quantum analogs

•  involves the iteration between theory and experiment until consistent physical
    pictures and mathematical models emerge

•  research centered in the Applied Math Laboratory

Faculty:   John Bush ,  Ruben Rosales ,  Steven Johnson ,  Jorn Dunkel

My research



“I never before realized so strongly the splendour and beauty 
                                                            of the mere physical forms of Nature. 
A wonderful thing is the curious repetition of the same forms, 
                                         of the same design almost, in the shape of the falling water.
It gave me a sense of how completely what seems to us the wildest liberty of Nature                 
                        is restrained by governing laws.
                                            

                                                                                        - Oscar Wilde, on viewing Niagara Falls

       Interfacial flows
  



• rationalized propulsion strategies

     Walking on water



 

       Hydrodynamic quantum analogs
  

•  exploring the boundary between classical and quantum effects



Noncoalescence on a vibrated fluid bath 

f ~ 50 Hz

50cS  
Si oil

•  coalescence avoided provided impact time is less than time required for

air layer between drop and bath to drain to ~100 nm



Static and dynamic bound states 



A ring of bouncing droplets bound in an annulusRings of bouncing droplets



Droplets walking on a vibrated fluid bath 

•  bouncing droplets interact with their own wave fields, walk

•  spatially extended walkers consist of both droplet and guiding wave

•  a macroscopic realization of wave-particle duality



  Now it is obvious that a thing cannot be a form of wave motion and composed  
of particles at the same time - the two concepts are too different.”  
                                              

Wave-particle duality at the macroscopic scale

“Both matter and radiation possess a remarkable duality of character, as they  
sometimes exhibit the properties of waves, at other times those of particles.

                                                   - Heisenberg, On Quantum Mechanics (1930)



Single-walker diffraction and interference Couder & Fort (2005)

•  coherent, wave-like statistics emerge from chaotic pilot-wave dynamics 

Single slit

Double slit
“ A phenomenon which is 
impossible, absolutely 
impossible, to explain in any 
classical way, and which has 
in it the heart of quantum 
mechanics.  In reality, it 
contains the only mystery.”

- Richard Feynman



 The quantum corral 

Fiete & Heller (2003)

•  de Broglie waves evident in the pdf
    of a sea of electrons trapped on a 
    metal surface, excited by an SEM

Crommie, Lutz & Eigler (1993)

75 A



Droplet walking in a circular corral   



•  coherent, wave-like statistics emerge from chaotic pilot-wave dynamics 

            Probability density function 

•  emergent statistics not inconsistent with the notion of particle trajectories       





                              Beyond 6 feet:  
Respiratory flows and airborne disease transmission 

                             John W. M. Bush
                Department of Mathematics, MIT 



COVID-19 transmission

Cloud

• via intake of pathogen-bearing respiratory drops expelled by an infected person



3  Modes of transmission of COVID-19 

Cloud

• from mouth of an infected individual to eye, nose mouth of 
   a susceptible individual

• via small, micron-scale pathogen-bearing drops suspended by 
   respiratory flows and/or circulation flows in indoor spaces

• contact with droplets deposited on surfaces, `fomites’, and
   transfered to recipient’s respiratory mucosae

II.  Large-drop (~1mm) transmission 

III.  Airborne transmission 

I.  Contact transmission 

• eliminated entirely by masks
• minimized by adherence to the 6-Foot (2-Meter) Rule

• all via intake of respiratory drops generated by liquid fracture



Talk outline

• the form of respiratory flows

•  transmission dynamics in indoor spaces

I.  Why is the 6-Foot Rule insufficient?  (with L. Bourouiba)

II.  How can we do better?   (with M. Bazant)

•  develop a safety guideline for airborne transmission

III.  How can we implement this guideline?   
                                               

•  carbon dioxide monitoring for COVID safety

•  COVID Indoor Safety App

(with M. Bazant, K. Khan, A. Cohen, Z. Gu, O. Kodio)



The 6-Foot Rule 



I.  Why is the 6-Foot Rule insufficient?

•   the form of respiratory flows



Doc Edgerton’s  ``The sneeze”



The cough 

Cloud

1000 fps



The cough and the 6ft-Rule

70 cm 

Cloud



Visualization of sneeze ejecta



Visualization of sneeze ejecta



Visualization of sneeze ejecta

• liquid fracture inside respiratory tract
   and in air prescribe size distribution
   of pathogen-bearing droplets:



The pathogen footprint

Wells (1950s)

Bazant & Bush (2021)

Suggested physical picture:  the pathogen footprint

6ft

the well-mixed room

aerosols

large 
drops

aerosols
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• aerodynamic effects neglected

• larger drops travel further than aerosols



The sneeze 

Cloud



The sneeze 

Cloud• exhaled smoke reveals coherent flow in gas phase



0.161s 70 cm

• gas phase critical in extending range of droplet-borne pathogen

• liquid phase accompanied by gas phase comparable to a vortex ring

Coughs and sneezes 

 e.g. rationalizes how smaller drops fly further than large drops



Cloud

Particle clouds  (Bush et al., JFM, 2003)

• release a volume of beads suspended in water

• release a volume of beads suspended in water
• negatively buoyant turbulent cloud grows by turbulent entrainment
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Turbulent cloud scalings:
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Cloud

Fallout criterion
• cloud speed = particle settling speed



Cloud

• droplets suspended in cloud until settling speed exceeds cloud speed

• smaller drops go further than larger drops

Coughing and sneezing

• smaller drops may be suspended indefinitely by ambient circulation



Breathing and speaking

Cloud

Yang et al.,  PNAS (2020)

• series of turbulent puffs - modeled as a continuous turbulent jet

M

Jet scalings:

r(x)x

U(x)
where mouth area

entrainment coefficient



The pathogen footprint

Wells (1950s)

Bourouiba & Bush (2014)

Bazant & Bush (2021)

ballistic trajectories

turbulent respiratory flows

6ft

the well-mixed room

aerosols

aerosols

large 
dropsaerosols
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Cloud



The 2 types of airborne transmission 

Cloud

Short-range Long-range 

• inhalation of turbulent plumes

• largely eliminated by mask use

• not mitigated by social distancing

• reduced by mask use

• arises throughout well-mixed space

• mitigated by social distancing

• like `2nd-hand smoke’• like direct smoke from smoker



Long-range airborne transmission 

Cloud

• implicated in the spread of many respiratory illnesses, including
   influenza, tuberculosis, measles, H1N1 and SARS-Cov-1

• occurs via inhalation of micron-scale, pathogen-bearing droplets 
   suspended by air currents in indoor spaces

• CDC and WHO were slow to acknowledge that SARS-Cov-2
   is airborne, perhaps because there were no clear guidelines
   indicating how to mitigate airborne spread

• theoretical models of risk assessment assume that airborne 
   pathogen is mixed uniformly through indoor spaces

— Wells (1953) , Riley et al. (1953),  Stalianakis et al. (2010)

• airborne plagues in historic times were met with great trepidation,
   thought to be due to a `poisoned aether’



The pathogen footprint

Wells (1950s)

Bourouiba & Bush (2014)

Bazant & Bush (2021)

ballistic trajectories

turbulent respiratory flows

6ft

the well-mixed room

aerosols

aerosols

large 
dropsaerosols
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Short-range airborne

Long-range airborne



The effect of masks

Cloud

Prather et al.,  Science (2020)

• filters outgoing and incoming pathogen, reducing by factor     
N95 Cloth



The effect of masks

Cloud

Bhagat et al.,  JFM (2020)

• effectively eliminates respiratory jets (and so short-range airborne transmission)    

when masks are worn, long-range transmission is dominant



II.  How can we do better?

•  transmission dynamics in indoor spaces

•  develop a safety guideline for airborne transmission



Preliminaries:  Sedimentation in a well-mixed domain 

Cloud

• when sedimentation speed        <  characteristic ambient speed U

Concentration of suspended sediment: 
<latexit sha1_base64="qhl0wQHBfPDpNxs7Ibm1X1QKReU=">AAACGXicbZC7SgNBFIZn4y3GW9TSZjAISWHYFVEbIWiTMoK5QDYss5PZZMjshZmzmrCsj2Hjq9hYKGKplW/j5FJo4g8DH/85hzPndyPBFZjmt5FZWl5ZXcuu5zY2t7Z38rt7DRXGkrI6DUUoWy5RTPCA1YGDYK1IMuK7gjXdwfW43rxjUvEwuIVRxDo+6QXc45SAtpy8aUd9XoQSvsRjckz8YPtuOEzYMEqL+Nj2JKHJvaPSpJoCLmEnXzDL5kR4EawZFNBMNSf/aXdDGvssACqIUm3LjKCTEAmcCpbm7FixiNAB6bG2xoD4THWSyWUpPtJOF3uh1C8APHF/TyTEV2rku7rTJ9BX87Wx+V+tHYN30Ul4EMXAAjpd5MUCQ4jHMeEul4yCGGkgVHL9V0z7RGcBOsycDsGaP3kRGidl66xs3pwWKlezOLLoAB2iIrLQOaqgKqqhOqLoET2jV/RmPBkvxrvxMW3NGLOZffRHxtcPdgufWw==</latexit>

�(t) = �0 exp(�ws

H
t)

<latexit sha1_base64="39yTB8nIsSo8HTTJbela2evnEjA=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48VbC20S8mm2TY0yS5JVilL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+UWlldW19o7xZ2dre2d2r7h+0TZxqylo0FrHuhMQwwRVrWW4F6ySaERkK9hCOb3L/4ZFpw2N1bycJCyQZKh5xSmwuPfUN7ldrXt2bAS8TvyA1KNDsV796g5imkilLBTGm63uJDTKiLaeCTSu91LCE0DEZsq6jikhmgmx26xSfOGWAo1i7UhbP1N8TGZHGTGToOiWxI7Po5eJ/Xje10VWQcZWklik6XxSlAtsY54/jAdeMWjFxhFDN3a2Yjogm1Lp4Ki4Ef/HlZdI+q/sXde/uvNa4LuIowxEcwyn4cAkNuIUmtIDCCJ7hFd6QRC/oHX3MW0uomDmEP0CfP8aJjhA=</latexit>ws

<latexit sha1_base64="uO+AgWB7Jykb8iStoUBopNVMD38=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLz1WsB/QriWbZtvQJLskWUtZ9n948aCIV/+LN/+NabsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfDfz209UaRbJBzONqS/wULKQEWys9NgLFSZpPUsnfZ2hfrniVt050CrxclKBHI1++as3iEgiqDSEY627nhsbP8XKMMJpVuolmsaYjPGQdi2VWFDtp/OrM3RmlQEKI2VLGjRXf0+kWGg9FYHtFNiM9LI3E//zuokJb/yUyTgxVJLFojDhyERoFgEaMEWJ4VNLMFHM3orICNsgjA2qZEPwll9eJa2LqndVde8vK7XbPI4inMApnIMH11CDOjSgCQQUPMMrvDkT58V5dz4WrQUnnzmGP3A+fwCzyZKk</latexit>

H

ws

<latexit sha1_base64="NgWE8hSOBo5S/Gqp8RpRWjMrVCg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBnx+M0Q==</latexit>

H

<latexit sha1_base64="39yTB8nIsSo8HTTJbela2evnEjA=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48VbC20S8mm2TY0yS5JVilL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+UWlldW19o7xZ2dre2d2r7h+0TZxqylo0FrHuhMQwwRVrWW4F6ySaERkK9hCOb3L/4ZFpw2N1bycJCyQZKh5xSmwuPfUN7ldrXt2bAS8TvyA1KNDsV796g5imkilLBTGm63uJDTKiLaeCTSu91LCE0DEZsq6jikhmgmx26xSfOGWAo1i7UhbP1N8TGZHGTGToOiWxI7Po5eJ/Xje10VWQcZWklik6XxSlAtsY54/jAdeMWjFxhFDN3a2Yjogm1Lp4Ki4Ef/HlZdI+q/sXde/uvNa4LuIowxEcwyn4cAkNuIUmtIDCCJ7hFd6QRC/oHX3MW0uomDmEP0CfP8aJjhA=</latexit>ws

<latexit sha1_base64="gZFJGtjeAhPAvt33bBTS7f8T5sg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahXkoioh6LXjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqEScJ9yM6VCIUjKKV2r1kJKp43i9X3Jo7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+7pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwxs/EypJkSu2WBSmkmBMZr+TgdCcoZxYQpkW9lbCRlRThjahkg3BW355lbQuat5VzX24rNRv8ziKcAKnUAUPrqEO99CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QO0MI8n</latexit>

�(t)

<latexit sha1_base64="+6WRpMK0l3OHxIAatbBuZ4rixD8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cWTFtoQ9lsJ+3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SDGacYxHQgecQZNVZq+L1yxa26c5BV4uWkAjnqvfJXt5+wLEZpmKBadzw3NcGEKsOZwGmpm2lMKRvRAXYslTRGHUzmh07JmVX6JEqULWnIXP09MaGx1uM4tJ0xNUO97M3E/7xOZqKbYMJlmhmUbLEoygQxCZl9TfpcITNibAllittbCRtSRZmx2ZRsCN7yy6ukeVH1rqpu47JSu83jKMIJnMI5eHANNbiHOvjAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHstOM3g==</latexit>

U

decays over sedimentation time 

— Pendelton & Middleton (1952), Martin & Nokes (1987)



Sedimentation of polydisperse respiratory drops 

Cloud

• Stokes settling speed (for r < 100      ):  

Critical drop size

<latexit sha1_base64="W2NeDzjTjdHzL0mQUXTpJ+LdLyM=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48R3CSQLGF2MpsMmZld5iGEJd/gxYMiXv0gb/6Nk2QPmljQUFR1090VZ5xp4/vfXmltfWNzq7xd2dnd2z+oHh61dGoVoSFJeao6MdaUM0lDwwynnUxRLGJO2/H4bua3n6jSLJWPZpLRSOChZAkj2Dgp7AmLRL9a8+v+HGiVBAWpQYFmv/rVG6TECioN4VjrbuBnJsqxMoxwOq30rKYZJmM8pF1HJRZUR/n82Ck6c8oAJalyJQ2aq78nciy0nojYdQpsRnrZm4n/eV1rkpsoZzKzhkqyWJRYjkyKZp+jAVOUGD5xBBPF3K2IjLDCxLh8Ki6EYPnlVdK6qAdXdf/hsta4LeIowwmcwjkEcA0NuIcmhECAwTO8wpsnvRfv3ftYtJa8YuYY/sD7/AGBNY58</latexit>µm

• air circulation speed:  
<latexit sha1_base64="NG754/6ZAMELUF8lsRe68oXPSYc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUS9C1UuPFey20C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/4GuZKkKbRHKp2iHWlDNBm4YZTtuJojgOOW2Fo7up33qiSjMpHsw4oUGMB4JFjGBjJd9H16h+0ytX3Ko7A1omXk4qkKPRK391+5KkMRWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LBY6pDrLZtRN0YpU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroKMiaS1FBB5ouilCMj0fR11GeKEsPHlmCimL0VkSFWmBgbUMmG4C2+vEz8s6p3UXXvzyu12zyOIhzBMZyCB5dQgzo0oAkEHuEZXuHNkc6L8+58zFsLTj5zCH/gfP4A/YKOFw==</latexit>

V = HA

<latexit sha1_base64="n7tBbwFwoBwCDkL0ZQDugatHe+k=">AAACD3icbVDLSsNAFJ34rPUVdelmsCjtpiZFfCyEoi5cVrAPaGKYTCft0MkkzEwKJfQP3Pgrblwo4tatO//GaZuFth64cDjnXu69x48Zlcqyvo2FxaXlldXcWn59Y3Nr29zZbcgoEZjUccQi0fKRJIxyUldUMdKKBUGhz0jT71+P/eaACEkjfq+GMXFD1OU0oBgpLXnm0cCTRVGCl7ACnRvCFIKO6EWwC8VD5bh4AZ0w8VDJMwtW2ZoAzhM7IwWQoeaZX04nwklIuMIMSdm2rVi5KRKKYkZGeSeRJEa4j7qkrSlHIZFuOvlnBA+10oFBJHRxBSfq74kUhVIOQ193hkj15Kw3Fv/z2okKzt2U8jhRhOPpoiBhUEVwHA7sUEGwYkNNEBZU3wpxDwmElY4wr0OwZ1+eJ41K2T4tW3cnhepVFkcO7IMDUAQ2OANVcAtqoA4weATP4BW8GU/Gi/FufExbF4xsZg/8gfH5Ax/VmZE=</latexit>

vs(r) = 2�⇢gr2/(9µa)
<latexit sha1_base64="ZNgEV3NNG9tpEH0GlSdTAqNRPLU=">AAAB+nicbVDLSgNBEOyNrxhfGz16GQxCRIi7IupFiHrxmIB5QLIss5PZZMjsg5nZSFjzKV48KOLVL/Hm3zhJ9qDRgoaiqpvuLi/mTCrL+jJyS8srq2v59cLG5tb2jlncbcooEYQ2SMQj0fawpJyFtKGY4rQdC4oDj9OWN7yd+q0RFZJF4b0ax9QJcD9kPiNYack1iyMXoytUrqNjVHfF0cm1a5asijUD+kvsjJQgQ801P7u9iCQBDRXhWMqObcXKSbFQjHA6KXQTSWNMhrhPO5qGOKDSSWenT9ChVnrIj4SuUKGZ+nMixYGU48DTnQFWA7noTcX/vE6i/EsnZWGcKBqS+SI/4UhFaJoD6jFBieJjTTARTN+KyAALTJROq6BDsBdf/kuapxX7vGLVz0rVmyyOPOzDAZTBhguowh3UoAEEHuAJXuDVeDSejTfjfd6aM7KZPfgF4+MbqkqRrA==</latexit>

va = (Q+Qr)/A

<latexit sha1_base64="NgWE8hSOBo5S/Gqp8RpRWjMrVCg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBnx+M0Q==</latexit>

H

<latexit sha1_base64="vsUoUC28qANpzRBO8joq/QZln8k=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquiHosevFYwX5Au5Rsmm1js8mSZAtl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfDf32xOqNJPi0Uxj6kd4KFjICDZWak36uqrO++WKW3MzoFXi5aQCORr98ldvIEkSUWEIx1p3PTc2foqVYYTTWamXaBpjMsZD2rVU4IhqP82unaEzqwxQKJUtYVCm/p5IcaT1NApsZ4TNSC97c/E/r5uY8MZPmYgTQwVZLAoTjoxE89fRgClKDJ9agoli9lZERlhhYmxAJRuCt/zyKmld1LyrmvtwWanf5nEU4QROoQoeXEMd7qEBTSDwBM/wCm+OdF6cd+dj0Vpw8plj+APn8wcJVI7G</latexit>

vs(r)

<latexit sha1_base64="V2TSzMjdOrFX4EuTsvsxNNDnj9k=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUCbbTbt0swm7m0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWM7mZ+a8yU5rF8MpOE+REOJA85RWOlx3EPe+WKW3XnIKvEy0kFctR75a9uP6ZpxKShArXueG5i/AyV4VSwaambapYgHeGAdSyVGDHtZ/NTp+TMKn0SxsqWNGSu/p7IMNJ6EgW2M0Iz1MveTPzP66QmvPEzLpPUMEkXi8JUEBOT2d+kzxWjRkwsQaq4vZXQISqkxqZTsiF4yy+vkuZF1buqug+XldptHkcRTuAUzsGDa6jBPdShARQG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBTCo3T</latexit>va

<latexit sha1_base64="qA87GKl7FpqXPCHma+0Uen8npB0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQQcKuiHoM5uIxgnlAsoTZyWwyZnZnmekVQsg/ePGgiFf/x5t/4yTZg0YLGoqqbrq7gkQKg6775eRWVtfWN/Kbha3tnd294v5B06hUM95gSirdDqjhUsS8gQIlbyea0yiQvBWMajO/9ci1ESq+x3HC/YgOYhEKRtFKzVpZn+Fpr1hyK+4c5C/xMlKCDPVe8bPbVyyNeIxMUmM6npugP6EaBZN8WuimhieUjeiAdyyNacSNP5lfOyUnVumTUGlbMZK5+nNiQiNjxlFgOyOKQ7PszcT/vE6K4bU/EXGSIo/ZYlGYSoKKzF4nfaE5Qzm2hDIt7K2EDammDG1ABRuCt/zyX9I8r3iXFffuolS9yeLIwxEcQxk8uIIq3EIdGsDgAZ7gBV4d5Tw7b877ojXnZDOH8AvOxzduXY5h</latexit>

C(r, t)

for 

<latexit sha1_base64="q6nsQg9QL2ui3nx3EdC0/HXbji8=">AAACH3icbVDLSgNBEJz1GeMr6tHLYBA8hV2RqAchqIccI5hEyIaldzKbDM4+nOkVwrJ/4sVf8eJBEfGWv3HyOKixoKGo6p7pLj+RQqNtj6yFxaXlldXCWnF9Y3Nru7Sz29JxqhhvsljG6s4HzaWIeBMFSn6XKA6hL3nbv78a++1HrrSIo1scJrwbQj8SgWCARvJKVeUxekFd/aAwcwMFLDunrjQP9MADWqdumHqQZ8d995pLBOqqQZznXqlsV+wJ6DxxZqRMZmh4pS+3F7M05BEyCVp3HDvBbgYKBZM8L7qp5gmwe+jzjqERhFx3s8l9OT00So8GsTIVIZ2oPycyCLUehr7pDAEH+q83Fv/zOikGZ91MREmKPGLTj4JUUozpOCzaE4ozlENDgClhdqVsACYkNJEWTQjO35PnSeu44lQr9s1JuXY5i6NA9skBOSIOOSU1UicN0iSMPJEX8kberWfr1fqwPqetC9ZsZo/8gjX6Bj/nooM=</latexit>

rc =

s
9�aHµa

2g�⇢

<latexit sha1_base64="l73Gyb8ej3MwqHj1YPYTbH4gGgg=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU7srol6EopceW7AfsF1KNs22odlkSbKFUvozvHhQxKu/xpv/xrTdg7Y+GHi8N8PMvDDhTBvX/XZyG5tb2zv53cLe/sHhUfH4pKVlqghtEsml6oRYU84EbRpmOO0kiuI45LQdjh7nfntMlWZSPJlJQoMYDwSLGMHGSn6tMu5pdI9alUavWHLL7gJonXgZKUGGeq/41e1LksZUGMKx1r7nJiaYYmUY4XRW6KaaJpiM8ID6lgocUx1MFyfP0IVV+iiSypYwaKH+npjiWOtJHNrOGJuhXvXm4n+en5roLpgykaSGCrJcFKUcGYnm/6M+U5QYPrEEE8XsrYgMscLE2JQKNgRv9eV10roqezdlt3Fdqj5kceThDM7hEjy4hSrUoA5NICDhGV7hzTHOi/PufCxbc042cwp/4Hz+AFskj/8=</latexit>

H/vs = V/Q

SETTLING        
TIME

REMOVAL
TIME

• drops with                generally sediment out
<latexit sha1_base64="zJN03xifJ8EyQCtJKWY417u0+lA=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVF0MYygvmA5Ah7m7lkyd7esbsnhCM/wsZCEVt/j53/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d3Mbz+h0jyWj2aSoB/RoeQhZ9RYqa3IDVF91i9X3Ko7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOyVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhNd+xmWSGpRssShMBTExmf1OBlwhM2JiCWWK21sJG1FFmbEJlWwI3vLLq6R1UfVqVffhslK/zeMowgmcwjl4cAV1uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx9RGI7n</latexit>

r < rc

<latexit sha1_base64="pYrTgzJSV0BgBSLvIH2CqgxfYrA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqicpevFYwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8NJME/YgOJQ85o8ZKbUVuiOqzfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa2Lqlerug+XlfptHkcRTuAUzsGDK6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gBUKI7p</latexit>

r > rc

• drops with                are suspended until removal by air change

a dynamic sifting process survived by aerosol droplets 

<latexit sha1_base64="Lkz4vVK0ToC8JIH1WaeHJeTumLM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVzURUTdC0Y3LFuwD2hAmk0k7dDIJMxOhhn6JGxeKuPVT3Pk3TtsstHpg4HDOudw7J0g5U9pxvqzSyura+kZ5s7K1vbNbtff2OyrJJKFtkvBE9gKsKGeCtjXTnPZSSXEccNoNxrczv/tApWKJuNeTlHoxHgoWMYK1kXy7OuAmHGIfo2vUOu34ds2pO3Ogv8QtSA0KNH37cxAmJIup0IRjpfquk2ovx1Izwum0MsgUTTEZ4yHtGypwTJWXzw+fomOjhChKpHlCo7n6cyLHsVKTODDJGOuRWvZm4n9eP9PRlZczkWaaCrJYFGUc6QTNWkAhk5RoPjEEE8nMrYiMsMREm64qpgR3+ct/Sees7l7UndZ5rXFT1FGGQziCE3DhEhpwB01oA4EMnuAFXq1H69l6s94X0ZJVzBzAL1gf3yB7khY=</latexit>

�a = Q/V

EXCHANGE RECIRCULATION

—  for typical settings,  



Evolution of concentration of polydisperse airborne pathogen

Cloud

<latexit sha1_base64="1M7lwfL1guVQpTEw5H0IEr3XqYk="></latexit>

V
dC

dt
= IP � (Q + pfQr + vsA + �vV ) C

RATE OF 
CHANGE

PRODUCTION 
BY EXHALATION

LOSS VIA: 
      AIR  
EXCHANGE FILTRATION SEDIMENTATION DEACTIVATION

<latexit sha1_base64="qA87GKl7FpqXPCHma+0Uen8npB0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQQcKuiHoM5uIxgnlAsoTZyWwyZnZnmekVQsg/ePGgiFf/x5t/4yTZg0YLGoqqbrq7gkQKg6775eRWVtfWN/Kbha3tnd294v5B06hUM95gSirdDqjhUsS8gQIlbyea0yiQvBWMajO/9ci1ESq+x3HC/YgOYhEKRtFKzVpZn+Fpr1hyK+4c5C/xMlKCDPVe8bPbVyyNeIxMUmM6npugP6EaBZN8WuimhieUjeiAdyyNacSNP5lfOyUnVumTUGlbMZK5+nNiQiNjxlFgOyOKQ7PszcT/vE6K4bU/EXGSIo/ZYlGYSoKKzF4nfaE5Qzm2hDIt7K2EDammDG1ABRuCt/zyX9I8r3iXFffuolS9yeLIwxEcQxk8uIIq3EIdGsDgAZ7gBV4d5Tw7b877ojXnZDOH8AvOxzduXY5h</latexit>

C(r, t)
<latexit sha1_base64="E6TIXBYA6pVH7XlLYltYY4femGg=">AAAB63icbVBNS8NAEJ3Ur1q/oh69LBbBg5RERD1WvXisYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2njet1NaWV1b3yhvVra2d3b33P2Dlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+C73209UaRbLRzNJaCDwULKIEWxyqXWGbvpu1at5M6Bl4hekCgUafferN4hJKqg0hGOtu76XmCDDyjDC6bTSSzVNMBnjIe1aKrGgOshmt07RiVUGKIqVLWnQTP09kWGh9USEtlNgM9KLXi7+53VTE10HGZNJaqgk80VRypGJUf44GjBFieETSzBRzN6KyAgrTIyNp2JD8BdfXiat85p/WfMeLqr12yKOMhzBMZyCD1dQh3toQBMIjOAZXuHNEc6L8+58zFtLTjFzCH/gfP4A+kaNig==</latexit>

V,A
<latexit sha1_base64="/mnUEkSOpYF70oB0HlKM/zXD2vs=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix60VsL9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUv++Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJrP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94lxW3flGu3uRxFOAYTuAMPLiCKtxBDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPoKOM0g==</latexit>

I
<latexit sha1_base64="7PmfmAp+/f6UxY9wpDABDOS4dHw=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHq1qtu8rNRv8jqKcAKncA4eXEEd7qABLWCA8Ayv8OY8Oi/Ou/OxiBacfOYY/sD5/AGrP4zZ</latexit>

P
<latexit sha1_base64="Xkdm+cxJMJvTqT6SFbGbQQrfSmU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPTLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDrMOM2g==</latexit>

Q

<latexit sha1_base64="23IRedsA/vCxtzPmqSJCIBcxPZk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPTDfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqleruveXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBReo3S</latexit>pf

<latexit sha1_base64="JzHW8vg54dvw4hzVFjZ4se9konY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilh0Zf98sVt+rOQVaJl5MK5Kj3y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqndVdRuXldptHkcRTuAUzsGDa6jBPdShCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwA0cI2/</latexit>

Qr

<latexit sha1_base64="LclmkAOKV4+02phDv1K7A6i7sI0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7k0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGdzO/NebaiFg94SThfkQHSoSCUbTS47hneuWKW3XnIKvEy0kFctR75a9uP2ZpxBUySY3peG6CfkY1Cib5tNRNDU8oG9EB71iqaMSNn81PnZIzq/RJGGtbCslc/T2R0ciYSRTYzoji0Cx7M/E/r5NieONnQiUpcsUWi8JUEozJ7G/SF5ozlBNLKNPC3krYkGrK0KZTsiF4yy+vkuZF1buqug+XldptHkcRTuAUzsGDa6jBPdShAQwG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBuUo3l</latexit>vs
<latexit sha1_base64="MSO0Aoo0p1pydEWnoAvmPRFk6to=">AAAB8HicbVDLSgMxFL1TX7W+Rl26CRbBVZkRUZdFNy4r2Ie0Q8lkMm1okhmSTKEM/Qo3LhRx6+e4829M21lo64HA4Zxzyb0nTDnTxvO+ndLa+sbmVnm7srO7t3/gHh61dJIpQpsk4YnqhFhTziRtGmY47aSKYhFy2g5HdzO/PaZKs0Q+mklKA4EHksWMYGOlpx630Qj3x3236tW8OdAq8QtShQKNvvvVixKSCSoN4Vjrru+lJsixMoxwOq30Mk1TTEZ4QLuWSiyoDvL5wlN0ZpUIxYmyTxo0V39P5FhoPRGhTQpshnrZm4n/ed3MxDdBzmSaGSrJ4qM448gkaHY9ipiixPCJJZgoZndFZIgVJsZ2VLEl+Msnr5LWRc2/qnkPl9X6bVFHGU7gFM7Bh2uowz00oAkEBDzDK7w5ynlx3p2PRbTkFDPH8AfO5w/RCZBr</latexit>

�v

 concentration suspended on drops of radius <latexit sha1_base64="z4a0Dml+uGsE/JF5T844sQ+/34E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUUP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A3seM+w==</latexit>r
 room volume and projected area
 number of infected individuals in room
pathogen production rate per infected person
 air exchange rate
 air recirculation rate 

probability of filtration via masks or filters
sedimentation speed
deactivation rate



A single infected individual enters a room at t = 0.

Cloud

 sedimentation rate 

filtration rate

air change rate

deactivation rate

<latexit sha1_base64="qz8mFqqxWNROV4+paisNqU9Rrco=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbAaDEJu4K6I2QtAmZQTzgGRZZmdnkyGzD2ZmAyGk8VdsLBSx9TPs/Bsnmy008cDA4ZxzuXOPl3AmlWV9G4WV1bX1jeJmaWt7Z3fP3D9oyTgVhDZJzGPR8bCknEW0qZjitJMIikOP07Y3vJ/57REVksXRoxon1AlxP2IBI1hpyTWPelyHfezKijhDt2iUkfO6a5atqpUBLRM7J2XI0XDNr54fkzSkkSIcS9m1rUQ5EywUI5xOS71U0gSTIe7TrqYRDql0JtkBU3SqFR8FsdAvUihTf09McCjlOPR0MsRqIBe9mfif101VcONMWJSkikZkvihIOVIxmrWBfCYoUXysCSaC6b8iMsACE6U7K+kS7MWTl0nrompfVa2Hy3LtLq+jCMdwAhWw4RpqUIcGNIHAFJ7hFd6MJ+PFeDc+5tGCkc8cwh8Ynz9HS5Tn</latexit>

�s(r) = vs(r)/H

<latexit sha1_base64="Lkz4vVK0ToC8JIH1WaeHJeTumLM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVzURUTdC0Y3LFuwD2hAmk0k7dDIJMxOhhn6JGxeKuPVT3Pk3TtsstHpg4HDOudw7J0g5U9pxvqzSyura+kZ5s7K1vbNbtff2OyrJJKFtkvBE9gKsKGeCtjXTnPZSSXEccNoNxrczv/tApWKJuNeTlHoxHgoWMYK1kXy7OuAmHGIfo2vUOu34ds2pO3Ogv8QtSA0KNH37cxAmJIup0IRjpfquk2ovx1Izwum0MsgUTTEZ4yHtGypwTJWXzw+fomOjhChKpHlCo7n6cyLHsVKTODDJGOuRWvZm4n9eP9PRlZczkWaaCrJYFGUc6QTNWkAhk5RoPjEEE8nMrYiMsMREm64qpgR3+ct/Sees7l7UndZ5rXFT1FGGQziCE3DhEhpwB01oA4EMnuAFXq1H69l6s94X0ZJVzBzAL1gf3yB7khY=</latexit>

�a = Q/V

<latexit sha1_base64="Oq7FYWHtxlP568jlh3+CNLkr5aI=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAILbRlRkTdCMVuXFawF2jHIZOmbWjmQnJGKEP7EG58FTcuFHEruPNtzLRdaOsPgY//nJPk/G4ouALT/DZSK6tr6xvpzczW9s7uXnb/oKGCSFJWp4EIZMslignuszpwEKwVSkY8V7CmO6wm9eYDk4oH/h2MQmZ7pO/zHqcEtOVki9W8LEIBT64muOqovNSYt3AJs/u41BH6oi5xaGLDuOBkc2bZnAovgzWHHJqr5mS/Ot2ARh7zgQqiVNsyQ7BjIoFTwcaZTqRYSOiQ9Flbo088pux4utUYn2ini3uB1McHPHV/T8TEU2rkubrTIzBQi7XE/K/WjqB3acfcDyNgPp091IsEhgAnEeEul4yCGGkgVHL9V0wHRBIKOsiMDsFaXHkZGqdl67xs3p7lKtfzONLoCB2jPLLQBaqgG1RDdUTRI3pGr+jNeDJejHfjY9aaMuYzh+iPjM8fEwObqg==</latexit>

C(r, t) = Cs(r) (1� e��c(r)t)

<latexit sha1_base64="ZQ1Sddnt38YIgrQiWul3TeojWWo=">AAACNnicbZDLSsNAFIYnXmu9RV26GSxCRSiJiLoRim7cCBXsBdoQJpNJO3RyYWZSKKF5KTc+h7tuXCji1kdwmqZQWw8M/PP95zBzfidiVEjDGGsrq2vrG5uFreL2zu7evn5w2BBhzDGp45CFvOUgQRgNSF1SyUgr4gT5DiNNp38/8ZsDwgUNg2c5jIjlo25APYqRVMjWHztMNbvIxmV+BtNbmM4Agul5Cmc3L7PngFgEAwVsvWRUjKzgsjBzUQJ51Wz9reOGOPZJIDFDQrRNI5JWgrikmJFRsRMLEiHcR13SVjJAPhFWkq09gqeKuNALuTqBhBmdn0iQL8TQd1Snj2RPLHoT+J/XjqV3YyU0iGJJAjx9yIsZlCGcZAhdygmWbKgEwpyqv0LcQxxhqZIuqhDMxZWXReOiYl5VjKfLUvUuj6MAjsEJKAMTXIMqeAA1UAcYvIAx+ACf2qv2rn1p39PWFS2fOQJ/Svv5BZ+lqgs=</latexit>

�c(r) = �a + �f (r) + �s(r) + �v(r)

<latexit sha1_base64="wJcAt0U2qc0g+wVDM6HyT8b82nk=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBHqpsyIqMuiG5cV7AM6Q8lkMm1oJhOSTKEM/Q03LhRx68+4829M21lo64HA4ZxzuTcnlJxp47rfztr6xubWdmmnvLu3f3BYOTpu6zRThLZIylPVDbGmnAnaMsxw2pWK4iTktBOO7md+Z0yVZql4MhNJgwQPBIsZwcZKvs9tNML9cU1d9CtVt+7OgVaJV5AqFGj2K19+lJIsocIQjrXuea40QY6VYYTTadnPNJWYjPCA9iwVOKE6yOc3T9G5VSIUp8o+YdBc/T2R40TrSRLaZILNUC97M/E/r5eZ+DbImZCZoYIsFsUZRyZFswJQxBQlhk8swUQxeysiQ6wwMbamsi3BW/7yKmlf1r3ruvt4VW3cFXWU4BTOoAYe3EADHqAJLSAg4Rle4c3JnBfn3flYRNecYuYE/sD5/AFzDZFM</latexit>

�v(r)

<latexit sha1_base64="iMWNR9FofeaNkJba1zTZ/VAklSg=">AAACBHicbVC7SgNBFL0bXzG+Vi3TDAYhNnFXRG2EoI1lAuYBybLMzs4mQ2YfzMwKYUlh46/YWChi60fY+TdOki008cDA4ZxzuXOPl3AmlWV9G4WV1bX1jeJmaWt7Z3fP3D9oyzgVhLZIzGPR9bCknEW0pZjitJsIikOP0443up36nQcqJIujezVOqBPiQcQCRrDSkmuW+1yHfewGVXGCrlEyJ01XnLZds2LVrBnQMrFzUoEcDdf86vsxSUMaKcKxlD3bSpSTYaEY4XRS6qeSJpiM8ID2NI1wSKWTzY6YoGOt+CiIhX6RQjP190SGQynHoaeTIVZDuehNxf+8XqqCKydjUZIqGpH5oiDlSMVo2gjymaBE8bEmmAim/4rIEAtMlO6tpEuwF09eJu2zmn1Rs5rnlfpNXkcRynAEVbDhEupwBw1oAYFHeIZXeDOejBfj3fiYRwtGPnMIf2B8/gDGnZY/</latexit>

�f (r) = pf (r)Qr/V

Pathogen  
concentration

relaxes to equilibrium

at a rate



Cloud

•         accounts for relative susceptibility in different populations

• accounts for polydisperse pathogen-bearing droplet distribution

Indoor reproductive number:

•  the mean number of transmissions per infected individual,

where                                       is the number of susceptibles 

Airborne transmission: due to inhalation of airborne pathogen 

Indoor safety guideline:

where                    is a suitably chosen risk tolerance 

Transmission 
rate:

•             is the a priori unknown infectivity of the pathogen



Steady-state solution 

Cloud

Constant transmission rate:

• consider times                   (minutes to hours),  for which equilibrium
    pathogen concentration obtains: 

 where the concentration of infection quanta per drop volume

 and the concentration of infection quanta, `infectiousness’ of the air

  as may be assessed in different settings given drop-size distributions

        PATHOGEN
CONCENTRATION

        PATHOGEN
       INFECTIVITY



Model prediction for drop size distributions

Cloud

•  take input data from drop
     size distributions reported
     by Morowska et al. (1997)

•  take room parameters
     corresponding to Skagit
     Choir superspreader

• allows for assessment of
    relative risk of various 
    activities 



Inferences of                            for various activities

Cloud

• allows for analysis of a number of super-spreader events 
• consideration of different physical settings (room parameters and  

activity) allows for estimation of airborne pathogen concentration   
and rationale for transmission dynamics (observed       )  



Cloud

Transmission dynamics: the SEIR model
Susceptible [S], Exposed [E], Infected [I] and Recovered [R] populations:

where      is the infection rate,        the incubation rate,       the recovery rate

Spreading events of duration                    :  neglect R

Case 1:  Slow incubation

Case 2: Fast incubation

Solve for infection rate:



Superspreading events considered

Cloud
• comparison allows for consistency checks of inferred infectivity

• the Skagit Church Choir: 53 of 61 infected in a 2.5 hr practice

• the Ningbo Bus Tour: 23 of 61 infected in a 2-hour bus ride 

• the Diamond Princess during quarantine

• the Wuhan City outbreak during first lockdown
— 80% occurred in the home setting

— 354 of 3711 people infected over 12 days

     FAST 
INCUBATION

      SLOW 
INCUBATION



Spreading during the Diamond Princess quarantine

Cloud

• allows for inference of initial number infected and transmission rate,
   which indicates the concentration of infection quanta from breathing



Model prediction for infectivity of air , 

Cloud

Self-consistent inference of infectivity of SARS-Cov2: 
— ten times more infectious than SARS-Cov1



Bound on `cumulative 
exposure time’: 

Cloud

To minimize risk

•  minimize time spent with large crowds

•  avoid small, poorly ventilated spaces

•  avoid areas where people are exerting themselves, e.g. singing
     or working out in a gym
•  wear a mask, avoid places where people are maskless

Indoor safety guideline:

• for a steady-state environment with one infected individual…



Cloud

American classroom



Cloud

Room in a nursing home



Relative risk coefficient 

Cloud

To minimize risk

• for a given individual, one may eliminate              from consideration 

•  avoid small, poorly ventilated spaces; wear a mask

•  avoid areas where people are exerting themselves

• allows for assessment of relative risk of various settings; 
    e.g. an afternoon in a well-ventilated lab, or an hour in the gym

Lifestyle risk assessment

•  integrate          over the course of a day



Heightened risk: respiratory jets

Cloud

Yang et al.,  PNAS (2020)

• series of turbulent puffs - modeled as a continuous turbulent jet

M

Jet scalings:

r(x)x

U(x)
where mouth area

entrainment coefficient



Beyond the well-mixed room

Cloud

• heightened risk associated with short-range airborne transmission 

where        is the probability of being in a jet
                  is the mouth area
                  is the number of susceptible people
                  is the entrainment coefficient
                  is the distance to the infected person
                  is the room’s dilution factor

• risk from respiratory jets clearly geometry dependent, may dominate

• consider risk of inhaling pathogen from respiratory jets

• this risk effectively eliminated with mask use

INFECTED

SUSCEPTIBLE



Rules of thumb

Cloud

• it is diluted within the turbulent respiratory jet to 30 at 2m

• a background level of 1 endangers everyone in an indoor setting  

• if concentration of airborne pathogen in exhaled air is 1000 …  

• direct ingestion of a lung-full of infected air poses the same risk as
an hour spent anywhere in a shared indoor, well-mixed setting with
an infected individual

Informs contact tracing

• indicates limitations of `15min within 6ft’ definition widely applied

• all occupants of a well-mixed room should be considered as contacts 



III.  How can we implement this new safety guideline?

•  carbon dioxide monitoring for COVID safety

•  COVID Indoor Safety App



Recast safety guideline in terms of carbon dioxide concentration

Concentration of carbon dioxide              evolves as a passive scalar:
<latexit sha1_base64="Kv0JkUh4NT4s32gPQpeJ+Sx2Uu4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0Gc/EYwTwgWcLsZDYZM7uzzPQKIeQfvHhQxKv/482/cZLsQRMLGoqqbrq7gkQKg6777eTW1jc2t/LbhZ3dvf2D4uFR06hUM95gSirdDqjhUsS8gQIlbyea0yiQvBWMajO/9cS1ESp+wHHC/YgOYhEKRtFKzVrvooznvWLJrbhzkFXiZaQEGeq94le3r1ga8RiZpMZ0PDdBf0I1Cib5tNBNDU8oG9EB71ga04gbfzK/dkrOrNInodK2YiRz9ffEhEbGjKPAdkYUh2bZm4n/eZ0Uwxt/IuIkRR6zxaIwlQQVmb1O+kJzhnJsCWVa2FsJG1JNGdqACjYEb/nlVdK8qHhXFff+slS9zeLIwwmcQhk8uIYq3EEdGsDgEZ7hFd4c5bw4787HojXnZDPH8AfO5w9avY5U</latexit>

C2(t)

removed exclusively by air exchange at a rate 

where is the exhaled production rate,
<latexit sha1_base64="pcS6tZjUfnjJbko+D0y0O2b5igY=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iEuqmJiLoRim5ctmAf0IZwM5m2QyeTMDMRSij4K25cKOLW73Dn3zhts9DqgYHDOedy75wg4Uxpx/myCkvLK6trxfXSxubW9o69u9dScSoJbZKYx7ITgKKcCdrUTHPaSSSFKOC0HYxup377gUrFYnGvxwn1IhgI1mcEtJF8+6DHTTgEHzC+xg0fKvrktOXbZafqzID/EjcnZZSj7tufvTAmaUSFJhyU6rpOor0MpGaE00mplyqaABnBgHYNFRBR5WWz8yf42Cgh7sfSPKHxTP05kUGk1DgKTDICPVSL3lT8z+umun/lZUwkqaaCzBf1U451jKdd4JBJSjQfGwJEMnMrJkOQQLRprGRKcBe//Je0zqruRdVpnJdrN3kdRXSIjlAFuegS1dAdqqMmIihDT+gFvVqP1rP1Zr3PowUrn9lHv2B9fAOeVZP3</latexit>

�a = Qa(t)/V
<latexit sha1_base64="hqYaOEDGB/ZegPSsupct2hNoiRc=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktUj0We/FmBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G02bmd5+o0iySj2YWU1/gsWQhI9hkUvN+WBuWK27VXQCtEy8nFcjRGpa/BqOIJIJKQzjWuu+5sfFTrAwjnM5Lg0TTGJMpHtO+pRILqv10cescXVhlhMJI2ZIGLdTfEykWWs9EYDsFNhO96mXif14/MeGNnzIZJ4ZKslwUJhyZCGWPoxFTlBg+swQTxeytiEywwsTYeEo2BG/15XXSqVW9etV9uKo0bvM4inAG53AJHlxDA+6gBW0gMIFneIU3RzgvzrvzsWwtOPnMKfyB8/kDW6GNyg==</latexit>

CO2

Excess             evolution:  

Relaxes to steady state: 

<latexit sha1_base64="hqYaOEDGB/ZegPSsupct2hNoiRc=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktUj0We/FmBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G02bmd5+o0iySj2YWU1/gsWQhI9hkUvN+WBuWK27VXQCtEy8nFcjRGpa/BqOIJIJKQzjWuu+5sfFTrAwjnM5Lg0TTGJMpHtO+pRILqv10cescXVhlhMJI2ZIGLdTfEykWWs9EYDsFNhO96mXif14/MeGNnzIZJ4ZKslwUJhyZCGWPoxFTlBg+swQTxeytiEywwsTYeEo2BG/15XXSqVW9etV9uKo0bvM4inAG53AJHlxDA+6gBW0gMIFneIU3RzgvzrvzsWwtOPnMKfyB8/kDW6GNyg==</latexit>

CO2

<latexit sha1_base64="qETnX4zpObdfIPIpFuJzR1/8A3o=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4MaSiKjLohuXFewDmhhuJpN06OTBzEQoIRt/xY0LRdz6Ge78G6ePhbYeGDiccw937vEzzqSyrG+jsrS8srpWXa9tbG5t75i7ex2Z5oLQNkl5Kno+SMpZQtuKKU57maAQ+5x2/eHN2O8+UiFZmtyrUUbdGKKEhYyA0pJnHjgKcuxEEXa4TgXgwUNxapeeWbca1gR4kdgzUkcztDzzywlSksc0UYSDlH3bypRbgFCMcFrWnFzSDMgQItrXNIGYSreYHFDiY60EOEyFfonCE/V3ooBYylHs68kY1EDOe2PxP6+fq/DKLViS5YomZLoozDlWKR63gQMmKFF8pAkQwfRfMRmAAKJ0ZzVdgj1/8iLpnDXsi4Z1d15vXs/qqKJDdIROkI0uURPdohZqI4JK9Ixe0ZvxZLwY78bHdLRizDL76A+Mzx+2v5XX</latexit>

⌧ � ��1
afor

— Rudnick & Milton (2003), Peng & Jimenez (2021)



Recast safety guideline in terms of carbon dioxide concentration

where                            is the infection quanta emission rate

Evolving susceptibility of population 
N people with probability of being infected, immune or susceptible:

<latexit sha1_base64="/qyhaEAgUuFYuIwz3UQFOTXU/54=">AAACD3icbZDLSgMxFIYz9VbrbdSlm2BRXGiZEVE3QtGNywr2Au0wZNK0DU1mQpIRytA+gRtfxY0LRdy6defbmJnOQlsPJHz8/zkk5w8Eo0o7zrdVWFhcWl4prpbW1jc2t+ztnYaKYolJHUcskq0AKcJoSOqaakZaQhLEA0aawfAm9ZsPRCoahfd6JIjHUT+kPYqRNpJvHwqfHk+g8BPKx5OMFLyCLjwxRLM7dXy77FScrOA8uDmUQV413/7qdCMccxJqzJBSbdcR2kuQ1BQzMi51YkUEwkPUJ22DIeJEeUm2zxgeGKULe5E0J9QwU39PJIgrNeKB6eRID9Ssl4r/ee1Y9y69hIYi1iTE04d6MYM6gmk4sEslwZqNDCAsqfkrxAMkEdYmwpIJwZ1deR4apxX3vOLcnZWr13kcRbAH9sERcMEFqIJbUAN1gMEjeAav4M16sl6sd+tj2lqw8pld8Keszx/xZ5qy</latexit>

pi, pim , ps = 1� pi � pim

Expected number of infected-susceptible pairs:

<latexit sha1_base64="0NQi3ImWihKdpc5w5nj3wDriYIk=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiQi6kYoduOyBfuANoTJZNoOnUzizESoofgrblwo4tb/cOffOG2z0NYDA4dzzuXeOUHCmdKO820tLa+srq0XNoqbW9s7u/beflPFqSS0QWIey3aAFeVM0IZmmtN2IimOAk5bwbA68VsPVCoWizs9SqgX4b5gPUawNpJvH3a5CYfYv0fXqO4HqGqYb5ecsjMFWiRuTkqQo+bbX90wJmlEhSYcK9VxnUR7GZaaEU7HxW6qaILJEPdpx1CBI6q8bHr9GJ0YJUS9WJonNJqqvycyHCk1igKTjLAeqHlvIv7ndVLdu/IyJpJUU0Fmi3opRzpGkypQyCQlmo8MwUQycysiAywx0aawoinBnf/yImmeld2LslM/L1Vu8joKcATHcAouXEIFbqEGDSDwCM/wCm/Wk/VivVsfs+iSlc8cwB9Ynz9r55Pn</latexit>

�q = QbCq

Early pandemic: 

Late pandemic: 

<latexit sha1_base64="Z4rYq5fE3w61+RIE+JS5D/ij+Go=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IR6sGSiKgXoejFU6lgP6ANYbPdtks3m7A7EUoo+Fe8eFDEq7/Dm//GbZuDtj4YeLw3w8y8IBZcg+N8W7ml5ZXVtfx6YWNza3vH3t1r6ChRlNVpJCLVCohmgktWBw6CtWLFSBgI1gyGtxO/+ciU5pF8gFHMvJD0Je9xSsBIvn1Q9QFf4youVU/dExz73JT27aJTdqbAi8TNSBFlqPn2V6cb0SRkEqggWrddJwYvJQo4FWxc6CSaxYQOSZ+1DZUkZNpLp+eP8bFRurgXKVMS8FT9PZGSUOtRGJjOkMBAz3sT8T+vnUDvyku5jBNgks4W9RKBIcKTLHCXK0ZBjAwhVHFzK6YDoggFk1jBhODOv7xIGmdl96Ls3J8XKzdZHHl0iI5QCbnoElXQHaqhOqIoRc/oFb1ZT9aL9W59zFpzVjazj/7A+vwBf5aTRQ==</latexit>

Nt = N(N � 1)pips
<latexit sha1_base64="rvx+yt7rVVFb8t+Gi6kgdK/zps0=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzojoi6LblyVCvYB7TBk0kwbmklCkhHr0C9x40IRt36KO//GtJ2Fth64cDjnXu69J5KMauN5305hZXVtfaO4Wdra3tktu3v7LS1ShUkTCyZUJ0KaMMpJ01DDSEcqgpKIkXY0upn67QeiNBX83owlCRI04DSmGBkrhW65floPDewhKZV4hH7oVryqNwNcJn5OKiBHI3S/en2B04RwgxnSuut70gQZUoZiRialXqqJRHiEBqRrKUcJ0UE2O3wCj63Sh7FQtriBM/X3RIYSrcdJZDsTZIZ60ZuK/3nd1MRXQUa5TA3heL4oThk0Ak5TgH2qCDZsbAnCitpbIR4ihbCxWZVsCP7iy8ukdVb1L6re3Xmldp3HUQSH4AicAB9cghq4BQ3QBBik4Bm8gjfnyXlx3p2PeWvByWcOwB84nz9tlJJL</latexit>

N/Nt ⇡ 1

 supplanted by           safety 
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 Carbon dioxide levels on Planet Earth

• drowsiness, decreased decision-making reported at > 1000ppm

• human occupancy indoors may create levels well above 1000ppm

Exhaled concentration:



$151$249$168

 Measuring carbon dioxide

• various inexpensive, readily accessible, easy-to-use options

• widely used to assess indoor air quality in workplace, classroom



Outdoor	CO2	measurement	in	Cambridge	
Write	a	description	for	your	map.	

200	m
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 Outdoor carbon dioxide measurements at MIT



A daily trace of carbon dioxide concentration
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Zoom call endsCarbon dioxide trace in an office at MIT 
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Relaxation curve

Carbon dioxide trace in an office 

Relaxation curve provides direct
measure of decay rate:



Carbon dioxide trace in an office with 2 people 



Carbon dioxide trace in a small classroom 



26-100

12:30 12:45 13:00 13:15 13:30 13:45 14:00 14:15
Sep 16, 2021   

600

800

1000

1200

0

0.05

0.1

12:45 13:00 13:15 13:30 13:45 14:00
Sep 16, 2021   

0

0.05

0.1
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The large classroom where I caught COVID 

Risk acceptable if there is just 1
infected student (not 20!)



On-line app:   developed with Kasim Khan, Martin Bazant 

— allows for assessment of COVID risk in any indoor setting
— translated into 15 languages; over 1 million users



Conclusions

Cloud

• inferences from best reported super-spreader events implicate 
   airborne transmission as the dominant mode

• using            as a proxy for airborne pathogen concentration allows  
   for real-time assessment of COVID risk in indoor settings

• social-distancing guidelines should be augmented by bounds on 
   time spent in indoor spaces

• relative importance of short- and long-range airborne transmission
   must be assessed in a case-by-case basis

• inference of infectivity of SARS-Cov2 suggests it is 10 times 
   higher than that of its precursor, SARS-Cov1

• gas-phase respiratory flows (jets, puffs) play a critical role in  
   extending the range of pathogen-bearing droplets

• ambient room circulation may suspend aerosols indefinitely



Cloud



Cloud





                             Thanks for your attention!
                

For more information, please see my webpage…



``Do not use the fire that God gave you to burn incense.”
                                                                
                                                            — Edmond Rostand


