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SYMPOSIUMCHEDULEAT-A-GLANCE

Tuesday, 15 May

17:00-19:.00

Registration and Welcome Reception at CISM

Wednesday, 16 May

8:30-9:00 Onssite registration

9:00-9:15 Welcome Address

9:15-10:00 Invited LectureG. Boffetta M. Cencini, F. De Lillo
10:00-10:30 Keynote Lecture: W. CliftoR.N. BearonM.A. Bees
10:30-11:00 Coffee Break

11.00-12:48 Session #1 (regular talks)

12:48-14:15 Lunch Break

14:15-15:.00 Invited Lecture: K. Gustavsson, F. Berglund, P.R. Joisddehlig
15:00-15:30 Keynote LectureR.G. Winkler

15:30-16:00 Keynote LectureA. Ardekanj N. Desai, V.Shaik
16:00-16:30 Coffee Break

16:30-18:00 Session #2 (regular talks)

Thursday, 17 May -

9:00-9:45 Invited LectureW.C.K. Poon

9:45-10:15 Keynote Lecture: L. Rao, P.Gd&gSubramanian
10:15-10:40 Coffee Break

10:40-12:28 Session #3 (regular talks)

12:28-14:00 Lunch Break

14:00-14:30 Keynote Lecture: A.Mathijssen, NigueroaMorales, G. Junot, ElementA. Lindner A. Zott
14:30-15:.00 Keynote Lecture: N.M. Oliveira, K.R. Fodtém. Durham
15.00-15:54 Session #4 (regular talks)

15:54-16:20 Coffee Break

16:20-17:50 Session #5 (regular talks)

20:00-22:00 Social Dinner

Friday, 18 May

9:00-9:45 Invited LectureS. Fielding
9:45-10:15 Keynote Lecturel. Pagonabarraga
10:15-10:50 Session #6 (regular talks)
10:50-11:10 Coffee Break

11:10-12:58 Session #7 (regular talks)
12:58-13:10 Closing

13:10-14:30

Lunch Break
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WELCOME

Welcome to thelUTAM Symposium on Motile Cells in
Complex EnvironmentdMCCE2018) in Udine (Italy),
May 15-18, 2018.

The Symposium brings together experts in the
complementary fields of physics, applied mathematics,
chemistry, biology, life sciences, and engineering to
discuss multidisciplinary theoretical, numerical and
experimental approaches to predict the behaviour of
active complex fluid systems characterizég the
presence of motile living cells. Cell motility is a multi
faceted interdisciplinary challenge for a wide
community of scientists, with applications ranging
from medical to bietechnological and environmental
issues. Cells often grow and move witbmmplex fluid
environments: Examples include motile phytoplankton
cells giving rise to bioonvective patterns in turbulent
flows, but also suspensions of swimming bacteria that
can form biofilms under adverse conditions and
swarm to colonize solid surfase Depending on the
targeted biological system, such environments may be
characterized both by high and low Reynolds numbers,
thus involving a broad spectrum of spatial and
temporal dynamics that are not easy to model.

The Symposium provides the opporttynto compare
and contrast the different available approaches, giving
a global overview of the most significant
advancements in the field. It also serves the purpose
of identifying the main open issues and research
pathways that the community should focus in the
future. To these aims the Symposium brings together
internationally renowned scientists from all horizons
(analytical, numerical, and experimental) to foster
scientific exchange and strengthen interdisciplinary
work among engineers, applied mathaticians,
physicists, and biologists through invited lecturasd
contributed talks

The Symposium spans a wide selection of topics in
biological fluid mechanics from single swimmer
propulsion and navigation = mechanisms to
synchronized and collectiveotion, focusing on how
active cells may use hydrodynamic interaction as well
as biochemistry to coordinate their locomotion. Topics
of interest are also the dynamics and rheology of
active fluids, fluidstructure interactions in biénspired
systems, growh of tissues, and surface colonization.
The interest on these topics has exploded in recent
years, as demonstrated by the wealth of experimental
or numerical results that have been produced and by
the many resulting (and sometimes competing)
theories thathave been developed.

The conference is hosted by the Univedisitegli Studi
di Udine whichwe gratefully acknowledge for
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providing funding and resources. The conference
convenes at the Palazzo Garzolini di Toppo
Wassermanlocated next to thecity center of Udine.

As we are all aware, the efforts required in organizing
and holding this kind décientific eventsare extensive.
Sincereappreciation is expressedto the organizing
committee members for their exemplary effort3he
productive ceoperation with thelnternational Center

of Mechanical Sciencesis also gratefully
acknowledged The financial support provided by
CINECAthe largest Italian supercomputing center, is
also thankfully acknowledged. Finally, gratitudis
expressedto all the invited speakers, authors, session
chairpersons and attendees, whose contributions and
efforts have made thiSymposiuna great success.

Onbehalf of theOrganizing Committee,
Cristian Marchioli
MCCR018 Chairman

Eric Climent
MCCER2018 CeChairman
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USEFUL INFORMATION

Registration DeslHours

Tueslay,15May: 17:0019:00, Palazzdel Torso
(CISMm)

SOCIAL DINNER

Wednesday16 May: 8:3-9:00, Palazz&arzolini di
ToppoWasserman.
Wireless Internet

Participants who would like to access the Internet at
Palazzo Garzolini di Topp@assermann cansg the

wireless network Eduroam

MEETING VENUE

TheSocial Dinnewill be held onThursday May17,
2018 at Casa della Contadinanza, Castello di Udine
(20:00 -22:00).
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PALAZZGSARZOLINI DI TOPPO
WASSERMAW

Locatedin Via Gemona90, Udine, Italy the Toppo
Wassermann College (named for Count Francesco
Toppo Wassermann) was a boarding school from 1900
until closing in the 19882 school year. The name
Toppo Wassermann is now linked to, among other
local institutions, a library, a primary schooldathe
School of Excellence of théniversity of Udine

CENTRO INTERNAZIORBLSCIENZE
MECCANICHECISM

CISM, International Centre for Mechanical Sciences, is
a nonprofit organization, founded in 1968 to favour
the exchange and application of theos advanced

knowledge inmechanical sciences, in interdisciplinary
fields like robotics, biomechanics, environmental
engineering and in other fields (mathematics,
information and system theory, operations research,
computer science, artificial intelligence)

Located in the Palazzo del Torso in the center of
Udine, CISM is international in both scope and
structure: the Scientific Council, rectors, lecturers are
selected from among the acknowledged authorities in
their respective fields the world over.

CISM idunded by the Friuli Venezia Giulia Region, the
Province of Udine and the city of Udine, and local
public and private institutions, together with other
member institutions in Europe and abroad. Further
financial support comes from the National Research
Cauncil of Italy (CNR), and from UNESCO.

CISM also has consolidated working relations with

AIMETA, ECCOMAS, ERCOFTAC, EUROMECH, GAMM,

IFToMM and IUTAM.

CASA DELLA CONTAINKMA, CASTELLO DI
UDINE

Casa della Contadinanza is locatectoa top of Udine
Hill. The view from there toward the Friuli mountains
is impressive but the Casa (House) is a non
extraordinary reconstruction of the XX century of an
old building originally in town. Inside there is a
restaurant serving regional foods at resonably price.

Thereis no public transport to the hill and you have to
walk for about 506700 meters to redg the top of the
hill. Near the Casa della Contadinanza there is the
"castle” of Udine, ancient residence of the lieutenent
of Venice and a present museum of arts drydtory of
the city.



INVITEDLECTURES

Wedneglay, 16 May

9:15, Palazzo Garzolini, Room 4
Chair:E. Climent

GYROTACTIC PHYPDIKTON SWIMMINS

LAMINAR AND RBULENT FLOWS

Guido BOFFETTAM. Cencini.F. De
Lillo

University of Torino, IT

Wedneglay, 16 May

14:15, Palazzo GarzolifRoom 4
Chair:W.M. Durham

PREFERENTIAL SAMPIANG SMALL SCALE

CLUSTERING OF GYRIJTAMICROSWIMMERS

IN TURBULENCE

K. Gustavssort;.Berglund, P.R.
Jonsson, BernhardMEHLIG

Universityof GothenburgSE

Thurgday, 17 May

9:00, Palazzo GarzoliriRoom 4
Chair: A. Lindner

PAINTINGWITH BACTERIBHREE WAYS

Wilson C.K. POON

University of EdinburghuK

Friday, 18 May

9:00, Palazzo Garzolini, Room 4
Chair:C.Marchioli

HYDRODYNAMICS AND 8EBEHAVIOUR OF
ACTIVE SUSPENSIONS

Suzanne FIELDING

Durham UniversityUK

Wedneslay, 16 May

10:00, Palazzo Garzolini, Room 4
Chair:E. Climent

ENHANCESEDIMENTATIGDFELONGATED
PLANKTON ISIMPLELOWS

W. Clifton, Rachel BEARON, M.A. Be

University of Liverpool, UK

Wedneslay, 16 May

15:00, Palazzo Garzolini, Room 4
Chair:W.M. Durham

ROLE OF HYDRODYNAMMNISELL MOTILITY
MESOSCALE HYDRODYRAWULATIONS

Roland GWINKLER

Institute for Advanced Simuk&] } v U
&}Ee+ ZuvPel v3E U :°0]

Wedneslay, 16 May

15:30, Palazzo Garzolini, Room 4 J
Chair:W.M. Durham

OIL FMICROBE INTERACTITRGLE OF
CHEMOTAXIS AND HYDRRNAMICS

ArezooARDEKANI, N. Desai, V. Shai

Purdue University, US

Thursday,17 May

9:45, Palazzo GarzoliriRoom 4
Chair: A. Lindner

SHEARINDUCED MIGRATIONDARANDING
INSTABILITIES IN BARIAL SUSPENSIONS

L. Rao, P. Garg, Ganesh
SUBRAMANIAN

JawaharlaNehru Centre foAdvanced
Scientific Research, IN



Thursday,17 May

14:00, Palazzo GarzolirfiRoom 4
Chair: R.G. Winkler

OSCILLATORY SURFAGEORAXIS OF
SWIMMINGE.COLI BACTERIA

A.Mathijssen, N. Figueroa-Morales, G Vo
Junot, E. Clement, AnkKelNDNER, A.
Zottl

ESPCI ParisTech, FR

Thursday,17 May

14:30, Palazzo GarzolifRoom 4
Chair: R.G. Winkler

BACTERIAL CHEMOTAURING BIOFILM
FORMATION

N.M. Oliveira, K.R. Foster, William M.
DURHAM

University of Sheffield, UK

Friday, 18 May

9:45, Palazzo GarzolifRoom 4
Chair:C.Marchioli

TBA

Ignacio PAGONABARRAGA

University of Barcelona, ES



INSTRUCTIONS TO SREARRANDSESSION CHAIRS

1. Thepresentation room will be equipped with a PC and an LCD projector. Laser presentation pointers can be
provided upon request of the Chair persand depending on availability;

2. Speakers are kindly asked to upload their presentations in the PC assignedrtmth speakersnayalso
use their own laptop

3. The default software for presentation is PowerPaimbining on Microsoft OS

4. To avoid time losses due to technical issues, speakers are kindly requeststl ttoer presentation well
beforehand;

5. In case ofechnical difficulties, it is the speaker's responsibility to contact the staff person ahead of the
schaduled time of the presentation;

6. Please prepare a good quality portable PDF version of the presentation in the case othetsfarmaot
supported by tle PC

7. Invited plenarytalks will be assigned 4@inutes forpresentation, plus additional Binutes for quetions and
change of speaker;

8. Invited keynotetalks will be assigned 26@inutes forpresentation, plus additional #hinutes for quesons
and changef speaker;

9. Regular conibuted talks will be assigned bdinutes forpresentation, plus additional 8inutes for
guedions and change of speaker;

10. Amonitor displaywill be used to time the sessiorthis timing will be enforced by the Session Chair;

11. Chairpersons are kindly asked to strictly maintain the schedul



SPONSOR

IUTAM
International Union ofrheoretical and\ppliedMechanics

iutam.org
International Union of Theoretical
and Applied Mechanics

The International Union of Theoretical andpplied

Mechanics, was probably founded whehheodore von
Kéarman, professor in Aachen (Germany), held a conference
in Innsbruck in September 1922 to discuss questions of
hydrodynamics and aerodynamics. Today, IUTAM counts
more than 500 active members, representing 50 countries
and 20 affiliated orgasations.The original IUTAM website
was established in connection with the ICTAM 2000 internet
activities by the Secretar§eneral of ICTAM 2000, Prof.

James W. Phillips at UIUC, on request by the IUTAM Bureau.

During the Closing Ceremony of ICTAM 200CHicago, a
citation was presented to Prof. Phillips by the President of
IUTAM. The website is maintained under the responsibility
of the SecretanyGeneral of IUTAM.

CINECA
Consorzio Interuniversitario per il
Calcolo Automatico

CINECA

www.cineca.it

Cineca is a nprofit Consortium, made up o¥0 Italian
universities 5 ltalian Research Institutions and the Italian
Ministry of Education. Today it is the largest Italian
computing center, one of the most important worldwide.
With more seven hundred employees, it operates in the
technological transfer sector through high performance
scientific computing, the management and development of
networks and web based services, and the development of
complex information systems for treating large amounts of
data. It develops advanced Information Technology
applications and services, acting like a tdlitnion between
the academic world, the spheref @ure research and the
world of industry and Public Administration.

CBM
International Centre of Mechanical
Sciences

www.cism.it

CISM, International Centre for Mechanical Sciences, is-a no
profit organization, founded in 1968 to favour tlexchange
and application of the most advanced knowledge in the
mechanical sciences, in interdisciplinary fields like robotics,
biomechanics, environmental engineering and in other fields
(mathematics, information and system theory, operations
research, corputer scence, artificial intelligence).The
principal activity of the Centre is the organioa of courses,
seminars, worghops, symposia, and conferences to present
the state of the art of these sciences to researchers. It also
provides advanced traingn for engineers operating in
industry. CISM is funded by the Friuli Venezia Giulia Region,
the Province of Udine and the city of Udine, and local public
and private institutions, together with other member
institutions in Europe and abroad. Further finaalcsupport
comes from the National Research Council of Italy (CNR),
and from UNESCQISM also has consolidated relations with
AIMETA, ECCOMAS, ERCOFTAC, EUROMECH, GAMM,
IFToMM and IUTAM.

UNIUD
University of Udine

. UNIVERSITA
s DEGLI STUDI

DI UDINE

www.uniud.it

The University ofJdine was founded in 1978 as part of the
reconstruction plan of Friuli after the earthquake in 1976. Its
aim was to provide the Friulian community with an
independent centre for advanced training in cultural and
scientific studiesUdine and its Universityare a poin of
reference in a region thas historically a meeting place and
crossroads of different worlds and cultures. Geographically
situated in the centre of the European Union, the University
of Udine plays an active role in a close network oftretes,
committed to sharing its knowledge and ideas. Since its
establishment, Udine University has pursued the policy of
internationalisation, aimed at preparing students and
forging relations and partnerships with universities and
institutions in Europe rd the rest of the world.Udine
University collaborates not only within Europe but across the
globe and has longtanding connections with Africa, India
and China.



10



PROGRAM SUMMARY

May 15, 2018 TUESDAY WHERE CHAIRPERSON
17:0019:00 Registratiorand WelcomeReception CISM
May 16, 2018 WEDNESDAY
8:30-:9:00 Onsite registration Palazzo Garzolini
9:009.15 Opening: Welcome address C.Marchioli
9:15-10:00 INVITED.LECTURE. Boffetta M. Cencini. F. De Lillo E. Climent
Gyrotactic phytoplankton swimmirig laminar and turbulent
flows
10:0010:30 KEYNOTE LECTURECIifton,RN.Bearon M.A. Bees E. Climent
Enhanced sedimentatioof elongated planktorin simple
flows
10:3011:00 Coffee Break
REGULAR SESSIDN
11:0011:18 F. ToschiE. Calzavarini,F. Schmid G. Boffetta
Lagrangian modelling of copepod dynamics T.J. Pedley
11:1811:36 K. Guseva, U. Feed
Colonization of moving marine aggregates by baateri
11:3611:54 S. Colabrese, Kustavsson, A. Celani, L. Biferale
Flow navigation by smart microswimmers via reinforcemer
learning
11:5412:12 E. Climent, S. Lovecchio, W.M. Durham, R. Stocke
Vertical migration of motile phytoplankton chains through
turbulence
12:1212:30 A.Soldati, S. Lovecchio, F. Zonta, C. Marchioli
Thermal stratification hinders gyrotactic mieomganism rising
in free-surface turbulence
12:30:12:48 M. Borgnino, I. Tuval, F.De Lillo, G. Boffetta
Buoyancy regulation of nemotile phytoplankton in a
turbulent flow
12:4814:15 Lunch break
14:1515:00 INVITERLECTURK.Gustavsson, F. Berglund, PI#hsson B. W.M. Durham
Mehlig
Preferential sampling and smaitale clustering of gyrotactic
microswimmersn turbulence
15:00-15:30 KEYNOTE LECTURE. Winkler W.M. Durham
Role of hydrodynamics in cell motilitytesoscale
hydrodynamic simulations
15:30:16:00 KEYNOTE LECTUREArdekaniN. Desai, V. Shaik W.M. Durham

16:0016:30

Oilmicrobe interactions: role of chemotaxasd
hydrodynamics

Coffee Break



16:30-16:48

16:48-17:06

17:0617:24

17:2417:42

17:4218:00

May 17, 2018
9:009:45

9:45-10:15

10:1510:40

10:4010:58

10:5811:16

11:1611:34

11:3411:52

11:5212:10

12:1012:28

12:2814:00

14:0014:30
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REGULAR SESSION 2

L. Zeng, T.J. Pedley

Distribution of gyrotactienicro-organisms in complex three
dimensional flowsHorizontal shear flow past a vertical
circular cylinder

T.J. Pedley and L. Zeng

Gravitational motion induced by gyrotactic mienoganisms
neara vertical wall in a horizontal stagnation point flow

S. Maretvadakethope, E. Keaveny, Y. Hwang

Gyrotactic trapping can be hydrodynamicallystable

C. MarchioliS. Lovecchid. Soldati

Micro-swimmer dynamicé free-surface turbulence subject
to wind stress

I. Aronson, BWinkler,F.Ziebert

Confinement and substrate topography control 3D cell
migration

THURBAY

INVITEDLECTUREV.CK. Poon

Painting with bacteria, three ways

KEYNOTE LECTURRaoP. GargG. Subramanian
Shearinduced migration and banding instabilitissbacterial
suspensions

Coffee Break

REGULAR SESSION 3

S. Nambiar, G. Subramanian

Divergence of the velocity variance in interacting swimmet
suspensions

N. Giuliani, A. D8imone

Optimizingperformanceof micro-swimmers:The role of
hydrodynamic interactions

V.Meschini, G. Noselli, M. Chinappi, R. Verzicco, A. De Si
Study of biological and bimspiredswimming at low Reynold
numbersusing an immersed bawdary method

S.F.SchoellerE.Keaveny

Linking individual and collectivynamics of sperm in
suspension

M. Mousavi, TEisenstecken, G. Gompp&.,G.Winkler
E-coliswimming and scattering aturfacesA mesoscale
simulation study

G. Sinibaldiy. lebba, MChinappi

Swimming and rafting of-Eoli microcolonies at aiiquid
interfaces

Lunch Break

KEYNOTEECTURE:. Mathijssen, N. Figuereilorales, G.
Junot, E. Clemen#. LindnerA. Zéttl
Oscillatory surface rheotaxis simming Ecoli bacteria

R.N. Bearon
B. Mehlig

Palazzo Garzolini A. Lindner

A. Lindner

A. Ardekani
B. Delmotte

R.G. Winkler



14:30-15:00

15:00-15:18

15:1815:36

15:3615:54

15:5416:20

16:20-16:38

16:3816:56

16:5617:14

17:1417:32

17:3217:50

20:00-22:00

May 18 2018
9:00:9:45

9:45-10:15

10:1510:33

10:3310:51

KEYNOTEECTUREL.M. Oliveira, K.Hoster,W.M. Durham
Bacterial chemotaxiduring biofilm formation

REGULAR SESSION 4

C.T.Kreis, Aragkopoulos, TOstapenkoT.BoddekerQ.
Baumchen

Photoactive microbeg Lightswitchable adhesion and motili
in confinement

J.Arlt, V.A. Martinez, ADawson, TPilizota,W. C.K. Poon
Painting with lighipowered bacteriaSmarttemplated self
assembly using microswimmers

B. Delmotte, M. Driscoll, A. Dond¥,Chaikin

Hydrodynamic genesis of colloidakatures

Coffee Break

REGULARESSIONS

R. Pioli, E. Secchi, L. RaStocker

Capillary deposition ahicroorganisms in a microfluidic
channelfor the study of cellsn spatially controlled
environments

M.M. Villone, M. Trofa, M.A. HulseR,L. Maffettone
Numerical design of &shapedmicrofluidic device for the
detection ofdiseased cells through deformabilibased
separation

R.Matrtinez F.Alarcon,D.RogelRodrigue,J.Ramirez,J. L.
Aragones(. Valeriani

Flocking particles with asymmetric obstaclesnédel for
isolation and sorting motile cells and unicellular organisms
A. Basoni, G. Gonnella, D. Marenduzz&xtandini, A.
Tiribocchi

A minimal physidamodel for cell migration in presence of
obstacles

F. Giavazzi, C. Malinverno, A. Ferrari, G. Scita, R. Cerbinc
Endocytic reawakening of motility and flocking in jammed
epithelia

Social Dinner

FRDAY
INVITEDLLECTURE. Fielding
Hydrodynamics and phase behaviour of active suspensior

KEYNOTE LECTURBagonabarraga
TBA

REGULARESSIONS

A.Z6ttl, J.M. Yeomans

Large spee@nhancement obwimming bacterian dense
polymeric fluids

C.Devailly, ADawson, JArlt, J.Schwarz_inek, AMorozov,
W.C.KPoon,V.Martinez

Scaling of bacteria swimming in polynsefutions

R.GWinkler

|. Pagonabarrag

I. Aronson

G. Subramaniar

C.Marchioli

C.Marchioli

L. Ploux
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10:51-11:10

11:1011:28

11:2811:46

11:4612:04

12:0412:22

12:2212:40

12:4012:58

12:5813:10

13:1014:30

14

Coffee Break

D. Brumley, FCarraraA. Hein, Y. Yawata, ISvin, R. Stockel
Bacteria push the limits of sensgpyecision to navigate
dynamicseascapes

J. Lagrone, L. Fauci, R. Cortez

Simulating Bacterial Matility i@onfined Environments

A. Dehkharghani, NVaisbord, J. Dunkel, Guasto

Transport of swimming bacteria porous media flows

M. Veuillet, CSoraru,A. Airoudj, Y Gourbeyre E. Gaudichet
Maurin, V. Roucoules, L. Ploux

Relationshifbetween bacteriamotility and biofilm preventive
properties oncoatings with from softo stiff mechanical
properties

B. Delmotte, E. Keaveny, F. Plouraboué, E. Climent
Transport and diffusion ahicro-particles in active
suspensions
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Gyrotactic phytoplankton swimming in laminar and turbulent ows
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Abstract

This contribution discusses the dynamics of gyrotactic swimmers in laminar and turbulent ows. A generalized gyrotactic model,
which takes into account the presence of uid acceleration, is veri ed by means of laboratory experiments of gyrotactic cells in a
rotating cylinder. The model is then implemented in numerical simulations of fully turbulent ows, where clustering of gyrotactic
swimmers is observed and characterized as a function of swimming parameters. Finally, clustering of a heterogeneous population of
cells, characterized by a distribution of swimming parameters, is discussed.

Keywords: turbulence, phytoplankton, gyrotaxis

1. Introduction wherevy = Bg is the reorientation velocity.

The mathematical model for gyrotactic algae was introduced
by Pedley and Kessler [1, 2] on the basis of the observation that
bottom-heavy swimming micro-organisms focus in the center of
a pipe when the uid ows downwards. The swimming direction
p results from the competition between gravity-buoyant torque,
due to bottom-heaviness, and the shear-induced viscous torque
and evolves according to

p= o2 (2 ppl+ gl P+ M

where! = r u is the vorticity at the position of the cell,

B = 3 =(hg) is a characteristic orientation time which depends

on viscosity , gravityg = g2 and on the displacemehtof

the cell center of mass relative to the geometrical center. The

stochastic term , represent rotational diffusion of the swimming

direction as a results of irregularities in the swimming behavior.
Due to the small size and the small density mismatch with

the uid, gyrotactic cells are represented as point-like, spherical

and neutrally buoyant particles transported by the uid velocity Figure 1: Evolution of the radial population density for the rotat-
u(x;t) with a superimposed swimming velocity ing experiment at==7 Hz at different times. The black solid
X = U+ Vsp 2 line represents the theoretical prediction for the total density in

i iti 2-3).
The gyrotactic model (1-2) has been used to describe mathes-tatlomjlry conditions based on (2-3)

matically several complex behavior observing in suspensions of
bottom-heavy cells, including the formation of thin layers [3] and

clustering in turbulence [4, 5]. The model (3) has been validated by laboratory experiments

In this contribution we will discuss the an extension of the with a suspension of gyrotactic cells{flamydomonas augusfae

tacti del which takes int t the effects of uid in a cylindrical vessel of radiuR which rotates with constant an-
gyrotactic model which takes Into account the eriects or ul aC;]gular velocity =2 f [7]. When rotation is suf ciently fast,
celeration, its validation in a simple laboratory experiment an b

ical predicti for the d . f tacti ; entripetal acceleration overcomes gravity and the cells swim to-
ir;lutrSr?br:ﬁgnfrgwlsc lons for the dynamics or gyrotactic SWIMmMErs, 44s the axis of the cylinder. The time evolution of cell distribu-

tion in the cylinder is measured by uorescence imaging. Starting
from initial uniform concentration, everyt = 15 s a blue laser
2. Generalized gyrotactic model sheet (wavelength = 450 nm) illuminates a plane in the cylin-
der. This induces uorescence in the cells and a picture is taken
The gyrotactic model (1-2) has been recently generalized bfpy @ camera with a high-pass Iter 800nm. Fluorescence im-
taking into account the effect of uid acceleration on the orien- ages are converted into cell concentration by a calibrations with
tation of the swimming direction [6]. By introducing the total uniform sospension of known concentrations.
acceleration onthe cel = g a, wherea = du=dt, (1) be- Figure 1 shows the time evolution of the measured radial cell
comes distribution for an experiment & = 7 Hz. The population of
1 1 swimming cells progressively concentrates around the axis of the
= A (A ppl+ 3t P+ (3)  cylinder ¢ = 0) and eventually reaches a stationary distribution
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in agreement with the theoretical prediction of the model (3) [7].
3. Clustering in turbulence

In order to understand the role of uid acceleration on the
clustering of gyrotactic swimmers, we performed a set of nu-
merical simulations in which we integrate (2-3) together with the
Navier-Stokes equations which provides the incompressible ve-
locity eld u(x;t)

@+uru=r p+ rlu+f (4)

where is the kinematic viscosity anfl is a random Gaussian
forcing which injects kinetic energy at large scales at a fate
From the velocity eld we compute the vorticity = r  u and

the acceleratioa = @u+ u r u needed for integrating (3). Dif-
ferent populations of swimmers, characterized by different values
of vs andvp, are considered starting from initial uniform random
distribution. The results are presented in term of the two dimen-

sionless parameter, the swimming number vs=w and the  Figure 2: Correlation dimensioB, versus stability number

stability number = vo! r ms=g, wherevy, = ( " )'** is the for increasing Reynolds numbers at xed swimming number

Kolmogorov velocity. = 3 . Semilled symbols refer to the complete model with
As for the case of rotating cylinder, we observe thatthe distri-A = g  a, open circles denote the case in whish= g. In-

bution of does not remain uniform and dynamically concentrateset: generalized dimensiddq as a function ofy, for the case

of regions of the space characterized of values of high vorticityRe =62.

as shown in Figure 2. This is a conseguence of the dissipative

nature of the system of equations (1,3). Indeed(iig) phase

space contracts at a rate References
» @ + @ - iA p (5) [1] Kessler, J.0., Hydrodynamic focusing of motile algal cells,
L, @x @p Vo Nature 313, pp. 5999, 1985.

Since the stabilizing torque reoriemtdowards A, the contrac-  [2] Pedley, T.J., and Kessler, J.O., The orientation of spheroidal
tion rate is negative on average and the trajectories collapse ona Mmicroorganisms swimming in a ow eld,Proc. R. Soc.
fractal attractor in phase space. Lond. B 231, pp. 47, 1987.

To quantify fractal clustering, we computed the correlation . .
dimensionD2, de ned as the scaling exponent of the proba- [31 Purham, W.M., Kessler, J.0., and Stocker, R., Disruption
bility to nd two cells with a separation distance less than of vertical motility by shear triggers formation of thin phy-
P(jx2 Xij <r) rP2 asr | 0. Figure 2 shows the toplankton layersScience323, pp. 1067, 2009.
gr_eftfctal dlrgensmlr(;)z as %2%”0“0?: of th'ls Sltab'“t.y nqm?er fgr [4] Durham, W.M., Climent, E., Barry, M., De Lillo, F., Bof-
different %go S NUMDERE . ractafc#sterlng IS oufn_ to fetta, G., Cencini, M., and Stocker, R., Turbulence drives
increase withRe as a conseguence of the presence of intense 1i-roccale patches of motile phytoplanktofat, Commun.

vortices in the turbulent ow, in which gyrotactic swimmers ac- 4, pp. 2148, 2013
cumulate driven by uid acceleration, as in the rotating cylinder T ' '
experiment. [5] Borgnino, M., De Lillo, F., and Boffetta, G., Scale-

dependent colocalization in a population of gyrotactic
swimmersPhys. Rev. E95, pp. 023108, 2017.

[6] De Lillo, F., Cencini, M., Durham, W.M., Barry, M.,
Stocker, R., Climent, E., and Boffetta, G., Turbulent uid
acceleration generates clusters of gyrotactic microorgan-
isms,Phys. Rev. Lett112, pp. 044502, 2014.

[7] Cencini, M., Franchino, M., Santamaria, F., and Boffetta,
G., Centripetal focusing of gyrotactic phytoplanktah,
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Enhanced sedimentation of elongated plankton in simple ows
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Abstract

Negatively buoyant phytoplankton play an important role in the sequestration pffi6@ the atmosphere and are fundamental to

the health of the world's sheries. However, there is still much to discover on transport mechanisms from the upper photosynthetic
regions to the deep ocean. In contrast to intuitive expectations that mixing increases plankton residence time in light-rich regions, recent
experimental and computational evidence suggests that turbulence can actually enhance sedimentation of negatively buoyant diatoms.
Motivated by these studies we dissect the enhanced sedimentation mechanisms using the simplest possible ows, avoiding expensive
computations and obfuscation. In particular, we nd that in vertical shear, preferential ow alignment and aggregation in down-welling
regions both increase sedimentation, whereas horizontal shear reduces the sedimentation due only to alignment. In simple Kolmogorov
ow elongated particles also have an enhanced sedimentation speed as they spend more time in downwelling regions of the ow with
vertically aligned orientation, an effect that is dependent on the magnitude of shear. In Taylor-Green ow spatially projected trajectories
can intersect and give rise to chaotic dynamics. This is associated with an increase in mean sedimentation speed with aspect ratio and
shear strength, and a concomitant depletion of particles within so called retention zones.

Keywords:Plankton, diatoms, enhanced sedimentation, aspect ratio, shear ow, buoyancy
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Colonization of moving marine aggregates by bacteria
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The main objective of this work is to study how the interplay of chemotaxis and different swimming patterns of bacteria in uence
the colonization of marine aggregates (food particles) advected by a ow. To this extent we develop an individual-based model, which
describes how bacteria can detect and follow a moving plume of nutrients in different kinematic ow elds.

Keywords: marine aggregates, marine bacteria, swimming patterns, chemotaxis

1. Introduction uid velocity at its position and the swimming velocity. While
the magnitude of the swimming velocity is xed, its direction

Marine environments are very heterogeneous and turbulerit changes in a way determined by the swimming pattern. The
on a small scale. In these highly dynamic conditions there are hdhotion consists of periods of persistent swimming followed by
spots for microbial activity, which are related to isolated islandsinstantaneous changes of direction, tums. During these intervals
of nutrients. Marine aggregates (a.k.a. marine snow) are on@f persistent swimming ("runs"), the motion of bacteria can be
example of such hot spots for microbial colonization, attractingdescribed by [3]:
heterotrophic bacteria and agellates [4]. The local bacterial con-
centrations around and on marine snow particles exceed the backy
ground concentration by several orders of magnitude. Howevet;t = u+ usp; (1)
the aggregates themselves are highly dynamic objects: while adq
vected by the ow eld they are subjected to aggregation andwhere the unit vectap is given by
fragmentation processes. Ef cient motility and food detection is
crucial for survival of marine bacteria in such constantly chang-2P - 1 + E (I ); (2)

: h X . P p pp);
ing environment. In this work we analyse how different types of dt 2
motility patterns of bacteria [5] can in uence the colonization of \yparel = ¢ 4 isthe vorticity ancE is the rate of strain tensor

moving food particles ina ow eld. . . ) of the ow. The rst term of the Eq. 2 represents the change of
The best known swimming pattern is thatf coli, which  {he swimming direction by a coupling to the ow vorticity and the
exhibits multiple agella and uses them to adopt what is knowngecond one due to a coupling with rate of strain. Particle eccen-
as arun-and-tumblenotility pattern. It consists of aninterchange gty is given by the parameter. In addition to this persistent
of persistent forward swimming with fast changes of orlenta}tlonswimming’ each bacterium may also choose to change its swim-
(turns) by an angle of 70on average. However, the great major- ming directionp = [cos( (t));sin( (t))], this event is instanta-
ity of marine bacteria have a single agellum and therefore are,qqus and consists of a rotation by an anglethe new direction
characterized by different motion strategies_. So_me_of them adopfs motion becomefcos( (1) + m):sin( (1) + m)]. After this
arun-reversepattern, where the forward swimming is alternated jnstantaneous rotation the dynamics returns to Eq. 1, which is fol-
with turns by approximately 180 Others have aun-reverse- |oyeq for another period of time. Please note that we assume
ick motion pattern, where bacteria interchange among forwargy ¢ the background ow eld does not affect the tumbling direc-

swimming and turns by 180and by 90. Therefore the question ion chosen by the bacteria and the angle of rotatiprdepends
arises whether there is an advantage of these swimming patterggyy on the motility pattern. It is selected from a probability den-
developed by marine bacteria for the colonization of a movingsinv g( m) = L( ( m mo)+ (m+ mo)). For the three

: .

food gradient. motility patterns we have: run-and-tumblen = 70°), run-
reverse (mo = 180°) and run-reverse-ick (mo = 180° or
2. Model mo = 90°) [5]. Small noise may be added to the rotation angle.

2.1. Motility patterns and swimming of bacteria 22. Chemotaxis

We use an individual based model where the motion of each As we have described in the previous subsection, the forward

bacterium is described individually. We also consider that the>VImming motion of bacteria is interrupted by occasional ran-

background ow is not affected by swimming of bacteria. Each dom changes in swimming direction. Organisms search for food

bacterium is modeled as a spheroid object, small enough to igh0"9 @ gradient of chemoattractants released by the food particle
ndicating its location in space. This behaviour is called chemo-

nore any inertial effects. Furthermore, they are modeled as a axis, it is modeled considering that each interval of time between
a change of direction depends on differences of concentr@tion
that bacteria experience while moving [2]. To our knowledge

chemotaxis was not yet described for marine bacteria, therefore

tive particles, which are not only advected by the ow eld but
are characterized by an intrinsic swimming veloaity. There-
fore total velocity of a bacterium is given by a vector sum of the
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we have used the same modeling approacB.afoli. The main  long plume of nutrients rises trough the observation area being
idea of the model is to describe that a bacterium when experiena@onstantly deformed by the ow eld, see Fig. 2. This represents
ing an increasing concentration of nutrients during a run, has a plume of nutrients left behind a falling marine snow particle.
smaller probabilityP: to change its swimming direction. On the The ow eld is constructed to have the statistical properties of
contrary, if it senses a decrease of concentratiynincreases. homogeneous, isotropic and stationary turbulence, however de-
The model we use is taken from [2] which considers food as aned by a single average length of coherent structure9,(by a
substrate which during the movement of a bacterium activates single correlation time scales() and a characteristic velocity.
receptor on its membrane. The idea is to track the fraction of celFor details of implementation see [1]. To represent the dynam-
lular receptors bound to the substrggg = (Krﬁdc)%% with ics from the reference frame of a falling aggregate an additional

a half saturation rate df 4, along the trajectory: vertical velocitywagg is added to the ow eld. o
To keep the number of bacteria constant we set up periodic

— Z, boundary conditions.
ap, _ 1 @eﬁo 0=Tm ;0 3)
dt Tm o, dt°
The probability of reorientation for a time stejp is then given
by
t Py
P = —; where = e @ (4)

and o gives the average time for swimming in the absence of a
food gradient.

3. Results

3.1. Detecting xed food particlesina ow eld

To check how the swimming behaviour in a ow eld affects

chemotaxis we start with an arti cial construction: it consists of

a food gradient with a xed position, which is not affected by the

ow movement. We start by comparing the abilities of bacteria

with different swimming patterns to locate a xed food source

while swimming in a ow. For a run-and-tumble motility pattern

the directions of swimming strongly deviate from the background

ow eld (independently of ) due to random and frequent reori-

entation, see Fig. 1 (right). On the other hand, the position of

the food source and the particle eccentricitin uence strongly

bacteria that adopt the run-reverse strategy. For run-reverse, the

alignment with the streamlines of the ow may be strong even at

the food source, with deviations due to noise only. As we see in o . .

Fig. 1 (left) the back and forth movement together with reorienta-19ure 2: Spatial distribution df00 bacteria, the ow is charac-

tion implies that the bacterium has to constantly swim against th&rized byuo = 5 andwagg = Us.

ow current to get back into the food gradient. As a conclusion

the strategy requires high swimming velocity to stay close to the

food source at the shown location. We analyse the effects of the eccentricity, swimming velocity
and the motility pattern on chemotaxis. Our results indicate that
the swimming strategies of marine bacteria seem not to bring a
considerable advantage in tracking a moving nutrient plume.
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Flow navigation by smart microswimmers via reinforcement learning
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Abstract

Swimming microorganisms and arti cial micro-swimmers can take advantage of environmental stimuli to bias their matility patterns
in order to achieve some biologically relevant goal or some engineered task in complex environments. We consider a model for 'smart
gravitactic swimmers'. These are active particles suspended in a complex ow, whose task is to reach the highest altitude within some
time horizon, given the constraints enforced by uid mechanics. Sensing partial information about the surrounding ow regions it visits,
the smart gravitactic swimmer needs to adapt its swimming behaviour in an appropriate way in order to ultimately maximize its ascent.
We use Reinforcement Learning as a framework to develop ef cient swimming strategies that allows smart gravitactic swimmers to
accomplish their long-term task.

Keywords: microswimmers, swimming strategies, vortex ows, machine learning

1. Introduction Torque due to p k

rotational

The ability to nd ef cient navigation strategies of small mi-  swimming
croswimmers is essential for understanding and predicting the towardsk
behaviour of biological microorganisms, and for controlling en-
gineered microswimmers. It is believed that enginnered mi-
croswimmers will become increasingly important in the near fu-
ture, with uncountable applications, some examples being drug
delivery, mixing/unmixing of chemicals, and modi cation of the
rheological properties of uids. We address the question of how
smart particles can learn to escape their hydrodynamical fate in a
complex ow by just sensing simple environmental cues and by
reacting to these with modi cation of a few control parameters of
their dynamics. We use Reinforcement Learning [1] to develoac:

Viscous torque due
to uid gradients

igure 1: Sketch of the force balance on the body of the mi-
roswimmer. The smart microswimmer swims at all times with a
constant swimming velocity with amplitude and with variable
instantaneous directigm. The orientation op is determined by
2. Model a competition between the viscous torque due to uid gradients
(green curved arrow), and the torque controlled by the particle
As an example, we consider a model for “smart gravitactidtself (blue curved arrow) such that it tries to rotate towards a di-
swimmers' [2, 3]. These are active particles whose task is tgectionk.
reach the highest altitude within some time horizon, given the
constraints enforced by uid mechanics. We employ a simple
model [4, 5] for the position and orientatiop of a small, spher- If the particle has some control on the preferred direction,
ical swimming particle: how should it operate to achieve its goal, that is to obtain, in the
long run, the largest possible progression in the upward direction?
In a quiescent uid the optimal choice for the preferred direction
_ 1 1 is to steadily point upwards = ‘2. This is realized imaive
b= E[k (k p)pl+ 2 P @) gyrotactic particlesby means of an uneven distribution of mass,
The particle swim with constant speegin its instantaneous di- €€ for example Ref. [4]. In the presence of an underlying ow
rectionp while being carried away by the underlying ow. The  this strategy may reveal to be highly ineffective. For example,

direction of the swimming velocity is determined by the compe-naive gyrotactic particles in a steady ow with horizontal vortex
tition between a stabilizing torque that tries to align the particle’!lS can aggregate in tight clusters and remain trapped at a given

with a preferred swimming directida on a time scal® , and the height [5].

ef cient navigation strategies using a prolonged and continue
interaction between the particle and its environment.

X = U+ Vsp+ L

rotation induced by the ow vorticity which could favor or op- Smart gravitactic particlesn the contrary, are endowed with
pose the stabilizing torque (See Fig. 1). Finallyjand denote the ability of obtaining some partial information about the regions
Gaussian white noises with small diffusivity. of the ow that they are visiting. They can use this knowledge to

Partially supported by ERC AdG NewTURB n. 339032.
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choose directionk(t) that maximize the total ascent in the long

run, which may allow them to escape trapping regions and seek
“elevator” regions of the ow. Reinforcement Learning provides

a way to construct these ef cient strategies just by accumulating
experience. This approach takes as input a number of environ-
mental cues the particle can sense, such as crude representations
of its current direction and of the vorticity of the underlying ow.
Depending on the input signal the particle takes an action by
changing its preferred direction. Depending on which action the
particle takes for given input signals it receives different rein-

forcement signals in terms of net increase in altitude. We adop'r__. 2 A f . . . diff
a Q-learning algorithm [1] in order to nd long-term approxi- ©19ure 2: set of representative trajectories at different stages

mately optimal strategies of how the particle should to choose itQf Iearnipg (episodes) for smart gra\_/itactic parti.cles (blue) com-
preferred direction given an input signal. An example of how thepared with typical trajectories for naive gyrotactic particles (red)

smart particle uses experience to develop better and better strafé?n ned in a trapping dynamics.

gies for ascending in the vertical direction is shown in Fig. 2
The strategies we nd are highly nontrivial and cannot be easily
guessed in advance. References
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Abstract

Motility allows phytoplankton to migrate daily fromwell-lit surface waters during the day to depthnaght, where dissolved
nutrients are more abundant and predation riskscexti Some motile phytoplankton species form neilltitar chains, which swim
50-200% more rapidly than single cells of the sapecies. However, chain formation can also shargiease the organisms
susceptibility to turbulence: destabilizing hydradynic torques increase with elongation, potentisllppressing vertical migration
by randomizing swimming direction in turbulence.rélewe use direct numerical simulations of turbaéeand an individual-based
model of phytoplankton motility to understand hawam formation affects the ability of phytoplankttimvertically migrate through
a turbulent water column. While chain formatiorrimgically destabilizes cells, in turbulent flowaih formation counterintuitively
confers enhanced stability, allowing cells to effitly migrate over depth. In addition, the vertioagration of chains is aided by
turbulence because chains are accumulated intonggif the flow moving in the same direction adrth@gration, whereas single
cells are attracted into flows moving in the dir@ctopposite to their migration. Taken togethegeséh mechanisms allow chains to
traverse a turbulent water column faster than sirgdlls in weak to moderate turbulence, whereagatmm is almost fully
suppressed for both single cells and chains imgttarbulence. Our results suggest that chain-fagnsipecies have a competitive
advantage under conditions that favors rapid \@rtigration, and may help explain why turbulen@tertriggers chain formation.

Keywords: gyrotaxy, turbulence, motility, accumulatiohains

1. Motivation

Turbulence has long been known to exert a powedntrol
on the composition of phytoplankton communitiest yee
underlying mechanisms often remain elusive. A paldirly
striking adaptation of phytoplankton is chain fotioa [1],
which occurs when cells remain attached to onehamcdfter
division. Daily, phytoplankton needs to migratetieaily from
and towards the ocean surface to find nutrientsh sas
dissolved oxygen. To travel through the water calunhey
need to fight against gravity (by swimming) and idlu
turbulence which can make their journey longer [@jhile
chains of motile phytoplankton species swim faghhan single
cells, their shape can make them less stable tmylmierturned
by turbulence, which disrupts their ability to ntaim their
bearing as they migrate vertically through the watdumn.

2. Content

The first benefit to form chains is that micro-angans sum
up their thrust while reducing their drag. Therefoupwards
swimming is faster for chains in a quiescent fluith steady
vertical orientation. However, as chain length @ases their
tendency to periodically tumble in turbulent stures increases
which reduces orientation stability and limits theapacity to
swim upwards. The purpose of our study is to elateoon this
apparent contradiction.

Here we investigate the vertical migration of pipjamkton
chains in the presence of turbulence using numerica
simulations. We carried out direct numerical sirtioles and
physical analysis of the coupled system of homogese
isotropic turbulence and chain trajectories throligigrangian
tracking [3].

Formation of chains is indeed favorable for vettica
migration through the upper layer of the ocean. fid that,
counterintuitively, the elongated shape of chams kelp them
travel through moderate turbulence much more effity than
single cells and we identify the processes thaferarhains this
ability. These findings provide new mechanistic emstianding
of how turbulence affects phytoplankton communityucture
and potentially offers new insights into how blooofstoxic
chain-forming species are initiated.
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Thermal strati cation hinders gyrotactic micro-organism rising in free-surface turbulence
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Abstract: We examine how different regimes of stable thermal strati cation affect the motion of microswimmers (modelled as gyrotactic
self-propelling cells) in free-surface turbulent channel ow. This archetypal setup mimics an environmentally-plausible situation that
can be found in lakes and oceans. Results from direct numerical simulations of turbulence coupled with Lagrangian tracking reveal
that rising of bottom-heavy swimmers depends strongly on the strength of strati cation, especially in regions of high temperature and
velocity gradients (thermocline): Here hydrodynamic shear may disrupt directional cell motility and hamper near-surface accumulation.
For all gyrotactic re-orientation times considered in this study (spanning two orders of magnitude), we observe a reduction of the cell
rising speed and temporary con nement under the thermocline: If re-orientation is not fast enough, long-term con nement is observed
because cells align in the streamwise direction and their vertical swimming is practically annihilated.

Keywords: Surfacing, Thermal Strati cation, Shear Flow, Turbulence, Gyrotaxis, Numerical simulation

1. Introduction undeformable surface. The size of the channglhis h hin
the streamwisex(), spanwisey() and wall-normal £) directions,
Thermally-strati ed turbulence is of crucial importance in respectively (withh the channel height). The uid dynamics
many environmental and geophysical ows. At the air-water in-is described by the following three-dimensional time-dependent
terface of large water bodies, stable thermal strati cation (i.e.equations, written in dimensionless vector form:
uid density increasing with depth) regulates mixing as well as

surface renewal processes produced by turbulent upwashes lof U = 0 1)
fresh water from the bottom boundary layer. For strongenough, . , y u= r p+ Re 'r 2u+ Gr Re 2 k + 2
surface heating, Internal Gravity Waves (IGWSs) [1] may arise dueu_ urd P 1 . P @
to the instability generated by lumps of denser (cold) uid being—+ u r =(Re Pr) “r T 3)

lifted upwards into regions of lighter (warm) uid by turbulence _ A . . . . .
and subsequently driven downwards by buoyancy. IGWs correWhereu = (Ux; Uy; Uz) is the uid velocity, r p is the gradient

late well with regions of the ow characterised by large tempera-Of the (lchFuart]lng p(;essur@, p IS t_lk_'ﬁ wg_posed_ prlessuque gra?é-
ture gradients and low mixing (thermoclines), and can act as the€"t z?]nf 'Sdt e u'd ltemp%rature.d € dlme.nsmn €ss Reynolds,
mal barrier for organic and inorganic matter: At suf ciently high Grashof and Prandtl number are de ned as:

levels of strati cation, such barrier may prevent vertical mixing uh, _gh*@ _ Cp. 4
and trigger spatial accumulation [1]. One important consequence — Gr= @: Pr=— “)

2 @z ;

is the occurrence of thin layers[2, 3], intense assemblages of uni-h d the d . d the ki i id vi

cellular photosynthetic organisms that contain high concentral/€re - an are the dynamic an € Kinématic uid vis-
osity, is the thermal expansion coef cient, is the spe-

tions of marine snow and bacteria, enhance zooplankton growtﬁ. f . -
rates, and are essential for the survival of some sh larvae. cic heatand " is the uid thermal conductivity. Note, that for

To the best of our knowledge, the interplay between stabl®Pen channel ow with constant surface heating, we can assume
thermal strati cation and gyrotaxis in turbulent ow has notbeen T ~ 1—(Re. Pr) in Eq. 3. For the u'q velocity, periodic BC's .
examined in detail yet. Therefore, the physical mechanisms th&t'€ @Pplied inx andy, whereas no-slip (resp. no-stress) BC's
govern the dynamics of motile aquatic micro-organisms (referre re enforced at the bottom wall (resp. free S‘Jrfac‘?)- For t.h‘e u'q
to as swimmers hereinafter) in strati ed turbulence are not fullyl€mPerature, a constant heat ux (resp. adiabatic condition) is
understood, and the possibility of observing trapping phenomen'z?\nforced at the fre_e surfac_e (resp. botton_]_wall). Syvlmm_ers are
in the presence of strong strati cation not yet assessed. In an effiodélled as spherical particles whose posikigrand orientation
fort to advance current understanding of how gyrotactic swimP evolve in time according to the following equations:
mers propel themse_lves thrc_>ugh a thermally-strati ed uid, in Xp=Uagp+ Pp; p=[ k (k p)pl+(! @ " p)=2 (5)
this paper we investigate their dynamics in the presence of ther- . _ , )
mocline for the reference case of turbulent open channel ow. InVNere = vs=u is the swimming number (withs the swim-
particular, we want to quantify the effect of strati cation on the Ming Speed! gp the velocity of uid in the position of swimmer,
vertical migration of swimmers at varying gyrotaxis (covering aK = [0;0;1]is a unit vector pointing upward in the vertical di-
wide range of re-orientation times) and at self-propelling speedection.! @p is the uid vorticity at the swimmer's position and
that are typical of the most common phytoplankton species. = 35 gz IS the stability numberB being the characteristic
time a perturbed gyrotactic swimmer takes to return to the ver-
tical orientation wherl = 0. All variables are in wall units,
obtained usingi and . 10° Lagrangian swimmers are tracked

We study the dispersion of gyrotactic swimmers in aUsing a point-particle approach, and are injected into the ow at
thermally-strati ed turbulent ow in an open channel with a at @ concentration low enough to consider dilute conditions. All

Re =

2. Physical problem and methodology
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simulations were run @e = 171 andPr = 5. Three dif-
ferent values of the Grashof number are considered in this study:
Gr =0, 3:02 10° and9:15 10°, yielding shear Richardson
numbers (measuring the importance of uid buoyancy compared
to uid inertia) Ri = Gr=Re? = 0, 165and500, respectively.

To simulate the motion of the micro-organisms, we con-
sidered = 0 :048 corresponding to a dimensional swim-
ming velocityvs = 100 m=s typical of Chlamydomonas au-
gustaecells, and three different values of the stability number
(nw =1:13 |, =0:113 | = 0:0113, corresponding to
B = 0:054;0:54 and5:4 s, respectively. In the present ow
con guration, the largest value of the Kolmogorov timescale is

kmax | 13atthe free-surface. Therefore, the selected value]s__
of the stability number correspond to three different physical in_line) " (dashed line), 1 (dotted line) in the wall normal di-

stances with respect t¢f..... . Atone extreme, L g 4 Pl - el
0(0:1) represents the case in which the timescale of gravitaxisrecuon' Panels: (i =0, (b)Ri =165, (c)Ri =500
is large compared to the timescale of the dissipative surface ed- N . -
dies and so the motion of the swimmers is dominated by the N White lines in each panel rgpresent the positive (resp. neg-
. . Lnd
destabilising effect of small-scale turbulence. At the oppositeative) standard deviation, = Ni sz1 z (1)  zcwm 2,
+ . :
exreme, W - max O .(10) represents the case in which ?f the distribution around the center of mass, vm'ﬂ1(t) (resp.
the timescale of gravitaxis is small compared to the timescale o . : i ) )
the dissipative surface eddies and so the motion of the swimmers (1)) the position of swimmers having a vertical coordinate
is dominated by the stabilising effect of bottom-heaviness. Thé2rger (resp. smaller) thazrcw . To corroborate these obser-
case | .. O (1) represents the situation in which the Vations, in Fig. 2 the instantaneous wall-normal concentration
motion of the swimmers results from the competition betweerPr© les computed at the end of the simulations, for xed strati -

small-scale turbulence around each cell and bottom-heaviness. €ation and varying gyrotaxis, are presented. The unstrati ed- ow
case in panel (a) is shown as reference. The horizontal line in pan-

3. Results and Discussion els (b) and (c) represents the location of maximum mean shear in
the upper portion of the domain, whereas the grey areas corre-
Swimmers can be signi cantly destabilized in regions of spond to regions of higher-than-mean shear. Results demonstrate
strong velocity and temperature gradients. To assess how sughat the ow region below the free surface becomes more and
destabilisation may affect the capability of swimmers to trespassnore depleted of swimmers as strati cation levels increase. At
the thermocline, we examine the time evolution of swimmer conRi = 165, only swimmers with intermediate or high gyrotaxis
centration,C(z;t), along the vertical direction, shown in Fig. 1 exhibit a vertical stability suf cient to accumulate at the free sur-
for all cases simulated in th&k{ , ) parameter space: Each face. In all cases, however, a signi cant decrease of concentration
column (resp. row) corresponds to a speci ¢ strength of stratiis found precisely in the region of the thermocline. This correla-
cation (resp. gyrotaxis). The concentrati@Yz;t) represents tion is even more evident & = 500 (Fig. 2c): Accumulation
a volumetric number density, obtained by coarse-graining the inis prohibited for all re-orientation times, and the vertical extent
stantaneous vertical position of the swimmers on horizontal uidof the depletion layer increases asdecreases. This is an ob-
slabs: Green (resp. blue) indicates high (resp. low) swimmetious effect of the mean shear, and becomes more evident when
concentrations; the black line in each panel represents the vertswimmers react slowly to external uid velocity uctuations and
cal coordinatgof the center of mass of the swimmers distributiongradients. A general conclusion that can be drawn from Fig. 2 is

zem (1) = + J-Nzl z (t), with N the total number of swimmers that, differently from the case of unstrati ed steady shear ows or

andz; (t) the vertical position of the" swimmer at time. homogeneous isotropic turbulent ows [2, 4, 5, 6], no gyrotactic
trapping occurs and local peaks of concentration do not develop
within the thermocline. This happens because our simulations
mimic more closely a real physical environment (with strati ca-
tion levels typical of temperate or tropical regions): In this case,
the characteristic timescale of turbulent advection along the ver-
tical direction is much shorter (one order of magnitude at least)
than the timescale of self-propelling advection. Therefore, the
concentration pro les in the turbulence-dominated region are al-
ways smoothed out by turbulent advection mechanisms.

igure 2: Concentration proles at ' 2000for . (solid
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Abstract

Phytoplankton cells have developed ftamial strategies to actively respond to environmental signals such as incident light, nutrient
concentration or mechanical stresses. All these stiaffdict microorganisms dynamics and distribution over different scales.
Starting from this point we investigate by means of direct nhumerical simulation the influence of turbulence on microorganisms
unable to propel themselves, but able to actively respoddconsequently to move along the water column.

Keywords Patchinessturbulence buoyancy strain

investigate, by means of direct numerical simulations (DNS),
1) Introduction the dynamics of these cells in a thdimensional turbulent
flow. With our approach we show that, in contrast to passive

The microscopic distribution of aquatic microorganisms hadracers, the buoyancy regulation strategy leads to clustering
profound effects on the ecology of the oceans [1,2]. Onéormatlon,wg demonstrgte how its intensity depends on settling
example is the observed patchiness of phytoplankton at trepeed and finally we discuss hovy buoyancy control allow cells
submeter scale which has a fundamental impact on the rate @&Scape from particular flow regions.
which cells encounteeach other and their predators [3,4].

Patchiness of phytoplankton at different scales has different

origins. While at large scales it is driven by reproduction and/or

nutrients [5,6], at scales smaller than one kilometer patchiness?s Mathematical model

expected to be proded by physical mechanisms, including

plankton motility and the interaction with the flow. Microorganisms aré&ransported by a turbulent velocity field

In recent years, significant efforts have been devoted ta(x,t) obtainedby direct numerical simulations (DNS) of the
understand the mechanisms underlying the phytoplanktoimcompessible NavielStokes equations.
pachiness formation [[1 since the latter has gaund effects on We have consideredhe classical modefor nonmotile
the ecology of the oceans [3]. These patterns play a fundamentatiytoplanktonic cells, whose dynamiés described by the
role in microorganisms populations composition, modulatingVlaxey-Riley equatior10].
cells activities like the encounter rate, the predation and the However ly neglecting Basset hmty term and Faxen

reproduction [7. corrections, the velocity of a smalhrticle tranported by the
It was shown that nommotile microorganisms, that flow ! " #$%% ( evolves according to:

comprise ecologically fundamental groups such as diatoms and

cyanobacteria, do not behave like simple passive tracefs*., )!  *./!

because they are able to modify théduoyancy The latter is )_ . 'T/ 0, 12/ -3

controlled in cyanbacteria by means of gas wdes, whie

diatoms regulate density by replacing heavy ions with light ones |\ hare- v 45645.1 75.( is the density ratio an8, ."

in the vacuole. These physmlogl(_:al responses have a dlre%t; 64;< is the viscous Stokes timé® (is cellOs radius). By
effect on the méEroorganisms, indeed they represent a . o« S

; . . . introducing the cevelocity=." .*,/ I , by considering that
mechanism to modify the intaation between the cell and the ically 13 | d that the Stok . . h
fluid envirorment, just like motility does. typically [3]> [)! /), | and that the Stokes time is muc

Here we focus on mechanical stresses, in particular on how?\rnaller than the Kolmogorov times, ? 8g (with ] 9"
cells behave in turbulence. It is known that motile2A°“D% " 2A4AEF6D®. and5, " 22AAEF6D ) we finally
microorganisms can produce patchiness piresence of a obtain:
turbulent flow [g, but a largely unanswered question cenms
the responses of nanotile cells to environmental signals. ) H:
Motivated by the physiological regulation of buoyancyT
prevalent in nommotile phytoplakton species [@ we

"2/ -)0,.3
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Microorganisms can actively respotal mechanical fluid [4] A. W. Visser and T. Ki¢rboe, Oecolodid8 538 (2006).R
stresses, by chging their buoyancy as a resporsehe strain
rate of the flowl that comes fronh " 267 SH,$c 1 Le$,(. [5] D. L. Mackas, K. L. Denntg and M. R. Abbott, Bull. Mar.

Since a change ibuoyancyis a change in sedimentation ~ SCienced7, 652 (1985).R

velocity we can write the cells dynamics as: [6] J. Mitchell, H.Yamazaki, L. Seuront, F. Wolk, and H. Li, J.
_ Mar. Syst69, 247 (2008).R
Ho" U &# (N

[7] A. Martin, Phytoplankton patchiness: the role of lateral
We will analyze two possible scenarios differing in the sign  stirring and mixing Progr. Ocearb7, 125 (2003R

of the response: we refer to cells whose density decreang] W.M. Durham, E. Climent, M. Barry, F. De Lillo, G
(increases) wh the mechanical stresses as sitaiming Bc;ffétta M. beﬁcini R.,Stc;ckerTLjrbLJ.Ience dri;/es.

(sheasthinning) respectively. microscale patches of motile phytoplanktéature Comm.,
4,2148, 2013.

[9] J. Arrieta, A. Barreira and I. TuvaMicroscale patches of
3.! Results norrmotile phytofankton Physical Re view Letter, 114,
128102, 2015.

We have performed a numerical investigation of the spatiaflo] M.R. Maxey. and J.J. RileEquation of motion for a small
distribution of several populations aficroorganisms both for rigid sphere in a nonuniform flowPhys. Fluid,26, 883
shearthinning and sheathickening. 1083, " '

Populations differ in both how strong can OanswerO to flow
cues and which maximum sedimentation velocity can reach. In
both cases microorganisms shoav patchy distribution in
contrast to simple tracers.

In addition to clustering formation we have investigh
also the vertical migration by studying the statistics of the time
needed to move in the water column.

Figure 1: Horizontal section of DN&reen dots correspond to
shearthickening and red dots to shehmning.
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Abstract

Recent studies show that spherical motile micro-organisms in turbulence subject to gravitational torques gather in down-welling regions
of the turbulent ow. By analysing a statistical model we analytically compute how shape affects the dynamics, preferential sampling,
and small-scale spatial clustering. We nd that oblong organisms may spend more time in up-welling regions of the ow, and that all
organisms are biased to regions of positive uid-velocity gradients in the upward direction. We analyse small-scale spatial clustering
and nd that oblong particles may either cluster more or less than spherical ones, depending on the strength of the gravitational torques.

Keywords: clustering, micro-swimmers, gyrotaxis
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Abstract

Simulation results are presented for the swimming and swarming properties of an explicit model of agellated bacteria. Moreover,
large-scale collective effects are discussed using the more generic squirmer model for a microswimmer. Thereby, the dynamics is
treated by mesoscale hydrodynamic simulations, combining molecular dynamics simulations for microswimmers with the multiparticle
particle collision dynamics method for the embedding uid. The ow eld of Bncoli-type bacterium is determined and its swimming
properties adjacent to a planar wall are analyzed, with clockwise or counter-clockwise circular trajectories depending on the surface
slip. In addition, the agella- agella interactions between neighboring, hyper- agellated, and elongated swarmer cells are addressed.
Interestingly, such cells, representative for bacteria in bio Ims, exhibit intercellular agella bundles. The studies of the collective
phenomena of squirmers yield a strong dependence on hydrodynamics and shape of the miroswimmer. Spherical squirmer exhibit
cluster formation, but no motility-induced phase separation (MIPS), contrary to active Brownian particles (no hydrodynamics), which
show MIPS. In contrast, spheroidal squirmers exhibit MIPS and, even more, hydrodynamics enhances MIPS. Hence, hydrodynamics
and shape determine the phase behavior of active particles.

Keywords: Mesoscale simulation, bacteria swimming and swarming, squirmer, hydrodynamic interactions, collective effects, MIPS

1. Introduction 2. Single bacterium — ow eld and circular trajectories

Many motile bacteria are propelled by helical laments, Figure 1 shows the ow eld created by a model bacterium
which protrude from their cell body and are driven by rotary mo-embedded in a periodic cubic simulation box with MPC uid.
tors located in the cell membrane [1-3]. Thereby, such bacteri@he eld of Fig. 1(a) is computed by averaging the velocities of
exhibit different modes of locomotion, depending on the envi-the uid particles cylindrically symmetrically around the swim-
ronment. In liquid environments, individual (planktonic) cells ming axis. In Fig. 1(c)-(g), the velocities are averaged in the
exhibit the so-calledwimmingmotility, with a run-and-tumble  planes perpendicular to the swimming axis at the different loca-
motion in response to chemical gradients. Another mode of motions indicated by the white vertical bars in Fig. 1(a). The ow
tion is denoted as bacterisfvarming where agellated bacteria pattern not too close to the bacterium approximately resembles
migrate collectively over surfaces and are able to form stable aghat of swimmingE. coli determined from experiments. Closer
gregates, which can become highly motile in form of large-scaleo the bacterium, the ow eld exhibits speci c features re ect-
swirls or streams [1, 2]. Various bacteria strains show distinctlying the bacterium's detailed structure. In particular, the ow eld
different morphologies in the swarming mode compared to swim+eveals a front-back asymmetry, since the cell body and agellar
mer cells as they are more elongated and their number of agelldundle are physically different units. The streamlines are closed
is signi cantly larger. Very little is known about the intercellu- in Fig. 1(a) as a consequence of the applied periodic boundary
lar interactions, speci cally agella- agella interactions between conditions, which implies differences in the far eld compared to
adjacent cells. Neither is the reason known why swarming reexperimental observations (cf. Ref. [3] for further details). The
quires multiple agella nor why a signi cant cell elongation is ow patterns of Fig. 1 in the planes perpendicular to the swim-
required for many bacteria [2]. ming axis illustrate the interplay between the rotating agellar

Collective effects of microswimmers incorporating hydrody- bundle and counterrotating cell body. In Figs. 1(c) and (d), the
namics can well and ef ciently be studied by more generic mod- ow eld exhibits two spiral vortices associated with the rotation
els, such as the squirmer representation of a microswimmer [1,5bf the cell body and agellar bundle, respectively, rotating clock-
From a simulation point of view, similar systems can be studiedvise and counterclockwise.
without hydrodynamics interactions (HIs), so-called active Brow-  Near surfaces, bacteria generically swim on circular trajec-
nian particles (ABPs). Moreover, spheroidal squirmers and ABPsories due to the counter-rotation of the body and the agellar
can be simulated to unravel the in uence of shape and Hls orbundle. Figure 1(f) (inset) illustrates simulation trajectories for
structure formation and collective effects [1, 5]. various surface slip lengtha The trajectory changes from a

Mesoscale simulations by, e.g., the multiparticle collision dy-clockwise (CW) circle to a counter-clockwise (CCW) circle as
namics (MPC) approach for a uid, provide an ef cient way to bincreases [4]. The dependence of the curvatunéa trajectory
incorporate the essential aspects of microswimmers such as Hisf the slip length is very well described by the analytical expres-
details of the bacterium, and geometrical restrictions, if presention
Here, results for the swimming and swarming behavior of bac-

teria cells are presented, using an explicit model, as well as re- = ﬁTklg + o1 (1)
sults for the collective behavior of microswimmers exploiting the ff
squirmer approach. where o = (b=0) (noslip)and 1 = 1 (b= 1) (per-

fect slip). Considering the slip lengths in the range of several ten


























































































































































































