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  السببية النازلة في تيارات الحمل في السوائل

  روبرت بيشوب

  

  ملخص

التطورات الأخيرة في الديناميات غير الخطية وجدت تطبيقات واسـعة فـي            
الظـواهر غيـر    . العديد من المجالات العلمية من الفيزياء حتى علم العـصبونات         
الكيانات الكلية التي   الخطية، مثل دوائر التغذية الراجعة، العلاقات بين المستويات،         

الذاكرة مرشـحة للتعبيـر عـن الانبثـاق         تقيد وتعدل سلوك جزئياتها، وتأثيرات      
هي " Rayleigh–Bénard convection" رالي بينارد تيارات حمل. والسببية النازلة

يقـدم تبـصرات مهمـة للميتافيزيقـا        مثال للنظام غير الخطي الذي، كما أقترح،        
في هذه الورقة أقدم تيارات الحمل كمثال على السببية النازلة فـي            . وفلسفة العلم 

ها انيكا الكلاسيكية، أكثر تماسكا وأقل تأملا بكثير من الأمثلة التي يتم تقـديم            الميك
على الرغم من أن فيزياء تيارات حمل رالي بينارد          .عادة في أدبيات فلسفة العقل    

 هذا النموذج يقدم مثالا أكثر تماسكا وواقعية بكثيـر لاختبـار             إلا أن  معقدة فعلا، 
بعد .   نجدها في نقاشات الانبثاق وفلسفة العقل  الفرضيات والدعاوي المختلفة التي   

مراجعة بعض التصورات المفتاحية في الديناميات غير الخطية، الأنظمة المعقـدة           
تقيـيم  ) ١(وأساسيات فيزياء تيارات حمل رالي بينارد، أبدأ هذا الفحص هنا بـ            

 ـ  ) ٢(تعريف حديث مقترح للانبثاق والسببية النازلة،        ات مناقشة بعض الاعتراض
 Sperry’s"مقارنة هذا النموذج بأمثلة سـبري  ) ٣(النماذجية للسببية النازلة و 

examples."     
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  مقدمة. ١

جريان السوائل، الأرصاد الجويـة،     الأمثلة تتضمن   . خطية توجد في كل المجالات العلمية     اللاالظواهر  
كاك والكسر في بنيـات المعـدن، المـواد          جغرافيا المحيطات، الاحت   فيزياء البلازما، الفيزياء الجيولوجية،   

، التفاعلات الكيميائية، تميز الخلايا، الوظائف العصبونية، وتقريبا كـل حـالات تكـون              ترابطةالمهتزة الم 
خطية ونظرية الأنظمة  لامثل هذه الظواهر تمت دراستها باستخدام رياضيات الديناميات ال        . الأشكال النماذجية 

على الرغم من وجود بعـض المناقـشات        . صعوبة ديات التي تواجه العلماء    وهي ضمن أكثر التح    ،المعقدة
، التعقـد والتنظـيم     "Chaos" "الكاوس"ة  مخطية والمجالات المرتبطة بها مثل الفوضى المنظ      لاللديناميات ال 

، "Bishop&Kronz"،  ١٩٩٣،  "Batterman"،  ١٩٩٨،  "Auyang"مثـال،   (الذاتي في أدبيات فلسفة العلـم       
١٩٩٩ ،"Earman" ،١٩٨٦ ،"Hobbs" ،١٩٩١ ،"Kellert" ،١٩٩٣ ،"Smith" ،١٩٩٨، "Stone" ، 
، ١٩٩٩،  "Juarrero("لقى اهتمـام أقـل بكثيـر        ي سؤال السببية النازلة في هذه السياقات         إلا أن  ،)١٩٨٩

"Scott" ،١٩٩٩ ،"Silberstein & McGeever" ،هم استثناءات بارزة١٩٩٩ ،(.  

التغذية الراجعة، العلاقات بين المستويات، الكيانات الكلية التـي تقيـد           خطية مثل دوائر    لاالظواهر ال 
، أي المواد   "hysteresis"على سبيل المثال، هيسترسيس     (وتعدل سلوك أجزائها، التأثيرات المنسوبة للذاكرة       

 ـ        ) ذات رد الفعل المتأخر المعتمد على الذاكرة       اهرة هي أمثلة على الظواهر المثيرة المرشحة للتعبير عن ظ
 تخـرق الإغـلاق     هـا محتمل أن ال  مريبة، على كل حال، أنه من      السببية النازلة كانت تعتبر   . السببية النازلة 

  ).٣١-٢٨، ص ١٩٩٩على سبيل المثال، كيم، (السببي للظواهر الفيزيائية، وربما تتضمن سخافات 

دقيق لتـصورات مثـل     أحد المشكلات المرتبطة بمناقشة السببية النازلة كانت النقص في التعريف ال          
المناقشات ركزت عادة على أمثلة مثل العجلة التي تدور متجهة إلى أسفل التـل              . الانبثاق والسببية النازلة  

، ص ٢٠٠١" (Thompson & Varela"مؤخرا اقترح تومبسون وفاريلا ). ١٩٩٩" Sperry"مثال، سبيري (
  :قة أكبر نحو تحقيق دب بشكل ماتعريفا للانبثاق يتضمن السببية النازلة يذه) ٢٤٠

، المكونة من مكونات متشابكة تبدي عملية انبثاقيـة،         الشبكة، ن ] نظرية تومبسون وفاريلا  ) [ت ف (
  :ي، مع صفات انبثاقية، ف، إذا وفقط إذا

ي هي عملية كلية تؤدي إلى نشأة ف وتنشأ من الديناميكا غير الخطية، د، من التفاعلات المحلية           ) ا(
  .لمكونات الشبكة ن

  .على الديناميكا د لمكونات نمتجه من الكلي إلى المحلي ") نازل("ي وف لهما تأثير محدد ) ب(
  :ومن الممكن

ي و ف لا يمكن أن يتحددا بشكل كامل بواسطة الخواص الذاتية لمكونات ن، أي أنهما يبـديان               ) ج(
  ". علائقية كلية"

رها صفة؛ ولكنها تنشأ من خلال عملية أو        المقترح، الخاصية ليست فقط تنبثق بمجرد باعتبا      في هذا   
  .ديناميكي يتحدد مع الوقت" كيان"من خلال 

هدف هذه المقالة هو بيان بعض التبصرات الجديدة والهامة لميتافيزيقا وفلسفة العلم مـن ظـاهرة                
كلاسـيكية،  كنموذج للسببية النازلة في الميكانيكا ال     " تيارات الحمل "أقترح اعتبار   . تيارات حمل رالي بينارد   

القـسم الثـاني   . أكثر تماسكا وأقل تأملا من الأمثلة الغامضة والمريبة التي تطرح في الكثير من المناقشات       
القسم الثالث يقـدم    . خطية والأنظمة المعقدة  لايقدم عرضا مختصرا لبعض التصورات المفتاحية للديناميكا ال       

بالنـسبة  م الرابع يقيم نظرية تومبسون وفـاريلا        القس. المفهوم الأساسي لظاهرة تيارات حمل رالي بينارد      
 تمت مناقشة بعض الاعتراضات التقليدية للسببية النازلة، وتمت مقارنة حالـة تيـارات               وقد .لهذا النموذج 

   .تضع بعض الملاحظات في القسم الخامس نهاية لهذه المقالةو. حمل رالي بينارد مع أمثلة سبيري
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  الديناميات اللاخطية. ٢

  اللاخطية ٢.١  
يعتمد تمييز المنظومة الدينامية بأنها خطية أو غير خطية على طبيعة معادلات الحركة التـي تـصف       

ف س بالنسبة لمجموعة مـن المتغيـرات        = دن  /المنظومة التي تصفها المعادلة التفاضلية دس     . المنظومة
أي من المتغيرات   ، س ن هي منظومة خطية إذا كانت مصفوفة العوامل ف لا تحتوى              ...،٢، س ١س= س

بصورة تقريبية، تصرف المنظومـة بـشكل خطـي إذا كانـت التغيـر              .  س أو دالاتها؛ وإلا كانت لاخطية     
  .ج لمدخلاتها الأولية يتضمن تغير مضروبا في ج بالنسبة لمخرجاتهاالمضروب في 

 منظوماتها  إعادة تركيبها من  والمنظومة الخطية يمكن تحليلها بشكل مباشر إلى منظوماتها الجزئية           
للوتر باعتبارها تركيب من الأشكال     ) المتناغمة( الاهتزازات الخطية     يمكن تحليل  على سبيل المثال،  . الجزئية

الاهتزازية البسيطة، والتي يمكن التعامل معها باعتبارها أشكال فرديـة لأنظمـة جزئيـة أو أجـزاء مـن                   
يماثـل تحليـل    . هو مبدأ التركيـب الخطـي     أساسا هذا   . الاهتزازات الأصلية غير مرتبطة ببعضها البعض     

التصرف الخطي للمنظومة فـي مثـل هـذه         "). الكل هو مجموع الأجزاء   (" تجميع الأجزاء    المنظومة، إذن، 
   ١)."emergent"ة في مقابل المنبثق" (المحصلة"الحالات يسمى أحيانا 

كـون سـلوكيات    دما ت عن. لتجميع المباشر هذه تفشل   في الأنظمة غير الخطية، على النقيض، فكرة ا       
مكونات المنظومة مترابطة ومتبادلة بشكل كبير، لا يمكن التعامل مع المنظومـة، ولـو بـشكل تقريبـي،                  

بدلا من ذلـك، يخفـق      "). الكل يختلف عن مجموع أجزاؤه    (" الأجزاء الفردية غير المترابطة       من كمجموعة
 مع الأخذ في الاعتبار أنه      ٢غير المحلي مبدأ التركيب الخطي ويصبح مطلوبا نوع من الوصفي الإجمالي أو           

. لا يمكن وصف المكونات الجزئية بشكل كامل بدون الرجوع إلى بنيات المنظومة على المـستوى الأعلـى                
تظهر تيارات حمل رالي بينارد ما يسمى بالتماسـك الإجمـالي، بمعنـى أن المكونـات                على سبيل المثال،    
 إلى درجة أنه لا يمكن لأي مكون من المنظومة أن يتغير إلا             خرىالمكونات الجزئية الأ  كل  الجزئية مرتبطة ب  

مثل هذه السلوكيات الكلية يشار إليها عادة علـى أنهـا           . من خلال فرض بعض التغيير على المنظومة ككل       
   ).كمقابل للمحصلة" (emergent"منبثقة 

 ـ             ة للفـصل فـي الدالـة       الربط الوثيق بين المكونات في الأنظمة غير الخطية يعود إلى عـدم القابلي
على . ، وهي دالة تقابل الطاقة الكلية للمنظومة وترتبط بتطورها مع الزمن"the Hamiltonian"الهاميلتونية 

تحويلات يمكنها أن تحمل الدالـة      وجه التقريب، الدالة الهاميلتونية تكون قابلة للفصل فقط في حالة وجود            
ن من الأجزاء المرتبطة إلى عدد ن من المعـادلات التـي            الهاميلتونية التي تصف منظومة مكونة من عدد        

وإلا، تكون الدالة الهاميلتونية غير قابلة للفصل وتكون        . تصف كل منها سلوك واحد من مكونات المنظومة       
  .التفاعلات خلال المنظومة غير قابلة للتحليل إلى تفاعلات بين المكونات الفردية للمنظومة فقط

   الأنظمة المعقدة٢.٢
هناك عدد من التعريفات الصورية للتعقد تم اقتراحها لوصف السلوك المعقد العشوائي، الكاوسي      
"chaotic" ،سبرجر جرا(كل منها لها مواطن قوة وضعف ، والصور الأخرى له"Grassberger "١٩٨٩ ،

خل بديهي لسوء الحظ لا تقدم هذه التعريفات للتعقد أي مد). ١٩٩٤وآخرون " Wackerbauer"واكرباور 
  .لقضايا الانبثاق والسببية التي تعمل في الأنظمة المعقدة

  ".الانبثاق"و" المحصلة" بالنسبة لمناقشة مصدر وتاريخ مصطلحات ١٩٨٢)McLaughlin"" ( انظر ماكلولين ١
نظومة بالإضافة  الوصف غير المحلي للديناميات اللاخطية يشير إلى وصف يعود بالضرورة إلى السمات العامة والبيئية للم٢

   .إلى التفاعلات المحلية للمكونات الجزئية مع بعضها البعض
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الصياغات التقليدية للتعقد تطرح اعتمادا على الاحتمالات بدون الرجوع الواضح إلى المتغيرات 
  : ظاهراتيا، ويتضمن السمات التاليةةعادة ما يتم وصف الأنظمة المعقد ٣.الفيزيائية للمنظومة

إلى العدد من " عدد كبير"هناك عدد كبير من المكونات، حيث تشير .  الأجسام الكثيرةالأنظمة ذات
  .بعض الأنظمة تبدي سلوك معقد مع عدد قليل مثل ثلاثة مكونات. المكونات اللازم لظهور السلوك

  .يمكن أن يوجد قبل نقطة حرجة، وليس بعد ذلك) مثلا، التجانس(التماثل الفراغي . التماثل المكسور

تتطلب عادة هناك عدد من المستويات المميزة، المستقلة المكونة من بنيات متداخلة . التراتبية
  .أوصاف مختلفة على المستويات المختلفة

  .مثل هذه التراتبيات ترتبط عادة بعمليات غير انعكاسية. اللاانعكاسية

تكون مرتبطة ببعضها المكونات ليست مجرد تجميعات مثل أكوام حبات الرمل، ولكنها . العلاقات
  .البعض من خلال أنواع من العلاقات

 مدمجة فيها وكذلك على البيئة التي توجد خواص المكونات تعتمد على البنيات التي تكون. التموضع
  .فيها المنظومة ككل

تظهر الأنظمة ككل وحدة عضوية وظيفية والتي تصبح غائبة في حالة غياب واحد من . التماسك
   . التنسيق بين البنيات والمكوناتبنيات الداخلية أو إذا فقد المكونات أو ال

هناك عدد من المكونات التي تكون مرتبطة ببعضها ارتباطا وثيقا من خلال دوائر التغذية . التكامل
الوظيفية التي تكون حاسمة في الحفاظ على تماسك /الراجعة والأنواع الأخرى من العلاقات البنيوية

  .المنظومة

  . النظام البسيط والفوضى الكاملةنتبدي الأنظمة سلوكا يقع في مكان ما بي. المعقدالسلوك 

الوحدة التنظيمية والعلائقية للمنظومة تكون مرنة في ظل الاضطرابات المحدودة وتكيفية . الاستقرار 
  .تحت التغيرات المحدودة لبيئة المنظومة

كروتشفيلد (لى كيفية ملاحظتنا ووصفنا لها درجة تعقد المنظومات تعتمد ع. النسبية في الملاحظة
"Crutchfield" ،١٩٨٩، جراسبرج، ١٩٩٤ .(  

هذه القائمة لا تستغرق كل التصورات، ولكنها تكشف عن السمات الكيفية التي تظهر من النظرية 
" Cross"مثال، كروس (والاختبارات على المنظومات الفيزيائية المعقدة مثل تيارات حمل رالي بينارد 

  ).١٩٩٣، "Hohenberg"وهوهنبرج 

  ة والمقيدة التراتبيات الحاكم٢.٣

بعض الأنظمة تتكون مـن مـستويات       . فكرة التراتب في سياق الأنظمة المعقدة تتطلب إيضاحا أكثر        
بنيوية مميزة، حيث التنظيم إلى مستويات تراتبية يكون عائدا إلى تراتب القوى الفيزيائية ومقاييس زمنيـة       

في بعض الأحوال يمكن أن تقدم مكونات       ). ، الجوامد البلوراتل، الجسيمات الأولية، الجزيئات،     مثا(دينامية  
   . شروطا ضرورية وكافية معا لوجود وسلوك بنيات المستوى الأعلىالمستوى الأدنى

في الأنظمة المعقدة، على كل حال، عادة ما يتم تمييز المستويات البنيوية علـى أسـاس المقـاييس                  
الدينامية وتكون مرتبطة ببعضها البعض بحيث لا تكون على الأقل بعض بنيات المـستوى الأعلـى               الزمنية  

أي أن، مكونات المستوى الأدنى   . محددة بواسطة، وحتى تؤثر وتقيد، سلوك مكونات بنيات المستوى الأدنى         
  ب،٢٠٠٦ب بيشو( وسلوك بعض بنيات المستوى الأعلى تقدم شروطا ضرورية ولكنها ليست كافية لوجود

وهكذا، هي تكون داخلة . المتغيرات الفيزيائية تكون مطلوبة لتعريف حالة الفراغ الذي تحدد فيه مقاييس الاحتمالات ٣
   .بشكل ضمني في التعريفات الاحتمالية
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وأكثر من ذلك، يمكن أن تكون مكونات المستوى الأدنى          ).٢٠٠٦،  "Atmanspacher"بيشوب وأتمانسباشر   
 تقديم الشروط الضرورية والكافية لسلوكها ذاته إذا كانت مكونات المستوى الأعلى قـادرة              غير قادرة على  

 هذا النوع الأخير من التراتب يسمى التراتـب الحـاكم         . على أن تؤثر على سلوك مكونات المستوى الأدنى       
، "Pattee "بـاتي (حتى يمكن تمييز مثل هذه الحالات عن البنيات التراتبية الصرف مثل أكـوام الحبيبـات                

  ).٣٢٣-٣١٤، ص ١٩٨٣، "Primas"؛ بريماس ٧٩-٧٥، ص ١٩٧٣

الأنواع المثيرة للاهتمام من هذه     . التحكم الذي يتم في الأنظمة المعقدة يتحقق من خلال شروط مقيدة          
الأحوال غير المقيدة   ب مقارنةالقيود يجب أن تغير بشكل نشط معدل التفاعلات أو العمليات الأخرى للمكونات             

أكثر من ذلك، القيود يجب أن تتحكم في المكونات بدون رفع كـل درجـات               ).  المحولات والمحفزات  ال،مث(
مثل هـذه   . الحرية الخاصة بهيئة المنظومة، على النقيض من، على سبيل المثال، حالة المحفزات البسيطة            

خلية، بارزة من خـلال     أو دا /ة التي تتفاعل مع المنظومة و      أن تكون خارجية، ناتجة عن البيئ      القيود يمكن 
الأنـواع الأخيـرة    .  أو سمة أخرى بنيوية ذات مستوى أعلـى        تيجة للتأثيرات الكلية لمكوناتها،   المنظومة ن 

     ٤.للقيود الداخلية هي محل اهتمام أساسي هنا
  

3. Rayleigh–Bénard convection 
The fluid equations governing Rayleigh–Bénard convection are the heat transport 
equation, 

 
the Navier–Stokes equation, 

 
and the continuity equation (conservation of mass), 

 
In (1)–(3), T is the temperature, v is the velocity, ρ is the density, κ is the thermal 
diffusivity, ν is the kinematic viscosity and g is gravity. The velocity, temperature and 
density are coupled, the fluid flow inducing temperature variations, while changes in 
fluid density due to temperature induce changes in the fluid flow. Except for a fluid 
initially at rest, where the initial pressure p0 is related to ρ through �p0 = ρg, the 
pressure is determined implicitly and, hence, is not an independent variable. Note 
that this means the pressure is not a dynamic variable. For an incompressible fluid, 
such as water, the pressure is not fixed locally but depends on distant parts of the fluid 
dynamics (e.g., Paul, Chiam, Cross, & Greenside, 2003). 
3.1 Some system-wide properties of fluids 
Before discussing Rayleigh–Bénard convection proper, I want to provide some context 
by quickly reviewing a few basic properties of fluids involved in various global or 
system-wide interactions in fluid dynamics. As Batchelor points out (1967, p. 2), the 
cohesive force among molecules is long-ranged relative to molecular length scales, 
 
 
4 Note that typically fundamental forces (e.g., gravity, electromagnetism) are not explicitly identified 
with constraints. 
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falling off as r−7 in the case of nonpolar molecules (where the overall molecular 
charge is neutral), although it can be larger for polar molecules (e.g., Feynman et 
al. 1963, pp. 12–16). This force provides a means for large collections of molecules 
to interact with each other through continuous complex interactions of all the electrons 
in one molecule with all the electrons in several other molecules, not merely 
through nearest neighbor interactions. This continuous interaction of a molecule with 
the cohesive forces of several other molecules is a distinguishing features of liquids in 
stark contrast to an ideal gas, where molecules are roughly dynamically independent 
(Batchelor, 1967, p. 53). 

Although the basis for why fluid elements cohere, cohesive forces are usually 
ignored in detailed treatments of fluid dynamics as they are relatively weak. Instead 
such forces form the background for those treatments in the following way. Cohesive 
forces in fluids cause the molecules to be packed as closely together as repulsive 
forces of quantum origin allow. This means that when fluid dynamicists speak of ‘fluid 
particles’ or ‘fluid molecules,’ they do not mean individual chemical molecules (e.g., 
an individual H2O molecule in a stream of water). Rather, these ‘particles’ or ‘molecules’ 
refer to collections of roughly 1022–1023 chemical molecules. In order to avoid 
terminological confusion, I will refer to these collections as fluid elements, volumes 
of a large number of chemical molecules that are small when compared with the size 
of the fluid system, but large when compared with the size of individual chemical 
molecules. Cohesive forces play a major role in defining the size and contents of these 
fluid elements. 

Considering a fluid at the level of fluid elements motivates what is known as the 
continuum hypothesis: even though properties such as the mass or velocity of a fluid are 
ultimately concentrated in the nuclei of individual chemical molecules, and, hence, are 
not “smeared” uniformly over the volume of the fluid system, nevertheless such quantities 
can be treated as if they are continuous and can be regarded as being spread uniformly 
over the volume of a fluid element (Batchelor, 1967, p. 4).This assumption turns 
out to be well justified (Batchelor, 1967, Mareschal, 1997). One can then define notions 
of local velocity, mass and such, where ‘local’ refers to individual fluid elements. 

Moreover, there are two basic kinds of forces which act on fluids. The first group 
are long-range forces—such as gravity,5 electromagnetism (when fluids also carry a 
charge), so-called fictitious forces like centrifugal forces (when fluid motion takes 
place with respect to an accelerating frame)—called body or volume forces. Such 
forces act on all elements of a fluid, such that these forces act equally on all matter 
within a given volume of fluid. The second group are short-range forces of molecular 
origin and are appreciable only at distances on the order of the separation of molecules 
in the fluid. These latter forces are called surface forces because they mainly act 
on a thin layer adjacent to the boundary of a fluid element, where the thickness of 
the layer is equal to the depth the forces penetrate. Examples of such forces would 
 

5 For a fluid at rest, there are two interesting extreme cases. When the mass of the given fluid is much 
smaller than that of the surrounding matter, the external gravitational field is approximately uniform 
over the entire region occupied by the fluid (depending on the surrounding matter distribution).When 
the mass of the given fluid is large and isolated from other matter (e.g., a gaseous star), the volume 
force on a particular fluid element is due to the gravitational attraction of all other fluid elements. In 
the former case, gravity contributes to the global external constraints on the motions of fluid elements, 
while in the latter case, gravity generated by the fluid itself is the main nonlocal internal constraint on 
such motions. 
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be contact forces due to momentum transport across a common boundary between 
two fluid elements or forces arising from short-range interactions among molecules 
on the two sides of the common boundary. 

Both kinds of forces are taken into account in the hydrodynamic equations above 
such that the dynamics of fluids is not merely that of nearest neighbor interactions 
among fluid elements. Furthermore, the volume and surface forces as well as their 
distribution throughout a fluid system are modified by the motions of fluid elements 
relative to each other. 

Spatial correlations also play an important long-range role in the dynamics of fluid 
systems. The positions of fluid elements are not arbitrary given the fact that one element 
occupies some position centered around r1 prevents all other fluid elements 
from occupying that position. Due to fluid element interactions and the symmetry 
properties of the state vectors describing their positions, different values of the relative 
position (r2-r1) between two fluid elements do not appear with equal likelihood, 
hence the simultaneous positions r1 and r2 of the two elements are spatially correlated. 
It turns out that there is a simple relationship between the spatial integral of the 
correlation function representing spatial correlation and the mean square fluctuation 
of the density of elements composing a fluid (Pathria, 1972, pp. 447–450), meaning 
the spatial distribution of the elements is influenced by the presence of such correlations. 
This coupling due to correlations leads to collective behavior, contributing 
to the formation of coherent structures. When all fluid elements become so highly 
correlated with each other that the behavior of individual elements can be modified 
only by global changes (e.g., by changing the temperature gradient of the system), the 
system exhibits generalized rigidity.6 

An important point regarding fluid systems is that there is a discernible hierarchy 
related to the kinds of dynamics taking place at different time scales. Focusing on 
(2), the v�2v term represents diffusive processes associated with the dynamics of 
individual fluid elements and their exchange of chemical molecules, while the (v · �)v 
term represents convective processes associated with large scale fluid motions and 
structures. The Reynolds number is a dimensionless parameter that roughly characterizes 
the effectiveness of convective versus diffusive processes. For small values, the 
slower time scale (shorter length scale) diffusive processes are dominant, while at high 
values the faster time scale (longer length scale) convective processes are dominant. 
The interplay between these two sets of time and length scales is important. If the 
values of the Reynolds number is too small, coherent long-lived structures typically 
do not form. On the other hand, if the value is too large, turbulence dominates the 
flow and coherent short-lived structures only form intermittently. It is in a range in 
between the extremes where coherent long-lived structures form. 

Lastly, I briefly mention that the velocity–time autocorrelation function has a longtime 
tail or memory effect (first observed by Alder & Wainwright, 1970): Through 
various interactions, a fluid element exchanges momentum with its surrounding 
neighbors, which, in turn, is transmitted throughout the fluid system (Pomeau & 
Résibois, 1975; Mareschal, 1997, 317–318). This means that information about the 
motion of an individual fluid element is communicated to other elements throughout 
the system over some time scale characteristic of the system. 
 
 
6 For a summary of other possible correlation effects in nonlinear dynamical systems, see Bishop 
(2004). 
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3.2 Rayleigh–Bénard convection 

Rayleigh–Bénard convection provides a concrete example of a complex nonlinear 
system. Initially a layer of fluid is sandwiched between two horizontal thermally conducting 
plates. The lower plate is heated while the upper one is maintained at a 
fixed temperature, establishing a temperature gradient ∆T in the vertical direction. 
The fluid near the lower plate undergoes thermal expansion and is less dense than 
that above, creating an instability at a finite wavelength in the presence of gravity. 
This buoyancy force tends to lift the whole mass of fluid from the lower plate (a 
consequence of the conservation of mass), while the upper plate acts as an external 
constraint against such motion. As long as ∆T remains small enough, thermal 
conduction dissipates the temperature gradient sufficiently to maintain a stable state 
such that the fluid near the lower plate does not rise. In this state, the energy lost 
by the system due to dissipation balances the amount of potential energy available 
to be released by the system due to the density gradient in the direction opposite to 
gravity.7 

To maintain this subtle balance, however, system boundaries and symmetries as 
well as conservation laws also play an important role acting as system-wide, global constraints 
on the motion of fluid elements (e.g., Busse, 1978, pp. 1932–1936). The system 
as a whole establishes the allowable states of motion accessible to fluid elements. If 
there were no such constraints, the fluid in the uniform state could in principle flow in 
an arbitrary number of directions and an infinite number of convection patterns would 
be possible. For example, conservation of mass imposes restrictions on the fluid velocity 
(Batchelor, 1967, pp. 73–75), while system geometries and symmetries strongly 
influence fluid flows and allowable pattern formation (Cross & Hohenberg, 1993). 

In this globally stable conductive state, local variations in fluid density are the seeds 
leading to large-scale pattern formation. Typically these density variations are relatively 
small, but when ∆T passes a critical value ∆Tc, the system becomes globally 
unstable and sensitive to small perturbations in fluid density. Now more potential 
energy is being released due to the temperature gradient than can be dissipated, and 
the relevant dynamics shifts from the slower diffusive timescale (small-scale effects) 
to the much faster convective timescale (large-scale effects). This extra energy drives 
instabilities8 leading to a breakup of the stable conductive state and, eventually, to 
large-scale rotating structures resembling a series of parallel cylinders called Bénard 
cells, the simplest case of Rayleigh–Bénard convection. Associated with this new 
stable pattern is a large-scale, global constraint on the individual motions of fluid 
elements due to a balancing among effects owing to the structural relations of each 
fluid element to all other fluid elements, system boundaries and symmetries, and 
conservation laws. 

If ∆T is increased beyond a second threshold ∆Tα, the cells begin to oscillate 
transversely in complicated ways. Further increases in ∆T lead to destruction of the 
 
7 Typically the Reynolds number is used to characterize behavior in convection systems. Since this 
parameter is proportional to ∆T, I have chosen to focus on the temperature gradient as this is more 
physically perspicuous for the current description. 
8 The growth rate of instabilities depends only on the wave number; that is, although the fluctuations 
in combination with the system geometry and symmetries lead to a selection of one growing mode, 
its growth rate is determined solely by global system properties (Cross & Hohenberg, 1993, Sects. VI 
and VIII; Haken, 1983b, chap. 7). For Rayleigh–Bénard convection, the most unstable mode scales 
as the distance of plate separation. 
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cells and to chaotic behavior in the fluid, where spatial correlations persist. When 
∆T is sufficiently large, fluid motion becomes turbulent and uncorrelated at any two 
points in the fluid. 

Rayleigh–Bénard convection under increasing ∆T exhibits typical phenomena 
associated with nonlinear systems such as period-doubling cascades, phase locking 
between distinct oscillatory modes and sensitive dependence on initial conditions. For 
small aspect ratios (ratio of plate separation to plate length), the critical dynamics is 
characterized by a strange attractor of less than five dimensions in state space. Since a 
fluid continuum has an infinite number of dynamical variables in general, the fact that 
so few control the dynamical behavior of Rayleigh–Bénard convection is remarkable. 
For large aspect ratios, the number of degrees of freedom involved appears to increase 
greatly. 

The Rayleigh–Bénard system clearly exhibits the features listed in Sect. 2.2 As ∆T 
exceeds ∆Tc, the homogeneity of the distribution of the fluid elements and some of 
the spatial symmetries of the container are broken and the fluid elements self-organize 
into distinguishable Bénard cells. There is a hierarchy distinguished by dynamical 
time scales (molecules, fluid elements, Bénard cells) with complex interactions taking 
place among the different levels. Fluid elements are situated in that they participate 
in particular Bénard cells within the confines of the container walls. The system as a 
whole displays integrity as the constituents of various hierarchic levels exhibit highly 
coordinated, cohesive behavior. Additionally, the organizational unity of the system 
is stable to small perturbations in temperature and adapts to larger changes within a 
particular range. 

Furthermore, Bénard cells act as a control hierarchy, constraining the motion of 
fluid elements. Bénard cells emerge out of the motion of fluid elements as ∆T exceeds 
∆Tc, but these large-scale structures determine modifications of the configurational 
degrees of freedom of fluid elements such that some motions possible in the equilibrium 
state are no longer available. In the original uniform state, the fluid elements 
can exhibit a particular range of motions constrained by the system symmetries and 
boundaries, by body forces such as gravity, and so forth. In particular, as long as 
∆T < ∆Tc, fluid elements cannot access rotational states of motion characteristic 
of Rayleigh–Bénard convection. In the new nonequilibrium steady state, the fluid 
elements exhibit coherent motion (Bénard cells), but most of the states of motion 
characteristic of the original uniform state are no longer accessible (e.g., fluid elements 
cannot sit motionless). It can be shown that the uniform and damped modes 
follow—or are enslaved by—the unstable growing mode leading to cell formation. 
Basically, the variables characterizing steady and damped modes come to be systematically 
replaced by variables characterizing the growingmode; consequently there is a 
corresponding reduction in the degrees of freedom characterizing the system’s behavior 
(e.g., Haken, 1983a, chaps. 7–8; 1983b, chap. 7). Such a reduction of the degrees 
of freedom is crucial to the large-scale behavior of convection systems (Greenside, 
Coughran, & Schryer, 1982, Malraison, Atten, Bergé, & Dubois, 1983).9 
 
 
9 Some have complained that these reductions are ultimately epistemological in the sense that they 
are simplified descriptions of physical systems in terms of a reduced number of variables so that 
these variables should not be considered as causal (e.g., Walter, 2001, p. 177 and references therein). 
However, this complaint ignores the experimental support for the causal role of these variables (e.g., 
Malraison et al., 1983). One could justify the causal effectiveness of such variables along the lines of 
entity realism (e.g., Hacking, 1983, 1984): if an entity can be used in manipulations and interventions 
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There is an alternative analysis of the development of the instability, where the 
fluid velocity is locked onto the evolution of the temperature field. Under reasonable 
conditions, the timescale is governed by the diffusion of the temperature (a nonlinear 
process) and the velocity field responds instantaneously to changes in the fluid density 
induced by the temperature field (e.g., Guyon, Hulin, Petit,&Mitescu, 2001, chap. 10). 
Changes in the fluid velocity then act back on and drive the temperature field. 

4. Downward causation and Rayleigh–Bénard convection 

How are we to understand the causal interplay between fluid elements and Bénard 
cells? The fluid elements are necessary for the existence of Bénard cells (no fluid 
elements, no cells). But the dynamics of fluid elements themselves are not sufficient 
on their own to bring about such structure; temperature gradients, gravity, long-range 
forces and correlations, physical boundaries and symmetries, conservation laws among 
other things are also involved (recall the degeneracies in fluid motion mentioned earlier). 
Context, then, plays a crucial role in pattern formation. Indeed, in the absence 
of gravity, Rayleigh–Bénard convection would never arise because there would be 
no buoyancy force. Cell formation means the fluid elements are correlated with each 
other through myriad physical relations,10 reflecting large-scale structural constraints 
on the dynamics of the fluid elements through these emergent relations (e.g., enslavement, 
bulk flow11). Bénard cells even modulate their fluid element and energy intake 
to maintain cohesion within a range of variations in ∆T. 

The relationship between fluid elements and cells is not a simple matter of a 
feedback mechanism, at least during the process of pattern formation. A feedback 
mechanism typically involves a reference state and a number of feedback-regulated 
set points so that comparisons between the evolving and reference states can be 
made and adjustments effected (e.g., a thermostat). But during pattern formation in 
Rayleigh–Bénard convection the appropriate reference states do not exist: the original 
uniform state is destroyed and a new nonequilibrium steady state forms (Bénard cells). 
This new steady state can function as a new reference state, but it is at the level of 
large-scale structure, where self-regulation of the cells takes place (e.g., responses to 
changes in ∆T), further modifying the behavior of the fluid elements. 

The fact that all fluid elements in the nonequilibrium state are correlated with 
each other indicates that these constraints on the fluid elements’ states of motion is 
enforced globally (i.e., beyond mere nearest neighbor interactions). One mechanism 
through which this arises is stable bulk shear flow of the Bénard cells acting on fluid 
elements. Shear flow occurs when adjacent layers of fluid slide over one another. So, 
for example, different layers of Bénard cells rotate differentially—inner layers rotate 
faster than outer layers—about the cell center in a steady bulk shear flow. Such steady 
shear flow acts to constrain/modify the dynamics of fluid elements in the following 
way. Consider a fluid eddy, a coherently rotating system of fluid elements. The eddy 
 
 
Footnote 9 continued 
then it should count experimentally as real. The reduced variables in question fulfil the appropriate 
causal roles. 
10 Each fluid element is correlated with all other elements. When considering an idealized fluid system 
of infinite extent, the correlation length would become infinite. However, given a finite geometry 
and boundaries, the correlation length is the length of the largest dimension of the system. 
11 That is, the overall motion of a large volume of fluid. 
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is characterized by the distance over which it remains coherent, the eddy coherence 
length le, which is roughly the distance between two adjacent eddies of comparable 
scale. In the presence of a random background flow, fluid elements of a given eddy, 
which move a distance le, are subjected to the effects of adjacent eddies and are 
no longer identifiable with their original eddy. In other words the original eddy will 
decohere—the coherently rotating fluid elements will break up—as the fluid elements 
originally associated with it are carried away by other eddies (a form of the process 
know as advection). This process takes place over a time scale known as the eddy 
lifetime, te. This loss of correlation arises because the random background flow acts 
both to scramble the original eddy’s motion and to spread the latter’s energy from one 
scale to another (generally cascading downward to smaller scales). Such processes can 
lead to the rapid destruction of large-scale structures, or prevent such structures from 
forming, and play an important role in turbulence. 

In the presence of a stable bulk shear flow, however, te—a measure of the eddy’s 
coherence time—is modified because the background shear flow tends to stretch the 
eddy due to the fact that its different fluid elements are carried along at different speeds 
by the shear flow. In effect, te is lengthened as the advective effects of other eddies and 
the destructive effects of random flows are suppressed by the larger-scale shear flow. 
Those elements of fluid flow that are random get carried along with and enslaved by 
the bulk shear flow before disruption of local- and medium-scale patterns can occur.12 

This is an important process by which Bénard cells maintain themselves and limit 
the range of motions accessible to fluid elements. Such stability is due to the collective 
effects of steady, large-scale, shear fluid motion suppressing local deviations. So 
although the fluid elements are necessary to the existence and dynamics of Bénard 
cells, they are not sufficient to determine that dynamics, nor are they sufficient to fully 
determine their own motions. Rather, the large-scale structure supplies a governing 
influence constraining the local dynamics of the fluid elements (again, recall the 
fluid degeneracies and their curtailment discussed previously).13 The fluid elements, 
the large-scale structures and the system-wide forces and symmetries together form 
necessary and sufficient conditions for the behavior of the convection system and its 
constituents. Note that this influence does not involve qualitatively new forces, but 
the collective effects of the action of the Bénard cells on the fluid elements.14 

4.1 The proposal by Thompson and Varela 

Element (a) in TV reads “E is a global process that instantiates P and arises from the 
nonlinear dynamics, D, of the local interactions of N’s components.” The term “global 
process” here should be understood in a relationally dynamic sense, meaning that the 
process E arises from the interactions of the components and functions as a (quasi) 
stable unit, but what acts as a unit is strongly dependent on the relations that develop 
among the components of N (the evolutionary history and context play a key role 
 
12 For mathematical and experimental details, along with other examples of similar processes, see 
(Terry, 2000). 

13 See Bishop (2004) for examples in nonequilibrium statistical mechanics, where collective effects 
not reducible to local interactions contribute to the dynamics of systems. 

14 The bulk flow of fluids also plays an important role in the formation and dynamics of patterns 
by contributing nonlocal effects (e.g., acting over many roll widths in Rayleigh–Bénard convection; 
see Paul et al., 2003). Bulk flow of the entire convecting system gives rise to an additional slow time 
dependence as it advects the pattern, which can contribute to pattern stability, for example. 
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here). The relations that develop among the components are driven by the dynamical 
evolution such that multiple possibilities for various processes to be manifested exist 
(e.g., different possible convection patterns in Rayleigh–Bénard Convection).15 
Referring only to “nonlinear dynamics” in (a) may also be insufficient as it appears 
that more needs to be specified. The couplings among system constituents as suggested 
by many of the features characterizing complex systems (Sect. 2.2)—implying that 
nonseparability of the Hamiltonian may be an important issue (cf., Kronz, 1998)—as 
well as the values of system parameters are crucial to pattern formation. In addition, 
external constraints play an important role in the formation and maintenance of Bénard cells, 
so these must be part of the characterization of the processes instantiating emergent 
properties. Emphasizing the contextual features of the dynamics is also important. 

Bénard cells arise from the dynamics of fluid elements in the Rayleigh–Bénard 
system as ∆T exceeds ∆Tc, where each fluid element becomes coupled with every 
other fluid element (element (a) of TV).More importantly, Bénard cells act as a control 
hierarchy, constraining and modifying the trajectories of fluid elements; that is, 
Bénard cells have a “determinative influence” on the dynamics of the fluid elements 
as lower-level system components (element (b) of TV). Moreover, although the fluid 
elements are necessary for the existence of Bénard cells, the former are insufficient 
to totally determine the behavior of the latter. This relationship between necessary 
and sufficient conditions seems implicit in (b), but due to its importance in issues surrounding 
reduction and emergence, this relationship should be brought out explicitly 
(e.g., Bishop, 2006b; Bishop & Atmanspacher, 2006). 

This relationship is a nonquantum kind of “relational holism” understood in Teller’s 
(1986) sense, where, the relations among constituents are not determined solely by the 
constituents’ intrinsic properties. The properties of integrity, integration and stability 
exhibited by Bénard cells are relationally dynamic properties involving the nonlocal 
relation of all fluid elements to each other (element (c) of TV). Such global interactions 
along with evolutionary history and context all play a role in the determination 
of which convection patterns arise; the intrinsic properties of fluid elements alone plus 
the force laws underdetermine these outcomes. However, the behavior of Bénard cells 
as units differs from holistic entanglement in quantum mechanics in the sense that 
fluid elements may be distinguished from each other while they are simultaneously 
identified as members of particular Bénard cells and participate in interaction with 
fluid elements throughout the system. In this context focusing on the nonseparability 
of the Hamiltonian may also prove appropriate because, in contrast to the quantum 
case, classical states are always separable even when the Hamiltonian is nonseparable 
(cf. Kronz, 1998; Kronz & Tiehen, 2002). 

4.2 Is downward causation coherent? 

Among metaphysicians, downward causation has not enjoyed a positive reputation 
of late. One reason is the suspicion that downward causation entails a violation of the 
“causal closure of the physical.” For example, according to Kim, the causal closure 

15 These considerations lie at the heart of self-organization and pattern formation. Given the same 
dynamics, changes in experimental setup can favor the formation of one form of Bénard cell over 
others. Due to sensitive dependence, given identical experimental setups, fluctuations at the level of 
fluid elements can lead to different pattern formation on multiple runs of an experiment (e.g., the 
direction of rotation of cells). The dynamics makes possible a number of different ways in which the 
fluid elements can organize themselves into coherent large-scale patterns (i.e., a number of different 
ways in which the nonlocal relations among fluid elements can arise). 
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principle (CP)means that “Any physical event that has a cause at time t has a physical 
cause at t” (1993, p. 280). There are two possible readings of this principle based on the 
ambiguity carried by the notion of ‘physical.’ The first, or weaker, reading is the sense 
of ‘physical’ as in elements of the physical sciences broadly construed (sometimes 
encompassing biology as well). On this reading, there are no possible “nonphysical” 
causes capable of influencing physical systems. The second, or stronger, reading is 
the sense of ‘physical’ as in elements of physics. On this reading, there are no causes 
outside the purview of physics that can influence events in the domain of physics.16 

Worries about CP normally arise in the context of philosophy of mind, but in 
the context of Rayleigh–Bénard convection, higher-level physical structures (Bénard 
cells) constrain and modify the behaviors of the lower-level system constituents (fluid 
elements). In this case downward causation does not entail any violation of CP in 
either a strong or weak sense—nothing outside of physics influences the behavior of 
the physical system in question. Van Gulick articulates a related worry that if some 
kind of “system-wide powers” or forces arise at the system level that are not determined 
by the laws governing the system constituents, then such forces “could override 
or violate the laws governing the powers of the parts” (2001, p. 18). Such a “violation” 
could be seen to “threaten the view of the physical world as a closed causal system” 
(p. 19).Without debating the coherence of the metaphysical assumption of the world 
as a “closed causal system,” the constraining/modifying effects Bénard cells have on 
the motions of fluid elements is an example of a large-scale, nonlocal influence acting 
on the fluid elements, but this influence is consistent with the laws governing the 
motion of fluid elements, even though these laws and the properties of fluid elements 
underdetermine the behavior of the cells (recall the degeneracies in the fluid equations).17 

 It is not clear why such large-scale, nonlocal influences should not be viewed 
as cooperating with the laws governing the system constituents, filling the gaps left 
by the underdetermination of these forces, as opposed to viewing such influences as 
somehow overruling these forces.18 

Downward causation has also been considered as possibly involving an absurdity if 
it is reflexive; that is to say, if there is a “global-to-local” influence for which the local 
dynamics provide no sufficient account. In this case there is an apparent absurdity 
in that downward causation implies “a kind of self-causation, or self-determination” 
(Kim, 1999, 28). Admittedly, self-causation in general is a problematic concept, but 
the self-causation involved in Rayleigh–Bénard convection is of a type where the 

 
16 I have argued elsewhere (Bishop, 2006a) that this latter reading of ‘physical’ renders CP invalid 
and question begging. 
17 This amounts to a denial of one of the core principles of atomistic physicalism as identified by 
van Gulick: “The only law-like regularities needed for the determination of macro features by micro 
features are those that govern the interactions of those micro features in all contexts, systemic or 
otherwise” (2001, p. 18). However, the degeneracies in fluid motion make it clear that specific global 
and/or system-wide contexts (e.g., symmetries and boundaries, collective effects, history of development) 
are crucial to determining fluid behavior in convection; hence, the denial of this principle is 
well justified in the case of fluids because the contributions that the laws and microfeatures make to 
Bénard cells are conditioned by context. 
18 This latter possibility is a metaphysician’s worry if CP is taken in the strong sense, i.e., that physics 
is causally closed. But there is every reason to think that the weak construal of CP is more reasonable 
given that physics—as with all sciences—is highly idealized and given that there appear to be clear 
examples where chemical and biological structures constrain or modify the behavior of electrons, 
molecules and such (Bishop, 2006a). That is, these structures fill the underdetermination left by the 
fundamental forces of physics via context (e.g., Bishop, 2006b; Bishop & Atmanspacher, 2006). 
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dynamics of the fluid elements, under particular conditions, give rise to large-scale 
patterns in the form of Bénard cells. In turn these cells constrain and modify the local 
dynamics of the fluid elements as the cells form and maintain themselves including 
managing their own material and energy intake. So Bénard cells arise out of the local 
dynamics of the fluid elements. But they are also causes in that these cells constrain 
and modify the dynamics of fluid elements by limiting (allowing) access to states of 
motion that were previously accessible (inaccessible). Such constraint and maintenance 
functions of Bénard cells are not absurd in any obvious sense though they act 
more as formal or structuring causes. 

Still, the intelligibility of downward causation has been questioned. Kim has argued 
that synchronic or simultaneous downward causation is incoherent.19 He considers 
the following situation: 

At a certain time t, a whole, W, has emergent property M, where M emerges from 
the following configuration of conditions: W has a complete decomposition into 
parts a1, . . . , an; each ai has property Pi; and relation R holds for the sequence a1, 
. . . , an. For some aj, W’s having M at t causes aj to have Pj at t (1999, p. 28). 

Kim begins his analysis by supposing that W has a particular emergent property M, 
at the given time t, and that M’s emergence at t is dependent on a particular micro 
configuration at t, namely that the micro constituents ai have the particular properties 
Pi. This means, on Kim’s analysis, that W has M at t only because each ai has the 
particular property Pi. Although not explicitly stated, this analysis assumes a general 
supervenience relation: “causal relations among macroevents and macroproperties 
must hold in virtue of (and therefore be explicable in terms of) causal relations holding 
for events and properties at a more basic level. This is only a special case of the 
general thesis that all the facts in the world supervene on the microphysical facts” 
(Kim, 1993, pp. 358–359). In other words, the macro property M obtains in W only in 
virtue of the particular microphysical facts (each ai having the particular property Pi). 
According to Kim, “it makes one feel uncomfortable to be told also that aj is caused 
to have Pj at the very time, t, by the whole’s having M at t” (Kim, 1999, p. 28). Kim 
then seeks to diagnose the source of this “metaphysical discomfort.” 

It is clear that Kim’s discomfort derives from the fact that each ai having Pi at t 
is what gives rise to M, while M is considered to be the cause of each ai having the 
particular property Pi at t. In other words, the Pi are both cause of and caused by 
M. The claim on which Kim focuses in his diagnosis is that synchronic downward 
causation involves an incoherence because W having M at t causes aj to have Pj at t, 
implying that prior to t, aj does not already have Pj at t (hence, how could M have 
emerged in the first place). To get the implication, however, one must also invoke 
what Kim calls the causal-power actuality principle (CPAP): 

For an object, x, to exercise, at time t, the causal/determinative powers it has in 
virtue of having property P, x must already possess P at t. When x is caused to 

 
19 Kim notes that this situation “involves the controversial idea of simultaneous causation (where a 
cause and its effect occur at the same time)” (1999, p. 36, fn. 34). I take it that Kim’s worry about simultaneous 
causation is whether it can be made metaphysically coherent, not physically coherent. There 
are physically coherent expressions of synchronic effects in physics as in relativistically consistent 
instantaneous action-at-a-distance theories (Dirac, 1949, Hill, 1967). Regarding the latter, there is an 
empirical question whether such simultaneous influences exist, but they are physically intelligible. See 
Taylor (1963, 1966), Brand (1980), and Huemer and Kovitz (2003) for defenses of the metaphysical 
coherence of simultaneous causation 
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acquire P at t, it does not already possess P at t and is not capable of exercising 
the causal/determinative powers inherent in P (1999, p. 29). 

This is a metaphysical principle offered to answer Kim’s metaphysical worry. One 
point to note is that Kim’s analysis presupposes the ai and W are wholly distinct 
entities. In the case of convection, the fluid elements (ai) and the Bénard cells (W) 
are not wholly distinct entities though the two levels can be distinguished via dynamical 
time scales (Sect. 2.3). There is no “complete decomposition into parts,” so one 
key assumption underlying Kim’s metaphysical worry does not hold in the case of 
Rayleigh–Bénard convection. 

Another point to note is that because the entities involved are not wholly 
distinct, the causal relations are not all temporal: the large-scale structures determine/ 
constrain some of the causal properties the fluid elements contribute at the time such 
contributions are made. One way to see this is via the metaphysical concept of realization. 
The core idea of realization is that higher-level properties (“macrophysical”) 
are realized by lower-level entities and properties (“microphysical”) such that the 
causal efficacy of the former properties is nothing but the causal efficacy contributed 
by the latter (e.g., Kim, 1998, 1999, Gillett, 2002, pp. 98–101). However, in the case 
of Rayleigh–Bénard convection, the contributions individual fluid elements make to 
the Bénard cells is conditioned by the cells: The properties individual fluid elements 
contribute to the cells are conditioned upon the properties instantiated by the cells. 
Furthermore, this downward determination is instantaneous; that is, the properties of 
the fluid elements only contribute when they realize particular other properties such 
as those associated with the collective motion and large-scale structure of Bénard 
cells. Hence, CPAP is not applicable to the case of Rayleigh–Bénard convection, nor 
is there any apparent incoherence involved in this simultaneous upward/downward 
co-determination. 

The physical picture is the following. Bénard cells emerge out of the local dynamics 
of fluid elements as a large-scale, nonlocal process with the property that this structure 
constrains/modifies the states of motion accessible to fluid elements. This is because 
the Bénard cells act as a control hierarchy. When the cells are established at time t, 
this governing property is established at t; it did not exist prior to t. Likewise, prior 
to t, the trajectories of fluid elements had the property of accessing various states of 
motion, a property they loose at t due to the large-scale, nonlocal governing effects of 
Bénard cells. The causal constraints/modifications on the motion of the fluid elements 
in this case is synchronic: the emergence of the self-regulating large-scale pattern is 
simultaneous with the modifications of/constraints on the accessible states of motion. 
If it were not synchronic, the pattern would not arise.20 Because of the long-range 
correlations, an individual fluid element can only execute motions allowed to it by all 
other fluid elements (e.g., all the Bénard cells will determine whether or not a particular 
fluid element will stay in formation with its current cell or migrate to a neighboring 
cell). 

On Kim’s picture, the Bénard cells (or the ever-growing pattern) can have no causal 
influence at time t on the fluid elements. Any influence large-scale structures have 
 
20 This is somewhat oversimplified. In reality Bénard cells form over some finite, but short (at least 
for small systems) time period. However, at each instant during this period of pattern formation, 
the corresponding large-scale, nonlocal constraints appear modifying the accessible states of fluid 
element motion. Downward constraint or determination is still synchronic as the large-scale, nonlocal 
processes alter the states of motion accessible by the fluid elements instant by instant. 
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on fluid elements can only occur at some delay t + τ, where τ is some small positive 
number (set aside the fact that on his view the constraining influence of the cells must 
be a chimera). This would be the physical import of CPAP, the idea being that the fluid 
elements contribute all the casual properties had by the large-scale structures, hence 
the need for whatever causal influences the latter have to lag the contributions of the 
fluid elements. However, this misses out the notion of control hierarchy at work here, 
namely the constraining function the (developing) large-scale structures exert on the 
fluid elements. As the patterns form, they exhibit a downward determinative influence 
on the fluid elements, making the contribution of the latter at t to the large-scale 
conditional on the pattern at t. That is to say, large-scale structures arise out of fluid 
elements, but they also condition or constrain the contributions the fluid elements can 
make, namely by modifying or selecting which states of motion are accessible to the 
fluid elements (e.g., due to enslavement; see Haken, 1983b). Hence, if there was no 
synchronic relationship between the constraints and the fluid elements, there would 
be no pattern. There are no “new forces” coming out of nowhere; rather, the fluid is 
governing itself in a complex set of interactions among parts and wholes. 

4.3 Comparison with Sperry cases 

Is the candidate for downward causation proposed here, Rayleigh–Bénard convection, 
different from Sperry cases? In his example of the wheel rolling down a hill, 
the structural properties of the wheel supposedly constrain the movement of the 
molecules composing the wheel, carrying them down the hill. Kim has argued (1999, 
pp. 29–31) that such cases as the motion of the whole wheel can be analyzed as the 
summed motion of parts21 (and, hence, is a diachronic effect). In contrast, the kind 
of governing influence, which Bénard cells have on the fluid elements, cannot be so 
analyzed (it is synchronic). 

Perhaps the constraining/modifying behavior of the Bénard cells is merely an 
artifact of our explanation like that of Sperry’s wheel (hence, only epistemological 
at best), or perhaps the ascription of ontological status to downward causation in 
Rayleigh–Bénard convection is misguided because such large-scale, nonlocal processes 
are not really causal since all ‘proper’ causation in physical systems has to be 
local, efficient causation (e.g., as is often assumed to be the case in analyzing examples 
like Sperry’s wheel). Although space does not permit a full response, such objections 
overlook the close interplay between experiment and theory regarding the contextual 
factors involved in convection (e.g., symmetries, long-range forces, spatial correlations 
involving all fluid elements, dynamical history) and also beg the question about how 
such large-scale, nonlocal structuring factors operate. 

One might respond that although no reductive analysis of these effects can be given 
currently, some future better theory will be able to explain, from the point of view 
of the fluid elements, the necessary and sufficient conditions for the behavior of the 
cells (hence, blocking epistemological emergence and, presumably, ontological emergence 
as well22). Such a reply presupposes metaphysical reductionism, but there is 
not much evidence for this as a general assumption, at least not in any of our sciences 
(Bishop, 2006a, b; Bishop & Atmanspacher, 2006). On the other hand, there are a 
 
 
21 Presumably there is a limit to how far down such a reductive analysis can go before it becomes 
nonsensical, but this has to do with the transition from classical mechanics to quantum mechanics. 
22 See Van Gulick (2001) for a lucid discussion of these distinctions. 
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number of cases, for example in chemistry and thermodynamics, where reductionism 
of this type fails (Bishop, 2004, 2006b; Bishop & Atmanspacher, 2006). After all, the 
fact that a system is composed of constituents does not imply that all the system’s 
behaviors are caused by the behaviors of its constituents in a resultant fashion (that is 
to confuse analysis of systems with reductionism of systems to their components). To 
presume that a future better theory will be reductionist is simply to beg the question. 

Furthermore, although there is a microscopic approach to the fundamental conserved 
quantities of fluid systems (e.g., particle number, energy and momentum) 
analogous to the hydrodynamic approach discussed in Sect. 3, this kinetic approach 
still makes irremovable references to such nonlocal and system-wide features as conservation 
laws, symmetries and dynamical modes of the system as a whole in order 
to understand the behavior of a test particle (Pomeau & Résibois, 1975).23 Collective 
features of the system still play an ineliminable, crucial determinating role in the 
dynamics of system constituents even from the kinetic perspective. 

5 Concluding remarks 

There are several lines of evidence, including molecular dynamics simulations aimed at 
giving amicroscopic view of fluid dynamics, indicating that the hydrodynamic description 
is valid, even at molecular length and time scales (Mareschal, 1997, pp. 317–320). 
This is to say, the hydrodynamic description of fluids is not valid because it “averages 
over” individual interactions of fluid elements, a misleading characterization ignoring 
the role nonlocal and system-wide features play in the derivation, closure and solution 
of the fluid equations. Rather, the description is valid because it includes effects that 
are absent from considering just the local (nearest-neighbor) interactions of individual 
fluid elements. For instance, hydrodynamics includes the evolving relations that 
develop among all fluid elements with each other and their constraining influence on 
the dynamics of individual fluid elements and possible nearest-neighbor interactions. 

Rayleigh–Bénard convection, then, looks to be a promising candidate for studying 
inter-level causation, flowing from the fluid elements upward and from the large scale 
structures downward. The tight integration between the effects of the dynamics 
in these different hierarchies—representing different length and time scales—with 
the Bénard cells acting as a control hierarchy, can be an important source of insight 
for enriching and extending our understanding of causation. For example, typical 
philosophical accounts of causation—e.g., counterfactual, logical, probabilistic, process, 
regularity, structural—were developed within the context of a “linear worldview” 
heavily influenced by a nearly exclusive focus on linear models of Newtonian mechanics. 
In the context of nonlinear systems, such as convection, there are many additional 
channels of interaction not envisioned in such a linear framework (e.g., open systems 
exchanging matter and energy with their environments (a form of situatedness), nonlinear 
feedback loops, inter-level interactions, self-organization, whole-part relations, 
memory effects). Dealing with these additional forms of interaction appears difficult 
without modifying or extending typical causal accounts. For instance, process theories 
lack an adequate account of the structural influence of large-scale, global influences 
on parts, while structural theories lack an adequate account of large-scale nonlocal 
 
 
23 Note that even the definitions of conservation laws for local quantities in a fluid make irremovable 
references to system-wide properties (e.g., Guyon et al., 2001, chaps. 3 and 5). 
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processes. Counterfactual approaches maintain (roughly) that a cause is some event 
in the absence of which the effect would not occur; the applicability of this approach, 
however, is substantially limited by the multiple realizability exhibited by many 
of the nonlinear behaviors in complex systems (regularity accounts suffer similar 
limitations). 

In particular, as proposed in this essay, fluid convection can serve as amodel for further 
study of causal accounts. More to the point, such a model is well suited for exploring 
emergence and downward constraint, clearly going beyond Sperry’s examples in 
these respects. Furthermore, convection processes can serve to test the applicability 
and generality of many of the assumptions and arguments invoked in philosophical 
discussions of reduction, emergence and downward causation (e.g., Kim’s CPAP). 
Getting clearer about the applicability of such assumptions as well as about emergence 
and downward causation in the context of concrete examples like convection might 
also shed light on how to think about these concepts in terms of cognitive function 
and broader issues in philosophy of mind. For example, TV was originally proposed in 
the context of an embodied cognitive science, where consciousness might be viewed 
as an emergent feature of the nonlinear neural dynamics constrained and modified 
by its presence in a body ecologically situated in a wider environment (Thompson & 
Varela, 2001). Sharpening our understanding of emergence and downward determination 
using concrete examples from nonlinear dynamics—with all the features listed 
in Sect. 2.2—should prove useful in understanding and evaluating the evidence for 
the downward determination of mental activities on, for example, the dynamics of 
epileptic activity (e.g., changes in the patterns of the neural dynamics; Le Van Quyen, 
1997a, b; Thompson & Varela, 2001). 

So it appears that classical physics still holds many philosophical lessons for us to 
learn. 
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